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Preface

The book Toward a Competence-Based View of Models and Modeling in Science
Education addresses the theoretical and empirical basis for a competence-based
view of models and modeling in science learning and science education research.

The science education standards from many countries have unanimously
demanded that students develop and apply models as a practice and understand the
role of models in terms of scientific knowledge (KMK, 2005; NGSS Lead
State, 2013).

However, the ways in which this unanimous demand is addressed in different
countries sometimes differs with respect to theoretical foundations and empirical
results from science education research.

Different approaches will be described and analyzed, and the extent to which
they can be combined into a competence-based approach to form the concept of
models as a research instrument and modeling as a scientific practice in science
education will be discussed. In addition, the book is aimed at providing practical
guidance by outlining evidence-based approaches to diagnosing and promoting
modeling competence.

There are currently several theoretical frameworks for competences in the litera-
ture, some of which have been based on theoretical views, such as frameworks for
modeling competence (e.g., Griinkorn, Upmeier zu Belzen, & Kriiger, 2014;
Nicolaou & Constantinou, 2014). Others describe the development of students’
views (learning progressions, e.g., Schwarz, Reiser, Acher, Kenyon, & Fortus,
2012) or focus on the modeling process from a scientific perspective (e.g. Gilbert &
Justi, 2016). The book explores, interprets, and discusses models and modeling
through these different perspectives. It is aimed at initiating reflection on the rela-
tionships between these different perspectives and their relationships to the idea of
competence. With this book, we want to convey a strong understanding of models
and modeling for professions such as teacher educators, science education research-
ers, and scientists.

Finally, we discuss the findings presented in this book and identify research chal-
lenges for the future.
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The book is divided into four sections. Section A deals with current thinking
about the terms model and modeling, focusing on the development of modeling
competence in science education and philosophical aspects, including perspectives
on the nature of science. In Section B, different methods for the diagnosis and
assessment of modeling competence are presented and discussed with regard to
their potential and limitations. Section C provides evidence-based ideas about how
teachers can be supported to teach with models and modeling from a competence-
based perspective. Section D describes how students can develop modeling compe-
tence. This is done from a competence-based perspective that combines knowledge
acquisition and performance expectations (Upmeier zu Belzen, Alonzo, Krell, &
Kriiger, 2019).

Berlin, Germany Annette Upmeier zu Belzen
Melbourne, Australia Jan van Driel
Berlin, Germany Dirk Kriiger
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Abstract

The chapters of the book cover two perspectives in science education and science
education research.

The first perspective deals with the development of the term model in science and
science education and the practice of modeling in the context of inquiry processes.
This development has been influenced by philosophy of science, science itself, sci-
ence education, and aspects of teaching and learning.

The so-called practice turn can be described as a shift from the conceptualization
of models as ontological entities to the perception of models as functional tools that
can be used for scientific inquiry (i.e., as epistemological entities). The underlying
idea is not to simply do science and think about how experts conduct their research
to improve authentic student learning. Rather, students should practice and discover
their pathways of inquiry in ways that are appropriate for their individual learning
environment and situation. Within this development, modeling has become a core
practice in science teaching and learning and in science education.

The second perspective reflects the idea of competence-oriented teaching and
learning. At least in German-speaking countries, the invention of this competence-
oriented approach was linked to the implementation of standards as a result of the
so-called PISA shock. Learning outcomes in terms of observable performances, as
they are diagnosed according to given standards, provide insight into the underlying
latent disposition: the individual competence. Competences are understood as
domain-specific and learnable. By definition, they include cognitive, motivational,
and volitional aspects. The theoretical foundations of cognitive aspects of a compe-
tence are derived a priori from the literature and structured in competence models.
These models for student learning provide the foundation for teaching, learning,
assessing, and diagnosing the competence.

In this book, the authors discuss different approaches by which to promote stu-
dents’ learning about models and modeling in science education, taking into account
the two perspectives presented above. The preface explains the reason and main
idea for creating this book, and the summaries of the chapters provide a first glance
into the chapters. In the introductory part (Chap. 1), the main concepts of the book
such as the term model, the practice of modeling, and the term competence as well
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viii Abstract

as competence-based teaching and learning are defined with respect to the purpose
of the book. After this first chapter, the book contains 17 subsequent chapters
divided into four sections: views on models and modeling, assessing and diagnosing
competences with respect to models and modeling, teacher training for competence-
based teaching about models and modeling, and development of students’ compe-
tences with respect to models and modeling. The book ends with a final chapter in
which the relationships between the sections and the various chapters of the book
are examined before further discoveries and challenges for research on models and
modeling in science education are presented.

However, this book shows the current state of thinking about models and model-
ing in science education and science education research. The authors discuss the
relevance of modeling competences, the various forms of knowledge required to
fulfill these competences, and the possible ways of reasoning while using models
for a specific purpose that is appropriate for the particular situation. In summary, the
book will raise new questions that need to be considered in the further development
of our field through research and by bridging multidisciplinary considerations in
order to contribute to the development of science education that meets the chal-
lenges of the twenty-first century.
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Part I
Theoretical Approaches to Models
and Modeling



Chapter 1 )
Introducing a Framework for Modeling b
Competence

Annette Upmeier zu Belzen, Jan van Driel, and Dirk Kriiger

1.1 Introduction

The purpose of this chapter is to locate the book’s idea within a larger context
regarding the definitions of models, modeling, and competence, beginning by
describing the increasing relevance of models over time and resulting in the presen-
tation of a competence-based approach for structuring different aspects and levels
of modeling competence.

The “career” of the term “scientific models” began in the 1980s' and was related
to shifts “[...] from disregard to popularity, from formal accounts to a functional
characterization of models, from the role of models in science to their role in human
cognition” by Bailer-Jones (1999, p. 24).

The disregard is related to the substitutive role of models as appendices to theory
without their own relevance to scientific thinking. The gain in popularity began
when models were considered relevant for scientific discovery and thus theory
change, which led to an increasing focus on the functions of models in research

'A database research study in Scopus revealed an increasing number of publications on the terms
“scientific models,” “models,” and “modeling” OR “modelling” between 1980 and 1990 at the
time of this writing (query dated 10.01.2019).
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processes. In this, a universal conception relying on formal accounts of models was
displaced, and a characterization open to a diversity of conceptions corresponding
to different functions arose. But still, understanding the different roles of models in
science means understanding the epistemology of science in the sense of a property
of science. However, from a rather constructivist perspective, research is more about
sensemaking and figuring out personal epistemologies for science. In the latter, the
function of models is considered not just within science but also in human cognition
so that models are now also viewed as tools of actual scientific thinking (Bailer-
Jones, 1999; Russ, 2014).

Nevertheless, the roles of models remain twofold. Models as media are needed
to communicate about scientific research and to convey content learning in schools.
Using models in the sense of a modeling practice means using models and modeling
as research tools for inquiry purposes to gain insights into previously unknown
aspects of a phenomenon (Kriiger, Kauertz, & Upmeier zu Belzen, 2018; Upmeier
zu Belzen & Kriiger, 2010).

1.2 Theoretical Background

1.2.1 Relationships Between Modeling and Other Inquiry
Practices

The process of modeling can be considered a concrete inquiry practice in which
hypotheses about a phenomenon are derived from an initial model with a certain
theoretical focus about a structure, process, or system (Upmeier zu Belzen &
Kriiger, 2010). In science education, basic inquiry practices consist of observing,
comparing, and classifying as well as experimenting (Nowak, Nehring, Tiemann, &
Upmeier zu Belzen, 2013). Against this background, the question of the position of
modeling arises and can be answered from either an explicit or implicit position.
Scientific modeling might be seen explicitly as one method alongside others
(Fig. 1.1). Alternatively, modeling steps might be considered integral within all
inquiry processes (cf. Hartmann, Upmeier zu Belzen, Kriiger, & Pant, 2015; cf.
Lehrer & Schauble, 2015, p. 707). In the latter, inquiry practices in general are
considered modeling activities, each with specific characteristics of scientific think-
ing that depend on the content and scientific question and result in specific hypoth-
eses and investigations (Fig. 1.1). Both trains of thought are allowed, each with a
different main emphasis. Treating a modeling process as a practice of inquiry is
helpful for teaching and learning because models and modeling can be experienced
in their epistemological functioning as research tools for human cognition. From a
philosophical point of view, the two ideas focus on the reasoning behind the model-
ing activities and, at the same time, the semantic view of models and modeling
(Sect. 1.2.3).
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Scientific Observing Comparing/Classifying | Experimenting Modeling
thinking
Inquiry
practice
Research ... functional relationships ... criteria, categories, ... causes and ... modeling
question on ... | between systems (e.g. orders effects variables of
structure and function) phenomena
Hypothesis ... relations ... differences ... causes and ... all kinds of
on... effects hypotheses
Investigation ... systematic observations of | ... comparisons, .. controlled ... all kinds of
as ... features with feature types or | categorizations, experiments investigations
over time systematizations
Results in ... correlations between ... categories and ... relations ... findings about a
terms of ... variables, descriptions of category systems, between causes and | phenomenon or
features, structures, and possibly hierarchical, effects, changing of the
systems, possibly over time matrices of objects and | causal explanations | model
superior comparison
criteria

Fig. 1.1 Matrix of scientific thinking and inquiry practice

More recently, the idea of using models and modeling as personal cognitive tools
for inquiry has become increasingly prominent. Therefore, different types of inquiry
and reasoning have been discussed, such as modeling pedagogies (Campbell & Oh,
2015), reasoning styles (Osborne, 2018), and modeling frames (Louca, Zacharia, &
Constantinou, 2011). These alternative structures of cognitive strategies during
inquiry processes help in both school practice and science education research and
can be applied to models and modeling as well as to other methods of inquiry.

1.2.2 Teaching and Learning with Models and Modeling
Jor Inquiry and Thinking

To use models and modeling for scientific thinking and inquiry practices in schools,
it is necessary to consider the perspective of learners and learning. Science educa-
tion curricula (e.g. KMK, 2005; NGSS Lead States, 2013; NRC, 2012) entail stan-
dards to bring knowledge into action in terms of skills, performances, or competences.
Research findings have suggested that models are used as media to describe and
understand content rather than as research tools to gain new knowledge and to
understand the role of scientific inquiry (Griinkorn, Upmeier zu Belzen, & Kriiger,
2014). When using models and modeling for inquiry, expressive and exploratory
modeling are the most commonly used pedagogies in science education, whereas
cyclic modeling is used the least (Campbell & Oh, 2015; Krell & Kriiger, 2016).

Against this background, one reason to publish this volume is to strengthen the
systematic application of models and modeling in science education to go beyond
their use as media. Their use as media will always remain important for teaching
and learning content knowledge, but this use of models is not sufficient and must be
complemented with the use of models as research tools when the goal is to acquire
competence in scientific thinking and inquiry practices (Fig. 1.1).
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1.2.3 Modeling Student Learning in Competence Models

At this point, models of student learning must come into play. For example, student
learning can be modeled with competence models or learning progressions, two
prominent examples from different cultural backgrounds (Upmeier zu Belzen,
Alonzo, Krell, & Kriiger, 2019). They have in common that they model a skill or a
competence to be acquired. This book broadly discusses the competence-based
approach to models and modeling. Along with Koeppen, Hartig, Klieme, and
Leutner (2008, p. 68), Rychen and Salganik (2003, p. 43) defined the construct of
competence coherently as “domain-specific cognitive dispositions that are required
to successfully cope with certain situations or tasks, and that are acquired by learn-
ing processes.” An essential element of this definition is the contextual specificity
and learnability of competence, as it has been introduced as an alternative to the
focus on context-independent cognitive dispositions that are limited in learning
(e.g. McClelland, 1973; “Testing for competence rather than for ‘intelligence’”).
“In contrast, competences reflect a person’s potential to meet cognitive demands in
specific areas of learning and behavior” (Koeppen et al., 2008, p. 62) in order to
successfully solve problems in various situations (Klieme, Hartig, & Rauch, 2008).
Competences “are, thus, more closely related to ‘real life.”” Connell, Sheridan, and
Gardner (2003, p. 142) concisely characterized competences as ‘realized abilities’”
(Koeppen et al., 2008, p. 62). In other words, competences are latent and complex
constructs that encompass both the knowledge and skills that manifest during per-
formance. However, according to Ropohl, Nielsen, Olley, Ronnebeck, and Stables
(2018), the concept of competence is still under discussion due to its many compo-
nents. Whereas cognitive aspects are always considered part of competence and
therefore included in competence models, volitional components are often not con-
sidered (Koeppen et al., 2008).

Competences or performance expectations describe current goals for education
rather than content lists students should learn (Koeppen et al., 2008). Models of
student learning provide information about educational goals, curricula, teaching,
and assessment (e.g., Gotwals, 2012; Reusser, 2014). As such, they mediate between
standards, educational goals, teaching activities, and student learning. Thus, they
can support lessons tailored to students’ learning needs (e.g., Alonzo, 2011).

Competences in terms of an expected outcome of learning processes are empiri-
cally investigated, and competence characteristics are diagnosed as clearly as pos-
sible using test procedures. With a focus on models and modeling in science
education, modeling competence has been defined and structured in a framework
for modeling competence (FMC) that incorporates both, models as media and mod-
els as research tools. Empirical studies have shown that the assumed structure is
predominantly supported and can thus be used as a basis for the evidence-based
promotion of modeling competence (Krell, Upmeier zu Belzen, & Kriiger, 2016).
As models and modeling are the central constructs of the FMC, we offer a theoreti-
cal clarification of them in the following.
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1.2.4 The Term “Model”

Models are the central tools and resources of science. Models are used as tools to
gain new insights and as media to communicate already known facts (Gilbert &
Justi, 2016; Giere, Bickle, & Mauldin, 2006; Gouvea & Passmore, 2017; Passmore,
Gouvea, & Giere, 2014). The scientific importance of models also explains their use
in the science education curricula of schools around the world (e.g., in Germany
(KMK, 2005); in the U.S. (NRC, 2012; NGSS Lead States, 2013)).

Given the importance of models, it may be surprising that in interdisciplinary
discourses, no general classification systems are available for models (Mittelstral3,
2005), and even within the sciences, different classifications of models have been
proposed in education research (e.g. Crawford & Cullin, 2005 for Biology; Justi &
Gilbert, 2002 for Chemistry; Kircher, 2015 for Physics, pp. 804ff). These categori-
zations, which are phenomenologically oriented (Ritchey, 2012) or ontologically
oriented (Oh & Oh, 2011), do not produce a satisfactory result because they provide
only a one-criterion-based system without demonstrating insights into the functions
and epistemologies of these models. However, what these models do have in
common is that they are all connected by subject, purpose, and time (Giere, 2010;
Stachowiak, 1973). People can therefore judge and interpret models as representa-
tions of original objects, phenomena, or systems of the experiential world. These
representations depict the experiential world and also allow a person to derive and
test hypotheses for a particular purpose and for a limited period of time. From the
need to optimize models when needed, it follows that no one can claim that there is
only one valid model. Because of this, models have focused meaning and a limited
scope, that is, a special theoretical focus.

Despite the recognition of the scientific importance of models and modeling,
there is no unified definition of the concept of the model in science and science
education (Agassi, 1995; Gilbert & Justi, 2016; Sect. 1.2.2) nor is there a unified
modeling theory (Ritchey, 2012). Mittelstral (2005, p. 65) provided a general
framework: “Models are replicas of a real or imaginary object with the aim of learn-
ing something about it or learning something from it.” Mittelstrall pointed to both
the descriptive and the research function of modeling. Special approaches to the
concept of models have been presented by scientists in Cognitive Psychology (e.g.
Nersessian, 2008), Philosophy (e.g. Bailer-Jones, 2003; Giere, 2010), Computer
Science (e.g. Mahr, 2012), and subject-related Education Research (e.g. Gilbert &
Justi, 2016; Gouvea & Passmore, 2017; Upmeier zu Belzen, 2013). Different terms
have been used in their definitions of models: e.g. mental model (Nersessian, 2008),
representation (Giere, 2004), theoretical model (Upmeier zu Belzen, 2013), abstrac-
tor, or analogy (Oh & Oh, 2011). Nersessian (2008, p. 93) defined a mental model
as a “structural, behavioral, or functional analog representation of a real-world or
imaginary situation, event, or process.” In Giere’s (2004) early view, models were
described as representations of natural objects, processes, or phenomena that have
been developed for a particular purpose and have a similarity to what they represent.
When such models relate to the world, hypotheses arise with regard to adapting a
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model to a particular section of the world. In the most recent discussions (Mahr,
2015), this ontological definition of the concept of models is based on the existence
of the represented steps of the model object in the background, and an epistemologi-
cal position is taken in which models are used to understand the experiential world.
For example, Giere (2010, p. 269) wrote: “Agents intend to use model M to repre-
sent a part of the world W for some purpose P.” In this definition, the role of the
modeler is significant when an object is used as a model. From this point of view,
there are two conclusions that can be drawn: Depending on the purpose, there can
be several models for a phenomenon that allow different applications so that one
and the same representation can be used for different purposes (Gilbert & Justi,
2016, p. 21). To account for this epistemological function of models, models should
not solely be considered as representations that are judged by how well they fit
the particular phenomenon (Gilbert & Justi, 2016; Gouvea & Passmore, 2017).
Rather, the nature of models as cognitive tools should be emphasized. Gouvea and
Passmore (2017) suggested talking about models for (as method) instead of models
of (as media). According to Gilbert and Justi (2016, p. 21), it helps to conceive of
models as substitute systems (see Miki, 2005) or to describe models as epistemic
tools (Ritchey, 2012). This opens the tool-like character of the models for explora-
tion (Gouvea & Passmore, 2017; Passmore et al., 2014).

1.2.5 The Idea of Model-Being

More and more authors are approaching the concept of models from an epistemo-
logical point of view (Gilbert & Justi, 2016; Mahr, 2012, 2015; Passmore et al.,
2014). In this case, something becomes a model when it is used (Giere, 2010),
developed (Ritchey, 2012), or conceived (Mahr, 2015) by a subject as a model
because the subject made a judgment about model-being. A consistent epistemo-
logical perspective is presented through Mahr’s (2015) model of model-being in the
following approach. It can be used as a basis for theoretical justifications in the
levels of modeling competence (Upmeier zu Belzen & Kriiger, 2010).

Because the term “model” is a homonym with different meanings (e.g. for people
from the fashion industry or art, true-to-scale organ sculptures, mathematical sys-
tems of equations, architectural designs, or map drawings), Mahr (2015) refrained
from investigating and defining the ontological properties of models. Rather, he
tried to epistemologically elucidate why an object is conceived as a model. He dis-
tinguished between an imagined (mental) model (e.g. climate change) and a model
object that represents the model in the broadest sense (computer simulation of cli-
mate change). According to Mahr (2015), the mental model is thus represented by
the model object, where it has two relationships to the perception of a subject: it is
both a model of something and a model for something (cf. Gouvea & Passmore,
2017). These constructive relationships, being a model of something (perspective of
construction; Fig. 1.2) and being a model for something (perspective of application;
Fig. 1.2), justify the judgment of model-being (Mahr, 2015; Passmore et al., 2014).
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Fig. 1.2 Framework for the modeling process (Krell et al., 2016). Gray boxes indicate aspects of
the FMC (Fig. 1.3) when going through inquiry processes

With this definition, Mahr (2015) provided conditions that, separated from inherent
properties permanently associated with the model object, conceived of an object as
a model that can be used by a person or group as a model of something and for
something for a given time. The described aspects, that is, the model object that is a
model of something (representative of a phenomenon) and, from an application per-
spective, a model for something (a medium in a mediation situation or a tool in the
process of knowledge realization), can be used to think about how models are used
to describe levels of competence. The relationship between a person who makes or
uses the model and the model itself plays a central role. Giere (2010) described the
subject as an agent, the person who decides both the focus of the similarities (intent)
and the goal of that focus (purpose). In his approach to model-being, Mahr (2012)
also consistently thinks with the subject when he distinguishes between the mental
model that is modeled by the subject and the model object (i.e., the mental model
externalized by the subject) as well as the creation and application of the model
object. The perspectives of model-being on the model object, on the construction
and application of the model provide descriptions for levels of competence. They
are based on the fact that these perspectives can be considered in problem-solving
situations when creating and using models (Upmeier zu Belzen & Kriiger, 2010).
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1.2.6 Models as Media and Models as Research Tools

Models are used in science classes when, for example, structures, processes, or
systems are not immediately accessible due to their size, speed, abstractness, or
ethical considerations. Models are both physical and theoretical representations of
an initial object filtered through a theoretical perspective for a particular purpose.
They have a representative function and are used to describe structures or to under-
stand processes. In this perspective, models act as media that support communica-
tion and the learning of sound scientific knowledge.

Gaining new insights through scientific thinking with modeling not only explains
retrospectively known processes to uninformed people by using models or modeling
but also requires new hypotheses with models of phenomena that have yet to be
investigated. Such uses of models and modeling allow theoretical or empirical
investigations to be conducted to test hypotheses. At the center of this process is not
the content-related answer that has been generated, but in order to understand and
question, the generation process itself. A predominantly medially oriented ontological
use of the features, structures, and categorizations of a model is therefore extended
by a methodologically oriented epistemological perspective on the function of the
model and modeling in a cognitive process. Models that are used methodologically
as research tools contribute to the development of competences in three ways: (1)
when the cognitive process of generating new knowledge is reflected through models
and through modeling itself, (2) when an understanding of the nature of science is
developed, and (3) when content knowledge is gained.

1.2.7 Modeling as a Process

Thereby, the particular importance of modeling becomes clear when it is recognized
that modeling can be linked to scientific practices (e.g. observing, comparing, clas-
sifying, or experimenting; Miki, 2005; Morgan, 2005; Fig. 1.1). Whereas in the
case of an experiment, the isolation and manipulation of variables in the modeling
process is done on a theoretical level in the model world (Clement, 2009), the isola-
tion and manipulation of selected variables follows a material transformation in the
experiential world (Miki, 2005). This allows an empirical examination of predic-
tions in the experiential world, predictions that have been derived from modeling
(Giere et al., 2006; Fig. 1.2).

If the hypotheses derived from the model contradict the data, then the conclusion
that the model and the system are mismatched can be drawn. In this case, the model
has to be optimized or the concept of the modeled phenomenon has to be changed.
This requires a new test and demonstrates the cyclical character of the modeling
process. In the hypothesis-based comparison of the theoretical model world and the
experiential world (Giere et al., 2006), the functions of modeling are recognized as
a method of finding scientific knowledge.
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Modeling is a complex process that is fundamental to both scientific knowl-
edge generation and people’s problem-solving skills (e.g. Nersessian, 2008).
Various authors have described the purpose-oriented design as well as the corre-
sponding testing and modification of (mental) models from different perspectives,
for example, cognitive-psychological (e.g. Nersessian, 2013) or the school con-
text (e.g. Clement, 1989; Fleige, Seegers, Upmeier zu Belzen, & Kriiger, 2012;
Gilbert & Justi, 2016).

In principle, the process of modeling dispenses with a strict procedural descrip-
tion and the definition of certain rules because modeling can be seen as an art with
creative elements (Morrison & Morgan, 1999). Therefore, it is not only theory or
data that determine modeling, but modeling also depends on the intuition and expe-
rience of the modeler, as in the case of the hypothetical-deductive approach to
knowledge generation (Clement, 1989). Nevertheless, it is possible to identify
recurring elements arranged according to the ideal type of research logic (Popper,
2005), which can also be used in other practices, for example, in a scientific obser-
vation or an experiment. The starting point of the modeling process is an observed
phenomenon, which, taking into account the purpose of the model and the prior
knowledge and experience of the person doing the modeling, leads to a first draft
of a model that presents the relevant variables of the phenomenon. This step is
referred to as the construction of a mental model (Nersessian, 2008), initial model
(Clement, 1989), or proto-model (Gilbert & Justi, 2016) and is performed on a
mental level. First, an attempt is made to identify a known suitable or analogous
(professional) model by means of an observation. If this cannot be achieved or is
insufficient, new model elements and links are generated on this basis. In the devel-
opment of the model, the internal consistency and fit to the phenomenon are exam-
ined. The process results in one or more externalizations, which can be referred to
as the model object(s) (Mahr, 2015). The model object as a medium focuses on
selected variables of the system. In addition, hypotheses can be derived from the
conceptual model or model object about how the system will behave under certain
conditions. Experimental investigations, comparisons, or systematic observations
then lead to results that confirm or falsify the hypotheses that are being considered
(Krell et al., 2016; Figs. 1.1 and 1.2).

As explained above, there are several approaches for describing modeling. So
far, the process of modeling has been described rather generally. An attempt to
develop a unified theory for this purpose was made by Ritchey (2012). He first
defined a scientific model as consisting of at least two mental constructs (e.g. light
as a physical variable and photosynthesis rate as a chemical variable) that can be
interpreted as variables or dimensions and can be experimentally investigated. The
modeler has to build relationships between these constructs or variables, e. g. a
causal relationship. In addition, Ritchey (2012) characterized five features of mod-
eling: The constructs can take on values or be nominal (no value), the contexts can
be directed or not, their relationships can but do not have to be quantified, the
relations can be cyclic or acyclic, and the type of relation can be mathematical/
functional, probabilistic, quasi-causal, or non-causal (logical, normative). Ritchey
(2012), however, allowed additional attributes to be assigned to a modeling process
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(e.g., continuous/discrete), but he left it with these five properties and identified 42
plausible modeling types with specific combinations of these properties.

In summary, models and modeling in science have two main functions. By exter-
nalizing a conceptual model in the form of a model object, scientists can communi-
cate their ideas about a phenomenon and discuss it with others. Models are primarily
used as media that transport and communicate the state of research. In addition,
science gains new knowledge by applying and testing these models. In this sense,
models are used as research tools for gaining knowledge and allow to reflect about
the inquiry process.

1.3 The Framework for Modeling Competence

The FMC was developed for science education purposes and involves the use of
models as research tools and modeling as a research practice. This notion of models
and the reflection of the modeling process are interdisciplinary and considered part
of a scientific understanding (Gobert et al., 2011; Reinisch & Kriiger, 2018) that has
been conceptualized as “a type of nature of science understanding” and encom-
passes “how models are used, why they are used, and what their strengths and limi-
tations are in order to appreciate how science works and the dynamic nature of
knowledge that science produces” (Schwarz et al., 2009, pp. 634—635). Therefore,
modeling competence includes the ability to gain insightful knowledge with mod-
els, to be able to judge models with regard to their purpose, and to reflect on the
process of gaining knowledge through models and modeling (Kriiger et al., 2018;
Upmeier zu Belzen & Kriiger, 2010). Thus, the framework provides a theory-based
overview of how students and pre- and in-service science teachers should under-
stand models and modeling in science.

1.3.1 Competence as an Ability to Reflect on Models
and Modeling

Building on different structural approaches in the natural sciences (e.g., Crawford &
Cullin, 2005; Grosslight, Unger, Jay, & Smith, 1991; Justi & Gilbert, 2003),
Upmeier zu Belzen and Kriiger (2010) differentiated between five theoretical
aspects of modeling competence (Fig. 1.3). These aspects were based on the results
of international studies on students’ (e.g., Grosslight et al., 1991) and teachers’
(e.g., Crawford & Cullin, 2005) conceptions of models and modeling: nature of
models, multiple models, purpose of models, testing models, and changing models
(Krell et al., 2016; Kriiger et al., 2018; Upmeier zu Belzen & Kriiger, 2010). Further,
for each aspect, they identified levels that are based on Mahr’s (2015) conceptual-
ization of model-being. The proposed structure (five aspects with three levels each)
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Aspects Level I Level 11 Level I1I
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Multiple Different model Different foci on the Different hypotheses about
Models objects phenomenon the phenomenon

Purpose of Describing the Predicting something about

Explaining the phenomenon

Models phenomenon the phenomenon
Testing Models Te.sting the model Comparing the model and the ~ Testing hypotheses about
object phenomenon the phenomenon
. Correcting defects Revising due to the
Changing . .. . . .
in the model Revising due to new insights falsification of hypotheses
Models .
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Fig. 1.3 Framework for modeling competence with five aspects and three levels

has been extensively investigated (cf. Krell et al., 2016); nevertheless, it should be
interpreted as a nominal category system until it can be regarded as an empirically
validated developmental model (cf. Kauertz, Fischer, Mayer, Sumfleth, & Walpuski,
2010). The levels (Fig. 1.3) are theoretically described as follows:

Level I: The ability to assess the appearance of the model object (cf. Mahr, 2015)
from an aesthetic point of view or technical functionality without putting the
phenomenon in relation to the model object, except in its capacity as a copy or
for the purpose of illustrating; the model object is judged as such.

Level II: The ability to assess the process of model construction; primarily, there is
a focus on the model as media use of the model object as a more or less accurate
representation of a phenomenon; the model object is representative of something
already known in the natural sciences.

Level III: The ability to use a model in an application as a tool for investigating a
phenomenon and thereby assessing its productivity; the model object as a model
for something leads to the processing of new, thus far unexplained, scientific
questions.

The aspects and their gradations can be described as follows:

Nature of models: The ratio of the similarity between the model and the phenome-
non is assessed as a model of something. Competence is expressed in the differ-
ent meanings of the model object as a true-to-life replica (level I), as an idealized
representation (level II), or as a theoretical reconstruction of a phenomenon
(level III).

Multiple models: Reasons are assessed for the existence of several models that rep-
resent one phenomenon. The variety of models is characterized by differences
between the model objects (level I), different areas of focus in the construction
of the models (model of something, level II), and various assumptions about a
phenomenon and the application of the models in further examinations (model
Jfor something, level III).
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Purpose of models: The purpose of models is to guide the corresponding process of
modeling. If the purpose of models is to illustrate (level I) and explain (level II)
something with educational intentions, then models are used as media (models of
something). However, if the purpose of models is to derive a prediction from
them, they become a model for something with the perspective of application as
a tool in the generation of knowledge (level III).

Testing models and changing models: The levels describe different ways and rea-
sons to test and to change models. Level I is about tests and optimizations at the
model object only. On level II, the model object is often parallelized with the
phenomenon and is improved in the case of misfit. On level III, the model object
as a model for something is tested through the verification of previously derived
hypotheses and changed when the hypotheses are rejected.

The aspects and levels represent perspectives of reflection, which not only
receive their meaning in an abstract, cognitive reflection on the term model but are
relevant under the competence-based perspective in subject-related problem-solving
situations at different stages of the cyclic process of modeling (Fig. 1.2).

1.3.2 Empirical Investigations

The theoretically based FMC (Fig. 1.3) has been empirically examined and the
results have been incorporated into its further development (cf. Krell et al., 2016).
The framework is based on qualitative interview studies on the perceptions of
students and teachers with regard to models and modeling and the roles of models
and modeling in an inquiry process (e.g., Crawford & Cullin, 2005; Grosslight
et al., 1991; Kriiger et al., 2018). Furthermore, when using open-ended tasks,
initial levels have been identified for the aspects of multiple models (rejecting the
existence of multiple models), festing models (rejecting the testing of models), and
changing models (rejecting the changing of models; Griinkorn et al., 2014).

Using quantitative methods, the extent to which the structure of the FMC
(aspects, levels) can be empirically supported (e.g. Terzer, Hartig, & Upmeier zu
Belzen, 2013) has been examined. From an educational point of view, the organiza-
tion into the aspects has great diagnostic potential (Fleige et al., 2012). Empirically,
however, it has not yet been conclusively clarified whether modeling competence
can be viewed as a five-dimensional (Krell, 2013) or one-dimensional construct
(Terzer, 2013). By contrast, the assumption of three ordinal levels was substantiated
except for the aspect of testing models (Krell, 2013; Terzer, 2013).

A longitudinal study for evaluating the FMC as a development model in Grades
7 to 10 has shown that students’ (13—16 years) modeling competence results in a
significant development, but the effect sizes were small (Patzke, Kriiger, & Upmeier
zu Belzen, 2015). Also, the modeling competence of pre-service biology, chemistry,
and physics teachers has demonstrated development throughout several studies in



1 Introducing a Framework for Modeling Competence 15

the aspects purpose of models, testing models, and changing models (Hartmann
et al., 2015; Mathesius, Upmeier zu Belzen, & Kriiger, 2014).

Successfully training pre-service biology teachers with an explicit reflection of
the FMC (Fig. 1.3) led to a significant increase in modeling competence in all five
aspects with average effect sizes (Giinther, Fleige, Upmeier zu Belzen, & Kriiger,
2019). However, students who were taught by these trained teachers did not benefit
from the increase in their teachers’ modeling competence. The results showed that
teachers with an elaborate modeling competence did not have adequate diagnostic
competences to foster students’ modeling competence (Giinther et al., 2019).

Additionally, a tool with forced-choice tasks to receive immediate feedback was
developed and validated in order to diagnose students in the aspects nature of models
and purpose of models (Gogolin & Kriiger, 2015, 2018). The tool makes it possible
to offer individual support measures and to evaluate students’ success directly.

1.4 Conclusion

In summary, with the FMC, we structure the different theoretical aspects and levels
of modeling competence as a basis for teaching and learning. In order to use the
FMC for evaluation purposes in certain domains, it has to be adapted with regard to
content because the FMC is content free. Bearing in mind the presented perspec-
tives (Fig. 1.3), it is possible to evaluate whether students or pre-service or in-service
biology teachers exhibit more or less elaborated performances while solving tasks
with certain contents. The FMC allows a person’s potential to solve problems in
varying situations with models and modeling to be assigned to different levels of the
five aspects (Upmeier zu Belzen & Kriiger, 2010). Whereas cognitive aspects are
considered in the FMC, volitional and behavior-related components are not directly
included although they are needed to show modeling competence.

The FMC is located between the theory of competence and competence-oriented
teaching in special domains, (Upmeier zu Belzen et al., 2019). It is derived from
teaching methodology, the psychology of learning, and the philosophy of science.
Although the FMC has been conceptualized as a structural model, empirical evi-
dence that the levels are hierarchically ordered still has to be provided before it can
be considered a developmental model (cf. Schecker & Parchmann, 2006).

The FMC provides a strong foundation for empirically testing the structure of
modeling competence, and it can support the understanding of the aspects and levels
of modeling competence and student learning as well as the development of curricu-
lar materials (Fleige et al., 2012; Rahmenlehrplan Berlin/Brandenburg, 2015). Two
main functions of models need to be highlighted in this context: By developing a
model object as a representation of the model, scientists are able to communicate
their conceptions about a phenomenon and discuss it with others. In this case,
models are primarily used as media (level I and level II) that carry the state of
scientific knowledge. In addition, science is gaining new knowledge by applying
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and testing models. In this sense, models are used to generate hypotheses about
unknown phenomena (level III). Models in this sense are research tools that are
used to gain new knowledge. The FMC provides an integration of ontological, pro-
cedural and epistemological functions of models and allows researchers to deter-
mine students’ and pre-service and in-service teachers’ modeling competence.
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Chapter 2 )
Semantic Views on Models: An Appraisal g
for Science Education

Agustin Adiriz-Bravo

2.1 Introduction

The importance of models in scientific activity can hardly be overrated; indeed, cur-
rent philosophy of science has recognized that
[s]cientists spend a great deal of time building, testing, comparing and revising models, and
much journal space is dedicated to introducing, applying and interpreting these valuable

tools. In short, models are one of the principal instruments of modern science. (Frigg &
Hartmann, 2012)

The contemporary depiction of science as a model-based enterprise provides
theoretical foundation to understand the role that scientific models are assigned in
science education; such foundation are also crucial for the notion of modeling com-
petence (Chap. 1), defended in this book. At the same time, models used in science
classes at different educational levels are considered “an integral part of the under-
standing of the nature of science [...], effective means for teaching scientific liter-
acy [and] effective tools for teaching [science] content knowledge” (Krell, Upmeier
zu Belzen, & Kriiger, 2012, p. 2). In addition, the ability to effectively use models
for specific purposes in specific contexts coupled with a robust understanding of
such use is beginning to be considered one of the key aims of science education.

In tune with this perceived importance of modeling competence in science and in
science education, meta-theoretical analyses of science have been devoting careful
attention to the nature and use of models for six decades now:

Given the ubiquity of models as well as their variety in form and content, major [philo-
sophical] questions that arise from model-based scientific research concern the nature of
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models, their relationship with real-world phenomena, and their reliability as a source of
knowledge. (Sanches de Oliveira, 2013)

In science education, there is also “intense research [...] using models and mod-
eling” (Chamizo, 2013, p. 1616) along different lines, but if we aim to understand,
investigate, and foster modeling competence in science teaching, there is an
unavoidable prerequisite of a theoretical nature: We need to ascertain which views
of all the former issues about models — views coming from the many historically or
currently available conceptualizations of models in the philosophy of science — can
be valuable for investigation, innovation, curriculum, teaching, evaluation, and
teacher education (cf. Grandy, 2003).

Some authors in our field (cf. Addriz-Bravo, 2013; Chamizo, 2013; Develaki,
2007; Izquierdo-Aymerich, 2013; Koponen, 2007) have tackled the previous ques-
tion by arguing in favor of a ‘semantic view’ on scientific models, coming from the
so-called ‘semanticist family’ — a philosophical tendency from the last quarter of the
twentieth century. But there are a wide variety of semantic views: How can we char-
acterize them in order to generate educational criteria to compare and choose?

With all these considerations in mind, the aims of this chapter are: (a). to discuss
what counts as a semantic conception of a model in science and in science educa-
tion, (b). to distinguish between different semantic conceptions available in recent
and contemporary philosophy of science, (c). to locate these conceptions within the
various epistemological characterizations of scientific models that have been pro-
duced in the history of the philosophy of science, (d). to identify ‘transpositions’ of
the semantic views on models circulating in our research community of science
education, and (e). to draw some inferences for the study of modeling competence.

2.2 Archaeology of the Concept of Model

Arising as an idea in the late medieval period, ‘model’ is a relatively recent con-
struct (cf. R. Miiller, 1983, 2009). Its origins and history are connected to the areas
of architecture, design, and engineering (Ammon & Capdevila-Werning, 2017,
Mabhr, 2009), areas in which it has conveyed some sense of canonical measure that
should be copied (cf. Mahr, 2009, 2011; Miiller & Miiller, 2003).

The initial conception of models, stabilized in the Renaissance, stems more or
less directly from the technical developments of the Roman Empire. Thus, in ancient
Greece, there was no full equivalent of this notion, which was covered by a wide
range of terms: prototype, archetype, icon, image, paradigm, epitome, canon, meta-
phor, analogy, representation, allegory, and simulacrum, among a host of others (cf.
Miiller, 2000, 2004).

The term ‘model” was derived from the classical Latin term ‘modus.” ‘Modus’
and its diminutive ‘modulus’ were employed in the first centuries A.D. in a diversity
of fields, such as music, rhetoric, and architecture (Miiller, 2004, 2009). These
words were used to describe the way something is or is done and, much more
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frequently, to refer to something that can be measured (Miiller & Miiller, 2003,
p. 31).! The eventual convergence of these two complementary meanings of the
Latin stem lies at the center of the current use of the idea of model in scientific activ-
ity. For instance, one of the early applications of the term designated a dressmaker’s
dummy, which was at the same time a simulacrum of a client’s body and a prototype
for the client’s garments (Miiller & Miiller, 2003, pp. 32-35). Analogously, a scien-
tific model —as we understand it in contemporary science — is a stylized capture of a
phenomenon that serves as a mold or cast that is used to understand other
phenomena.

During the two millennia of their prehistory and history, the concepts of module
and model progressed toward emphasizing representational power, i.e. the capacity
to stand for something else —the entity being modeled (cf. Mahr, 2011; Miiller,
2004). A model came to be seen as an exemplar entity that serves as a measure to
shape and bind the existence of other entities. In its current sense, it represents (i.e.
presents again: acts in the place of) a whole abstract class even when no member of
such class (no ‘specimen’) is physically present.

According to the previous analysis, the concept of model was readily available
during the institutionalization of the philosophy of science as an academic discipline.
In spite of this, such a concept is notably under-represented in the literature of clas-
sical positivism, the ‘orthodox’ epistemology of logical positivism, and the ensuing
‘received view’ of the 1950s and 1960s (cf. Mahr, 2009; Miiller, 2004).? This shows
that models — unlike theories — were not regarded until very recently as a key element
in philosophers’ understanding of the functioning of science (Chap. 1).

During the whole nineteenth century and the first half of the twentieth century,
the canonical conceptualization of models was based on a ‘derivative’ definition of
the concept, influenced by developments of logic and meta-mathematics (cf. Suppes,
1961). The usual practice was to define models as derived from theories: a model (of
a theory) was considered to be “a structure constructed by means of the theory’s
concepts” (Moulines, 2010, p. 20). Thus, a pre-existing theory (a completely formal
object) could be later ‘interpreted’ in a particular domain of experience, and such a
domain subsequently became a model of the theory’s axioms.

In the second half of the twentieth century, more sophisticated definitions of
‘model’ ensued. Philosophers’ attentions were driven toward scientific models
mainly as a result of major changes in scientific activity, which led to a ‘discrep-
ancy’ between the actual practices of science and the reconstructions of such prac-
tices circulating in the philosophy of science, which were still theory-based (cf. Sal,
2013, pp. 29-56). Thus, models became the most appropriate form of representation
of natural or artificial systems, and this brought the theoretical category of model to
the forefront of philosophical meta-analyses.

'In English, we find that ‘modality’ (a particular mode in which something exists) and ‘modular-
ity’ (the quality of being composed of standardized units) are derivatives of these two separate
meanings.

%e.g. in Carl Hempel’s famous textbook, Philosophy of Natural Science (Hempel, 1966), scientific
models are not mentioned as an important meta-theoretical concept.
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2.3 Meta-theoretical Approaches to Models in the Twentieth
Century

The historical evolution of philosophical ‘models on models’ during the twentieth
century was intricate and eventually led to a proliferation of conceptualizations in
the last few decades (cf. Frigg & Hartmann, 2012; Moulines, 2010; Miiller, 2009;
Sal, 2013). Three of these conceptualizations of scientific models will be compared
here through a non-technical reconstruction of their definitions of model using the
much more intuitive notion of ‘example.’

‘Example’ has two distinguishable meanings: It can be understood as an
instance (constituting a mere specimen) or as an epitome (setting a general pat-
tern). An example understood as an instance, case, illustration, occurrence, speci-
men, and so forth, is an element from a class or a kind, merely conforming to the
‘rules’ that determine and delimitate such a kind. Thus, we could say that “an
apple is an example of fruit.” In turn, an example understood as an epitome, exem-
plar, paragon, embodiment, pattern, and so forth, is an element that stands out in
its kind and is selected in terms of its fitness fo be imitated. Thus, we could say that
“Mother Teresa of Kolkata is an example of compassion.” In this second sense,
examples are seen as more abstract, idealized, and prototypical than in the first
sense (Aduriz-Bravo, 2013).

In the conceptualizations pertaining to logical positivism —the first ‘professional’
school of philosophy of science— and to the so-called ‘received view’ that subse-
quently settled after the dissolution of the Vienna Circle (i.e. during the lengthy
period spanning from the 1920s to the 1970s), a scientific model was identified with
any example of a theory (i.e., a mere instance that satisfies the mandates of that
theory —typically, its laws). This reduction of models to more or less irrelevant parts
of theories gave way, for instance, to the proposal “to collapse the distinctions
between models, theories, analogies, and to take all of these, and more besides, as
species of the genus representation; and to take representation in the most direct
sense of image or copy” (Wartofsky, 1966, p. 1). In extreme cases of this reductive
tendency that was consubstantial to the syntactic approach to theories, models were
“superfluous additions [to those theories] that are at best of pedagogical, aesthetical
or psychological value” (Frigg & Hartmann, 2012).

In the 1950s and 1960s, in the context of an emerging ‘new’ philosophy of sci-
ence and especially through the works of Thomas S. Kuhn and some of his contem-
poraries, a first crevasse to this analytic and formalist conception of models opened.
A scientific model began to be portrayed as a paradigmatic® example of a theory,
serving as a theoretical epitome worthy of imitation for problem solving during
‘normal science.’

3The adjective ‘paradigmatic’ comes from the Greek term for ‘example’: a paradigmatic example
is thus an ‘exemplary example’, i.e. example in the second sense. Kuhn advocated for the use of
the category ‘exemplars’ (as a noun) to denote models.
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A model a la Kuhn can be seen as a particular socio-historical achievement of a
scientific community, outside scientists’ heads, contained —in a very stylized ver-
sion— in disciplinary textbooks, and embodying operative rules to be followed
(Nickles, 2003). This idea of model, which stresses its analogical nature, was
extremely influential until the 1980s.

Finally, in the last quarter of the twentieth century, a semantic conception of
scientific theories (which had noteworthy antecedents from the early 1950s, see
Suppe, 1977) gained momentum, rapidly shifting the interest from form to content,
from structure to meaning. Within this new theoretical framework, a scientific
model began to be identified with an intended example of a theory (i.e., a phenom-
enon that the theory itself was purposefully conceived to account for). This idea that
all models are “models-for” is fundamental to the conception of modeling compe-
tence presented in this book.

Such a semantic characterization of models purported to offer a ‘third way’
between the received view and the new philosophy of science, explicitly welding
together the Kuhnian reconstruction of models as exemplar cases with the conserva-
tive analytical requirement that they can all be represented in (semi)formal ways,
formulating them as generally and as abstractly as possible.* This ‘hybrid’ semantic
view of models was soon shown to be “the only serious contender to emerge as a
replacement for the received view analysis of theories” (Suppe, 1977, p. 709) and
eventually became the most widely held view among philosophers of science, at
least in the communities of strong Anglo-Saxon influence (Frigg, 2006; Suppe,
1989). It is the contention of the author of this chapter that a semantic approach to
models is the most useful for the idea of modeling competence.

2.4 Semantic Views of Models in the Late Twentieth Century

From this point on, the umbrella title of ‘semantic views of models’ is used to
encompass a large number of relatively recent characterizations of the concept of
‘scientific model’ proposed by a range of philosophers that can be situated in what
has come to be called the semantic conception of scientific theories, by opposition
to the hegemonic syntactic conception (cf. Portides, 2005). Semantic views in a
broad sense have existed since the 1950s (with the early structuralism of Patrick
Suppes and even previous meta-models influenced by the Polish logician Alfred
Tarski); in a strict sense, the term refers to the well-known ‘model-based views’ on
science that hail from the 1980s and 1990s.

The following three objectives will be pursued: a. to ascertain some common
traits shared by the diverse semantic views of models, especially the most recent
ones, b. to make a few distinctions between the theoretical frameworks of the best-
known semanticist philosophers of science of the last quarter of the twentieth

“This strategy of recovering the best of each of the two preceding periods constitutes a key feature
of the semanticist approach (Lorenzano, 2001).
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century: Ronald Giere, Frederick Suppe, and Bas van Fraassen, and c. to briefly
point toward the existence of conceptualizations of models that can be considered
semantic (or post-semantic) but are cited much less often in the science education
literature (e.g. proposals by Roman Frigg, Margaret Morrison, Michael Weisberg).

The lists of commonalities and differences between the semantic views that are
presented here have emerged from previous work of elucidation and argumentation
and from literature reviews (cf. Aduriz-Bravo, 2013; Ariza, Lorenzano, & Aduriz-
Bravo, 2016); such work has been based on different sources: textbooks of philoso-
phy of science written by authors with a ‘bias’ toward semanticism (e.g. Diez &
Moulines, 1997; Rosenberg, 2000), reviews of the emergence of the semantic view
(e.g. Diez & Lorenzano, 2002; Sal, 2013), general overviews of the field of model
studies in academic books by semanticists (e.g. Giere, 1988; Weisberg, 2013), and
‘transpositions’ of the semantic approach made by researchers in science education
(e.g. Izquierdo-Aymerich, 2000; Passmore, Gouvea, & Giere, 2014).

Working on all these sources, at least five ‘common pillars’ of all semantic views
on models can be recognized’:

1. The focus of theory meta-analysis is displaced from syntax to semantics. The
philosophical interest of the semanticist family has been placed on how scientific
theories give meaning to the world and make sense to their users. Attention
moves from the structure of theories to the functioning of models. The concept
of model itself and all its related constructs that this new approach considers
essential for meta-analyses (e.g., truth, predication, correspondence, homology,
meaning, use, context) are markedly semantic (Guerrero Pino, 2000). Most of
the first post-classical (1945-1975) analyses on scientific models are directly
shaped by Tarski’s semantic theory of truth (Glennan, 2000). Additionally, the
more contemporary representational, cognitive, or mediation-based approaches
to the concept of model (1975-today), which are overtly model-theoretical, fully
embody the ‘semantic turn’ in the philosophy of science, and thus move much
closer to the theses in the ‘second Wittgenstein’ of the Philosophische
Untersuchungen.

2. Empirical theories are, at their very fundamentals, families of models. From the
point of view of philosophical analyses, a scientific theory, even though it is a
complex entity with various components, can be fruitfully characterized as a
family of models (cf. Suppe, 2000). The very identity of a theory could be in
principle determined by that family (or e.g. class, set, population, collection,
cluster). A theory defines, through a diversity of mechanisms, the family of its
models; accordingly, presenting a theory (for philosophical and also most
probably for educational purposes) mostly means specifying its models, which
are understood as structures (van Fraassen, 1980, p. 64).

3. An empirical theory admits ‘equivalent’ presentations through different symbolic
resources. Semanticists do not assume the primacy or superiority of some of

SReaders can compare this presentation with other lists of ‘common elements’ shared by the mem-
bers of the semanticist family: Diez, 1997; Echeverria, 1999; Estany, 1993.
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these forms of theory (re)presentation (e.g., the axiomatic, which was the pre-
ferred in classical philosophy of science) over the others. In this sense, non-
rigidly formalized knowledge can be considered theoretical and can be expressed
(‘defined’) with very different languages —scale models, drawings, paradigmatic
facts, cases, metaphors, gestures, etc.— conserving their explanatory power
(Izquierdo-Aymerich, 2007).

4. Empirical theories explicitly intend to relate models to the real world. A theory
unequivocally states that there is a substantive relationship between the models
that belong to it and the phenomena it intends to ‘cover.” The theory ‘empirically
asserts’ that some phenomena are adequately accounted for by its models, and
such an assertion, which has a linguistic nature, can be deemed (approximately)
true or false. In turn, models are seen as non-linguistic items that are

true by definition. An ideal gas is by definition just what behaves in accordance with the
ideal-gas law. [Thus, the] empirical or factual question about a model is whether it ‘applies’
to anything closely enough to be scientifically useful —to explain and predict its behavior.
[...] Once we specify [what is meant by] ‘well enough’ [...], this is a hypothesis [...]. A
theory is a set of hypotheses claiming that particular sets of things in the world are satisfied
to varying degrees by a set of models which reflect some similarity or unity. (Rosenberg,
2000, p. 98)

5. Empirical theories contain the phenomena explained by the models. The seman-
ticist characterization of theories leaves behind the neo-positivistic metaphorical
portrayal of a theory as a ‘safety net” connected by poles to the floor and project-
ing its shadow onto it (i.e., a network of formal, axiomatic elements and relations
that only afterwards are ‘projected’ onto reality through interpretation rules; cf.
Sijuwade, 2007). In opposition to such a metaphor, semantic views include the
class of theoretical models and the ‘intended applications’ of such models (i.e.,
the set of real systems that these models pretend to account for) within the the-
ory. In this conception, models can be seen as idealized, reconstructed, or inter-
preted facts:

Models show in which phenomenological context theoretical entities make sense and how
they are used to intervene in it and to explain what happens. The set of theoretical models
can be described through axioms and entities (this is what textbooks usually do), but neither
the former nor the latter have meaning without the phenomena from which they emerged;
thus, [theories] are action, not only mental representation or language (Izquierdo-Aymerich,
2013, p. 1636).

Of all the previous commonalities in the semantic portrayal of models, the first
and fourth ones are the most in tune with the idea of modeling competence as it is
approached in this book. On the one hand, Bernd Mahr’s analysis of ‘model-being’
(Chap. 1, providing the foundation of the framework for modeling competence:
FMC) emphasizes pragmatic aspects that are typical of the semantic turn: it is the
users who identify an entity as a model through a process of constructive operations
(“relationships of creation”) of clear semantic nature:

An object M is not a model in itself, but only if it is conceived of as a model by a judging

subject. Through the judgment by which the object M is conceived of as a model, M is

placed in a context in which, according to the judging subject, M presents itself as a model
(Mahr, 2011, p. 371).
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On the other hand, the seminal conception of modeling competence (cf. Krell,
Upmeier zu Belzen, & Kriiger, 2016) that is being fully developed in this book con-
sistently highlights the process through which models become models-for-
something (the process that Mahr calls the ‘application’). The FMC locates such a
process at the highest level of competence that students (and teachers) should ide-
ally achieve. The semantic pretension that models are created to account for sys-
tems, an idea that is theoretically captured in the notion of models as intended
examples, is in accordance with these ideas.

As stated at the initial paragraph, it is also possible to identify several very nota-
ble differences between the various semantic ‘versions’ inscribed in the semanticist
family. It might be useful to organize these differences into the following categories
(Ariza et al., 2016): a. the ways in which the notion of model is formally captured;
b. the ways in which models and model classes are identified; c. the ways in which
the ‘pieces/portions of reality’ (we can call them, for the sake of simplicity, ‘real
systems,” see Ruttkamp, 2002, pp. 90—140) that theories intend to account for are
characterized; d. the ways in which these real systems are related to models; and e.
the constituents of a scientific theory beyond its family of models.

For the sake of space, only category d. will be developed here as an illustrative
example of the disagreements that exist among authors within the semanticist
family. Afterwards, we present the three quite distinct theoretical conceptions of
the relationships between models and systems held by van Fraassen, Suppe, and
Giere —which are shaped by their commitment (or lack thereof) to a realist stance.
Van van Fraassen (1980) talked about embeddability: the different actual and
observable aspects of a phenomenon are ‘saved’ by a single model allowed by the
theory. Suppe (1989) resorted to the idea of homomorphism, a ‘mapping relation-
ship’ between a real system and model that can be established within the scope of
the theory (i.e., disregarding the influence of variables that are not contemplated
in such a theory). Giere (1988) introduced a relationship of similarity of type and
degree between model and system, which was indebted to Wittgenstein’s notion of
‘family resemblance.’

Additionally, in order to demarcate between various semantic conceptions of
models, the “precise nature of [the] entities called models” (Lorenzano, 2010,
p. 46), a most noteworthy point of divergence between semanticist philosophers of
science, is also very useful. The definition of theoretical model (in empirical sci-
ences) used by the different authors in the semanticist family could be arranged
from the earliest, most formal approaches, resorting to model theory, through con-
ceptions analogically drawing from the natural sciences (considering models as
‘phase-’ or ‘state-spaces, as van Fraassen or Suppe did: cf. Thompson, 1989, Chap.
5), to much more informal characterizations (e.g., the one by Ronald Giere; see
Ariza et al., 2016; Lorenzano, 2010). In all the aforementioned cases, nevertheless,
more or less close relationships to classical conceptions of models in mathematics,
meta-mathematics, and logic are conserved (cf. Downes, 1992). Of all these ‘mod-
els of models,” the ones that are more flexible in setting conditions for an entity to
be a model seem the most suitable for a model-based science education and in order
to go deeper into the notion of modeling competence.
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The state of affairs described above is something that could be rapidly changing
in the twenty-first century, when even more sophisticated semantic reconstructions
of models are emerging. Indeed, more flexible and theory-independent depictions of
what models are and how they work are available (e.g. Frigg, 2006; Herfel,
Krajewski, Niiniluoto, & Wéjcicki, 1995; Morgan & Morrison, 1999; Sudrez, 2003;
Weisberg, 2013). New meta-models assign to models the function of connecting the
theoretical and empirical realms. Models would then ‘mediate’ between these
realms, and it would not be possible to completely reduce them to concrete items or
to linguistic enunciations, conserving a high degree of epistemic autonomy.

In order to explain these emerging conceptions of models as theory-independent
mediators, it is useful to resort to the ‘clementine analogy’ (clementines being a
hybrid of oranges and mandarins). When a clementine lies next to an orange, it
looks like a small, dried version of the latter; when lying next to a mandarin, the
clementine appears to be a particularly big, turgid specimen thereof. Analogically,
models can be imagined as ontological hybrids participating in the ‘fabric’ of theo-
retical frameworks and of real systems. According to this view, a model would act
at the same time as a well-formed applicative restriction of theoretical principles
and as an idealized, concept-laden portion of the world.

The general notion of model incorporated into the FMC for this book, drawing
on ideas by Stachowiak (1973) and described in Chap. 1, finely adjusts the ‘mediat-
ing’ conception, while being less radical concerning the ontological nature of
models.

2.5 Semantic Characterizations of Models in Science
Education

The starting point here is the recognition of two consensuses within our community
of science education. First, even though the notions of model and modeling have
been implicitly present for some time in the science curricula of all educational
levels, it is only recently that curriculum designers, science education researchers,
and science teachers have begun to advocate for an explicit treatment of the meta-
theoretical concept of model in science teaching (cf. Gilbert & Boulter, 2000;
Harrison & Treagust, 2000; Justi & Gilbert, 2002; Khine & Saleh, 2011). Second,
academic production on models and modeling in science education has reached
significant levels of depth and sophistication, but, in spite of this, our community
still needs further discussions of fundamental issues about the epistemology of
models. We may have adopted a standard definition of the construct of model —of
neo-positivistic filiation— that has barred more careful elucidation around some
basic issues (cf. Johsua & Dupin, 1993; Koponen, 2007).

In addition to this, in the academic field of science education, there seems to be
a very timid materializing of a new portrayal of models for research and practice
that —with more or less awareness from us science education researchers— can be
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located in the arch of ‘model-based’ or ‘model-theoretical’ conceptualizations (e.g.
Gouvea & Passmore, 2017; Grandy, 2003; Justi, 2006, 2009; Koponen, 2007; Oh &
Oh, 2011). We could thus talk about the emergence of a ‘model-based science edu-
cation’ (Aduriz-Bravo, 2010). Within this emergent approach to research and inno-
vation that focuses on models, modeling competence could be considered a new and
promising line.

Semanticism still remains a philosophical school that is far from being under-
stood within our discipline; hence, carefully reviewing what counts as a semantic
view on models and drawing implications of such a view for science education
continues to be a necessary task. In addition, the existence of a variety of semantic
understandings of models in the community of the philosophy of science makes it
complex to straightforwardly pick out a ‘definition’ that is ready for educational
use. This also holds for the discussions in this book around the new idea of model-
ing competence.

Authors in science education have undertaken the aforementioned review by
looking into some fundamental epistemological aspects of models and modeling
(e.g. Erduran & Duschl, 2004; Izquierdo-Aymerich, 2004; Johsua & Dupin, 1993;
Lombardi, 1998, among many others). Of all these antecedents, it may be interest-
ing to focus on three texts—by Chamizo (2006), Oh and Oh (2011), and Krell et al.
(2016). In these texts, the authors explain what they regard as the most important
issues around models for the purpose of educational discussion, and they do this
from theoretical positions that can be considered more or less semantic.

In his article, Chamizo (2006) identified what he considers the eight “least con-
troverted” (p. 476) characteristics of scientific models: (1) models are representa-
tions (of, e.g., objects, systems, phenomena, processes); (2) models are instruments
that can provide an answer to scientific problems; (3) models constitute analogies of
the phenomena they represent; (4) models differ from reality because their construc-
tion follows a particular aim; (5) models are constructed by compromising between
the similarities and differences that they have with their represented reality; (6)
models are developed and changed along history; (7) models undergo a process of
acceptance in the scientific community; and (8) models can be classified into types.

In turn, Oh and Oh (2011) presented “an overview of the nature of models and
their uses in the science classroom for science teacher educators and subsequently
for science teachers” (p. 1111). Through an analysis of specialized literature and
empirical research on different groups of experts, they identified “five subtopics
concerning the nature of models and modelling” (p. 1111), and, similar to Chamizo,
they found some consensus among philosophers of science and science education
researchers surrounding such subtopics: (1) models are usually meant to refer to
representations; (2) the usual purposes of models are to describe, explain, predict,
and communicate; (3) scientists use a multiplicity of models when engaged in sci-
entific problem solving; (4) models are developed and changed in history; (5) mod-
els are usually used in science teaching with the justification that “external
presentations of visual representations provide support for constructing and reason-
ing with internal representations” (Oh & Oh, 2011, p. 1120).



2 Semantic Views on Models: An Appraisal for Science Education 31

Finally, Krell et al. (2016) identified five important aspects that should be taken
into account when reflecting on models and modeling: (1) models are of and for
something; (2) scientists use a multiplicity of models for the same phenomenon; (3)
models serve different purposes (to describe, explain, and hypothesize: Krell et al.,
2012, 2016; Kriiger, Krell, & Belzen, 2017); (4) in scientific practice, models
undergo rigorous testing; and (5) models are developed and changed along history.

Practically all the characteristics, topics, or aspects (collectively, ‘facets’ of
model meta-analysis) that were proposed in the previous three texts have been
incorporated into the theoretical FMC. Such facets cover issues such as the nature,
use, and evolution of scientific models, the processes of formulation and evaluation
of such models, and their purposes and value in science (see Griinkorn, Hénsch,
Upmeier zu Belzen, & Kriiger, 2012).

2.6 Teaching Modeling Competence from a Semantic
Perspective

As stated in the Introduction, many contemporary philosophers of science assever-
ate that modeling (‘acting-with-models’) is arguably the most important intellectual
activity in contemporary science (cf. Herfel et al., 1995; Magnani, Nersessian, &
Thagard, 1999). The idea of organizing science teaching around modeling has also
gained momentum in research in science education (cf. Justi & Gilbert, 2016). But
it can be contended that such an idea crucially depends on our conception of the
nature of modeling competence in scientists’ science and in school science. The
following paragraphs briefly tackle the issue of the implications of infusing a
semantic view of models in a competence-based approach to school scientific
modeling.

What counts as ‘modeling’ when it is understood as a scientific competence?
Just as with the construct of ‘model’, there are important theoretical disagreements
around this issue. We can consider at least four main senses with which the idea of
‘modeling’ is used in science education (Aduriz-Bravo, 2012):

1. The creation of an original theoretical model to face the study of a phenomenon.
In extreme cases, a model may be completely new with respect to the body of
established knowledge in a particular historical moment; more commonly, it is
new only from the point of view of the learners’ knowledge base.

2. The process of subsuming a puzzling fact that is being investigated in the science
classroom under an already available model that can account for it, in a process
of inference to the best explanation (i.e., reasoning backwards).

3. The interactive adjustment of an established model after the emergence of new,
unexpected, or anomalous elements during investigation.

4. The intellectual exercise of reconstructing well-known ‘couplings’ between
models and facts in the context of learning the scope and use of a theory.
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In the first comprehension of modeling competence proposed here, students, through
scientific activities in school, can develop more or less innovative theoretical mod-
els in order to tackle ‘scientific problem solving’; such models can be generated
from previous models through analogy, combination, or refinement or they can also
appear through rather intricate cognitive mechanisms (including: dreaming, illumi-
nation, and intuition; accident, coincidence, or serendipity). For this sense of mod-
eling, undoubtedly very ambitious for science education, the semanticist analogy of
theoretical models as maps to navigate a territory may be useful.

In the second sense of modeling competence, established models, available cul-
turally, can be deliberately applied to the explanation of puzzling facts through very
elaborate ampliative (e.g. abductive and analogical) reasoning. The aim of such
modeling processes would be to show that, in some way, the facts to be explained
are ‘similar’ to those models that are prospective candidates to explain them through
the establishment of a case-rule relationship (Adtriz-Bravo, 2005). In this second
sense of modeling, the semanticist insistence that models must be understood as
“models-for” could be illuminating.

As for the third meaning of modeling competence, in the process of explaining
families of phenomena in scientific research, new phenomena, observations, and
results, more and better empirical data, additional theoretical knowledge, or new
modes of representation and communication may force the need for adjustments in
the accepted models; in this way, details, expansions, and corrections would be
added, allowing models to be refined and improved. These iterative sequences may
be captured by the semanticist idea that scientists continually evaluate whether their
models satisfactorily account for phenomena.

Finally, a more modest —and yet educationally powerful— conception of model-
ing competence in the science classrooms of all educational levels is available in our
discipline. It consists of understanding modeling as the process of reconstructing
the established (‘normative’) linkage between facts and models. Although such a
linkage is transparent in scientists’ science, it certainly appears as new to students.
Students, aided by the class group and the teacher, would put into action robust
school scientific models in order to shed light on problems that are of interest to
them and, at the same time, constitute the intended applications of those models.

According to this conception, the ultimate aim of modeling competence in sci-
ence education would be that students use the models that they are learning in order
to explain to themselves and to others some issues of interest in the natural world,
aware that such an explanation already exists in science. In this last scenario, a fully
semantic (as opposed to syntactic) approach to the process seems to be necessary.
Additionally, a conception of models as epitomes that ‘guide’ new applications of
knowledge may turn out to be appropriate.

In this last, albeit conservative, conception of modeling competence, theoretical
models could be introduced with an explicit emphasis on their analogical nature,
thus leading to learning about the nature of models (understood as what, in Chap.
1, is designated as a set of abilities to reflect on models and modeling). A learning
goal —which complements ‘pure’ science content— would be to recognize that the
extremely abstract way in which a scientific model of a phenomenon used in school
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can be described ensures the possibility to project it onto other phenomena under
study, between which similarity is perceived. As Herndn Miguel stated:

[An] abstract model can have two interpretations: one in which the abstract entities of the
model correspond to [the model-for, taken as analogans] (...) and another in which the
abstract entities are assigned [the meanings of the new model, taken as analogandum].
Evidencing this double interpretation of a same abstract model permits teachers to generate
(in students) the idea that they can have structural knowledge of [a phenomenon] and that
perhaps, within the limitations of the analogy, other [phenomena] could be well-represented
using the same abstract model (Miguel, 1999, p. 95, translated).

In the semantic approach to modeling competence introduced in this chapter, and
compatible with the more general characterization of such a competence in the rest
of the book, school models are construed and taught as models-of and models-for at
the same time (cf. Aduriz-Bravo, 2012, 2013; Giere, 1988; Gouvea & Passmore,
2017; Krell et al., 2016; Mahr, 2009, 2011). On the one hand, they are introduced as
the abstract counterparts of the systems modeled in ‘interventions’ (observations,
experiences, experiments, simulations); on the other hand, they are tested as exem-
plars in order to create new models that are more specific or more general and that
can be meaningfully linked to the initial ones in ‘families.” Together, these two
epistemic processes, when enacted and reflected upon, constitute modeling compe-
tence as a whole.

Thus, modeling competence would imply the conscious use of scientific models
as paradigmatic and intended examples: students would be acquainted with a theo-
retical model as a stylized case standing for a larger and more abstract reality and as
arobust example of a type, thus setting a norm. For example, the ‘school model’ of
a cell would serve in science teaching as a highly schematic version of something
that can be ‘identified’ under a microscope and also as a blueprint (in the architec-
tural sense) that guides our description, understanding, and manipulation of differ-
ent cell types (e.g. neurons, liver cells, white cells, skin cells).

The notion of modeling competence proposed here can be understood as the test-
ing of explicit hypotheses on the degree of adjustment between our ideas and our
interventions. A ‘new,” less dogmatic, scientific method could thus be introduced in
the science classroom (cf. Aduriz-Bravo, 2008; Giere, Bickle, & Mauldin, 2006;
Izquierdo-Aymerich, 2013); such a method would consist of making critical deci-
sions about the ‘convergence’ between consequences derived from our theoretical
ideas (after ‘putting models to work’) and data obtained from carefully planned
observations and experiments. The aim would be to compare the results of these two
coordinated sets of activities and assess the extent to which our ideas ‘talk about the
world’ (see level III in Chap. 1).

According to this approach to modeling competence, school science would be
analogous to scientists’ science in an ‘irreducible’ epistemic aspect: Science stu-
dents would work in a way that is similar to that of scientists, who

use abstract thinking in a way that gives rise to a set of ‘idealized facts’ about which they
speak using the entities that they define as ‘theory,” [and such] facts (constructed with
actions, representations and language) [become] the ‘models’ of the theories. (Izquierdo-
Aymerich, 2013, p. 1636)
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Chapter 3
A Framework for Modeling-Based
Learning, Teaching, and Assessment

Constantinos P. Constantinou, Christiana Th. Nicolaou,
and Marios Papaevripidou

3.1 Introduction

Interest in encouraging learners to engage in modeling is grounded in the premise
that models help learners learn more robustly. First, models can facilitate an
improved understanding of the behavior of systems (Crawford & Cullin, 2004;
Hokayem & Schwarz, 2014; Maia & Justi, 2009; Nicolaou & Constantinou, 2014)
by acting as intermediates between learners’ efforts to describe and represent a phe-
nomenon and their endeavors to interpret it. Second, by engaging in modeling-based
learning, we can improve our ability to construct, revise, compare, evaluate, and
validate models, all of which are important science practices (National Research
Council, 2012; Nicolaou & Constantinou, 2014; Schwarz et al., 2009).

Many scientists, science educators, and philosophers consider modeling to be the
backbone of knowledge construction with regard to systems and natural phenomena
(Bunge, 1983; Chapman, 2000; Gilbert, Boulter, & Rutherford, 1998; Gilbert,
1991). Educational reform documents identifying the value of engaging learners in
constructing and using models (National Research Council, 2012, 2013), also high-
light the need to promote teaching interventions that are aimed at developing mod-
eling competence. To accomplish this, it is important to support teachers with robust
frameworks for teaching and assessment methods that are related to active model-
ing. Additionally, in this chapter, we will argue that the development of such frame-
works, as well as processes for supporting and guiding teachers in their efforts to
help learners engage with modeling, could contribute to overcoming the problem of
the relative scarcity of modeling-based learning in schools (Duschl, Schweingruber,
& Shouse, 2007).
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In this chapter, we present an approach for teaching science learning through
model construction, refinement, and validation. We begin by describing the episte-
mological underpinnings and the rationale for a modeling-based teaching and learn-
ing approach that is designed to develop knowledge of natural phenomena. We
proceed by describing the modeling-based learning framework (MLF) in terms of
the modeling practices (model construction, model use, model revision, model
comparison, and model validation) and the modeling meta-knowledge (knowledge
about models and metacognitive knowledge of the modeling process) that emerge
alongside the development of expertise in scientific modeling. We then present a
process for identifying the attainment levels of each component of the modeling-
based learning framework as well as examples of these attainment levels. Our core
argument refers to the interconnectedness of the practical and epistemological
aspects of modeling-based learning. On the one hand, the MLF seems to deviate
from other frameworks for models and modeling. On the other hand, the MLF
emphasizes implementation into meaningful learning and teaching practice in ways
that have a positive influence on science teaching and learning. First, the MLF has
the potential to help researcher-teacher teams bring out the nature of scientific mod-
eling in the classroom. Second, it will facilitate more empirical research in this area
by better informing both curriculum design and teaching practices with respect to
how each aspect of the MLF can potentially be interwoven into teaching-learning
sequences and also be assessed (Constantinou & Papadouris, 2004).

Science can be thought of as a complex and dynamic network of models that are
interrelated through a system of theoretical principles (Constantinou, 1999). A
model is the outcome of an application of a theory to a phenomenon. As noted by
Upmeier zu Belzen, Kriiger, and van Driel in the introductory chapter of this book
(Chap. 1), there is no uniform definition of the concept of a model or the modeling
process in the natural sciences. However, for communication purposes and as a
basis for the development of the MLF, we assume that a scientific model' is an epis-
temological entity that represents a phenomenon (Giere, 1999, 2004; Hughes, 1997,
Passmore & Stewart, 2002), provides the mechanism behind how this phenomenon
operates (Berland & Reiser, 2009; Braaten & Windschitl, 2011), and can be used to
make predictions about the future behavior of the phenomenon (Bunge, 1983;
Hughes, 1997; Raftopoulos, Kalyfommatou, & Constantinou, 2005). This defini-
tion emphasizes the idea of a model as an external representation, it provides an
interpretation of a phenomenon or system, and it can be used to predict the future
behavior of the system. The representational aspect of the model is shaped by its
constituent components (i.e., objects, variables, and processes). The interpretive
aspect of the model is related to the provision of an interpretation that posits one or
more mechanisms that underlie the observable behavior of a phenomenon. This can
take the form of a story that elaborates on how a phenomenon operates and highlights

Tt is important to clarify the idea that scientific models are different from mental models (Gentner
& Stevens, 1983), which are Cognitive Psychology constructs that refer to “transient representa-
tions that are activated usually when one is exposed to a new situation and act as structural analo-
gies to situations or processes” (Greca & Moreira, 2002, p. 108).
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the relationships between the objects, the variables, and the processes. Specifically,
an interpretation provides one or more mechanisms and elaborates on how the phe-
nomenon emerges from the mechanism(s). Finally, a model needs to have predictive
strength by facilitating the formulation and testing of predictions for new manifesta-
tions of the phenomenon it represents.

Learning by modeling refers to the modeling practice and more specifically to
the idea of learning through the construction, revision, and validation of models
(Crawford & Cullin, 2004; Nicolaou, Nicolaidou, & Constantinou, 2009; Schwarz
et al., 2009). Learning by modeling should be differentiated from learning with
models (De Jong, Van Driel, & Verloop, 2005; van der Meij & de Jong, 2006). The
latter denotes learners who are using previously constructed models with the aim of
gaining insights into the phenomenon represented by the model. By contrast, learn-
ing by modeling is about constructing interpretive representations with predictive
power (often in symbolic form).

Central to learning by modeling is the modeling-based learning cycle
(Constantinou, 1999; Nicolaou et al., 2009), an iterative process that engages the
learner in a continuous comparison of the model with the represented phenomenon
(Fig. 3.1). The purpose of this comparison is to obtain feedback for improving the
model so that it accurately represents as many desired details of the original system/
phenomenon as required. It is also a cyclical procedure (Mendonca & Justi, 2014)
that could involve the generation of models of various forms until the model genera-
tor finds one that successfully emulates the observable behavior of the system.
Hence, the outcome of engaging in a modeling-based learning cycle is a series of
successive models, usually ranging from more superficial versions to more scientifi-
cally coherent entities.

The cyclical nature of the modeling process is also stressed by the framework for
modeling competence (FMC; Chap. 1), according to which the phenomenon (i.e.,
the experiential world) is distinct from the model (i.e., the model world). However,
the two worlds are interconnected. In the framework, the identification of the phe-
nomenon under study is followed by the data collection process, which leads to the
construction of the first model. Likewise, the authors of the FMC propose that, at
the experiential level, the modeler observes and investigates the phenomenon with
the aim of constructing multiple models as part of the process of model development.
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Simultaneously, the identified purpose of the model, which is influenced by the
modeler’s experiences, sets the basis for the construction of multiple models, also as
part of the process of model development. In the MLF, each model prototype
(Version 1, 2, 3, ...n) passes through an evaluation and validation process, which is
conducted on the basis of the three criteria (model representation, interpretation,
and prediction). The FMC also acknowledges the connection between the various
versions of the model and the experiential world. This is done through model testing
aiming to verify conformity. It is implied through the MLF that by implementing the
modeling-based learning cycle, a student-constructed model is continuously evalu-
ated and improved through the practice of model revision. At the same time, stu-
dents are aware of the fact that different model prototypes are constructed by
different students in their class (or scientists in the field), which could lead to differ-
ent models of the same phenomenon, often based on different ideas/hypotheses.
This helps the teacher overcome the problem identified by Griinkorn, Upmeier zu
Belzen, and Kriiger (2014), who proposed that students encounter difficulty in
accepting the existence of multiple models. These researchers suggested that users
should avoid the reflective use of historical models in school because it might lead
students to fail to accept the existence of multiple models.

A detailed description of the MLF is the focus of the next section. We propose
that the MLF is a tool that can be used by science educators to structure instructional
designs and assessment methods to support the development of the modeling
competence.

3.2 A Framework for Modeling-Based Learning

We view modeling as a competence because this term is comprehensive enough to
indicate that modeling entails more than just knowledge or skills, a claim that has
been emphasized in the literature (e.g., Klieme, Hartig, & Rauch, 2008). For
instance, in prior research, modeling has been conceptualized as (a) an ability or a
skill, which consists of modeling sub-skills (Dori & Kaberman, 2012; Papaevripidou,
Constantinou, & Zacharia, 2007), (b) a practice (National Research Council, 2012;
Pluta, Chinn, & Duncan, 2011; Schwarz et al., 2009), (c) a scientific process
(Crawford & Cullin, 2004; Sins, Savelsbergh, & van Joolingen, 2005), or (d) an
instructional approach (Louca, Zacharia, & Constantinou, 2011). Our definition of
modeling is related to Weinert’s (2001) definition of competence, which refers to
the successful mastery, through an appropriate understanding and practices, of a
concise range of demands, tasks, problems, and goals that are related to some per-
formance that is of interest to both the community and society. Additionally, as
Weinert purports, competence draws on combinations of the cognitive, motiva-
tional, moral, and social underpinnings that are available to (or can potentially be
learned by) a person or a community and that underlie the concise mastery in ques-
tion. Consequently, the concept of competence designates a complex action system
encompassing all types of knowledge, including cognitive skills, attitudes, and
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other non-cognitive components. Additionally, it involves the ability to meet com-
plex demands by drawing on and mobilizing epistemological resources in a particu-
lar context (OECD, 2003; Rychen & Salganik, 2003). The MLF is primarily a
structural construct that describes the constituent components that should be in
place for a modeler to be competent. However, different teaching interventions sug-
gest that a developmental layout for each of the components presented in Fig. 3.2
could be compared with the learning progression presented by Schwarz and her
colleagues (Schwarz et al., 2009; Schwarz, Reiser, Acher, Kenyon, & Fortus, 2012).

Before describing the proposed MLEF, it is important to point out that it differs
from “model-based learning,” which has been used extensively in prior research to
denote learning with mental models (Clement, 2000; S. Gilbert, 1991; Gobert &
Buckley, 2000). By contrast, the MLF concerns the active participation of learners
in modeling-based learning instruction, which engages them in the construction,
revision, refinement, and validation of external representations or artifacts that pur-
port to meet the criteria necessary to ensure their classification as scientific models.

Efforts to design modeling-based learning instruction have relied on an under-
standing of modeling competence with constituent components in two broad cate-
gories, namely modeling practices and modeling meta-knowledge (Nicolaou, 2010;
Papaevripidou, 2012; Papaevripidou, Nicolaou, & Constantinou, 2014; Fig. 3.2).
Attempts to validate such designs have led to the claim that learners’ modeling
competence can emerge and evolve as a result of their active participation in model-
ing practices with the concurrent development of meta-knowledge about modeling.
Model construction (Stratford, Krajcik, & Soloway, 1998), model use (NRC, 2012),
model comparison (Penner, Giles, Lehrer, & Schauble, 1997), model revision (Wu,
Krajcik, & Soloway, 2001), and model validation (Halloun, 1996) have been identi-
fied as the main practices that learners engage in, during modeling. Metacognitive
knowledge about the modeling process, which refers to a learner’s ability to

Modeling
competence

Modeling Modeling meta-
practices knowledge

Fig. 3.2 Constituent components of the modeling-based learning framework (Nicolaou &
Constantinou, 2014)
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explicitly describe and reflect on the actual process of modeling, and meta-model-
ing knowledge (Schwarz & White, 2005) (i.e., an epistemological awareness of the
nature and the purpose of models) together shape the meta-knowledge about
modeling.

3.2.1 Modeling Practices

Model construction pertains to a learner’s ability to develop an external representa-
tion of a physical phenomenon, a system, or an object (Constantinou, 1999; Namdar
& Shen, 2015) after he or she has collected data by directly observing the phenom-
enon or indirectly by using secondary sources. In doing this, the learner needs to
consider the modeling medium, his or her familiarity with it, the type of information
that is available, and data on the phenomenon. A competent modeler is one who can
construct a model that entails clear representational, interpretive, and predic-
tive power.

First, a model with representational power includes objects, variables, and
processes:

(a) Objects or entities constitute the core components of a model because they form
the basis on which the rest of the components will be based (e.g., animals,
plants, air, and water in a forest ecosystem, or the earth, sun, and moon in the
solar system).

(b) Variables are the changing aspects characterizing the objects or the phenome-
non as a whole (e.g., size, population, velocity).

(c) Processes are usually series of occurrences that produce change. In a model of
how thermal equilibrium is attained, “heat flow” is a process, driven by the dif-
ference in temperature between two objects and causing change in the internal
energy of the interacting objects.

Second, interpreting a phenomenon is about providing a story of how a phenom-
enon comes to manifest itself. For example, consider the following “story,” which
explains the mechanism by which the volume of a ball increases when it is heated:
“The volume of a ball depends on the amplitude of the oscillation of its atoms.
When a ball is heated, its temperature increases, and the kinetic energy of its atoms
increases. The amplitude of their oscillations gets bigger. Therefore, the volume of
the ball increases.” An interpretation will typically include the relationships between
the objects, variables, and processes. These interrelationships could be of a causal
nature (e.g., the increase in the temperature of an iron cube causes an increase in its
volume) or non-causal (e.g., an animal interacts with plants to eat them or with other
animals of the same species to reproduce). The interpretive power of the model is
related to its efficacy in providing one or more mechanisms that underlie the behav-
ior of the phenomenon (Berland & Reiser, 2009; Braaten & Windschitl, 2011).
Mechanisms are organized so that they produce regular changes when comparing
the initial with the final conditions of the phenomenon under consideration
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(Machamer, Darden, & Carver, 2000). Mechanisms tell us how the various pro-
cesses and the interrelationships work together to manifest the observable aspects of
the phenomenon.

Third, a model has predictive power when it allows the formulation and testing
of predictions for new or future aspects of the phenomenon it represents (Bunge,
1983; Hughes, 1997). A model is an epistemological object that allows the user to
change the input variables and record different outputs. Hence, a constructed model
allows at least some of its elements to be changed and the resulting changes in the
behavior of the phenomenon to be observed. This aspect of a model is of particular
importance as predictions form a significant aspect of the usability of scientific
models (Bunge, 1983) and also provide a clear means for testing and validat-
ing models.

Model use is a practice that is often closely connected with model construction.
Like scientists and engineers, in the MLF, learners use the models they construct to
express their current understanding of the system (or parts of the system). The pur-
pose is to use the models to develop questions and interpretations and to communi-
cate ideas to others (National Research Council, 2012; Nersessian, 2008). Learners
who become competent in using models gain a purposeful, meaningful, and fruitful
understanding of scientific knowledge (Xiang & Passmore, 2015) with respect to its
content as well as its procedural and epistemological aspects.

Learners, like scientists and engineers, typically formulate various models of
different forms. In order to make a decision about how and which of these prototype
models to reject in favor of the most appropriate model that satisfies a set of specific
criteria, learners need to be engaged in another practice: model comparison
(Stratford et al., 1998). The importance of this modeling practice was delineated by
Penner et al. (1997), who declared that “understanding the possibility of different
models, and thinking about the advantages and disadvantages of various alterna-
tives, might in turn support children’s progress from a primarily descriptive use of
models to a beginning recognition that models can serve as instantiations of rival
hypotheses” (p.126). To practice model comparison, the learner should be capable
of selecting the most appropriate model from among a series of models for the same
hypothesis, and this model should be related to a phenomenon under study that
satisfies certain criteria with respect to its representational, interpretive, and predic-
tive power.

During modeling, the learner revisits the phenomenon under study and identifies
the discrepancies that appear when comparing the phenomenon with the model that
is being constructed. In doing so, the learner is engaged in the practice of model
revision (Stratford et al., 1998; Wu et al., 2001). Model revision pertains to the
learner’s ability to (i) contrast a model with its corresponding phenomenon, (ii)
evaluate it on the basis of the absence or presence of a model’s basic components,
and (iii) find ways to integrate missing parts or remove redundant parts in order to
produce a revised model. Fretz et al. (2002) stated that the scientific practice of
evaluating a model involves several actions, such as predicting what would happen,
identifying anomalies, interpreting and critiquing the results, and proposing solu-
tions. Similarly, Stratford et al. (1998) asserted that testing and debugging are
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examples of modeling activities that learners can productively engage in when test-
ing the model, trying different possibilities, identifying problems with its behavior,
and searching for solutions.

The constructed model is complete when it is also validated (often with other
phenomena from the same class). Model validation refers to the learner’s ability to
abstract the model from the phenomenon and apply it in a new situation, possibly in
phenomena of the same class. If the model fails to account for a new phenomenon,
the learner needs to formulate a new model that will successfully describe, repre-
sent, and predict the observable patterns of both phenomena. Halloun (1996)
asserted that “validation includes different forms of assessment that provide learn-
ers with opportunities to fulfill a major objective of science education: critical
thinking” (p. 1028). To better describe this practice and differentiate it from model
revision, consider an elastic collision of two balls (A, B) of equal mass (Ma = Mb),
one moving at a constant horizontal velocity (Va) and one at rest (Vb =0) (Fig. 3.3a).
A modeler builds a “transfer model” (Ball A transfers its velocity to Ball B), which
includes a mechanism for an exchange of velocity between the two balls. Then, a
new phenomenon of the same class is presented (Fig. 3.3b). The “transfer” model is
not consistent. Ball A does not transfer its velocity to Ball B. The model’s validity
is therefore tested. To account for the new phenomenon of the same class, the mod-
eler constructs a “swap” model with a different mechanism that now pertains to the
swapping of velocity during the collision. The validation process can continue with
new phenomena (Fig. 3.3¢) until the model validation process leads to the construc-
tion of the momentum model.

The validation of a model is an important part of the modeling process. It serves
as a confirmation of viability or as an indication of room for improvement in the
learner’s model. However, it is often ignored during instruction. There is a need for
improved scaffolds and more elaborate designs for teaching-learning sequences to
facilitate the practice of model validation.

A Ma=Mb B Ma=Mb c MazMb
— V-0 — —_— —
Fig. 3.3 Elastic collisions: Three phenomena from the same class. M stands for the masses of the
two balls, V for their velocities. The three collisions could be modeled with three models of
increasing sophistication and validity: velocity transfer, velocity swapping, momentum exchange.
(a) moving ball colliding with stationary ball of equal mass; (b) balls of equal masses colliding

with equal speeds in opposite directions; (¢) collision between balls of different mass moving with
different speeds in opposite directions
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3.2.2 Modeling Meta-Knowledge

Learners engaging systematically with the five modeling practices will have mas-
tered modeling competence to a great extent. However, there are other aspects of
knowledge that are equally important to the successful modeler, namely, the model-
ing meta-knowledge (Schwarz & White, 2005, p. 167). With respect to modeling,
meta-knowledge is shaped by metacognitive knowledge about the modeling process
as well as meta-modeling knowledge.

Metacognitive knowledge about the modeling process refers to the ability of a
learner to explicitly describe and reflect on the major actions undertaken to model a
phenomenon under study (the modeling-based learning cycle; Fig. 3.1). For
instance, one starts by observing the phenomenon that is of interest, collects infor-
mation from the phenomenon, formulates a model by implementing the collected
information, contrasts the formulated model with the phenomenon as a means of
evaluating the model, revises the model in the light of new information that was not
implemented in the original formulation, and then repeats the process in an iterative
and cyclical manner with the purpose of refining the model to make it consistent,
rigorous, and usable for testing hypotheses and making predictions.

The second aspect of meta-knowledge is “meta-modeling knowledge,” which
refers to developing an understanding of the nature of models and an appreciation
of the purpose of scientific modeling. Engaging learners to simply develop models
is not enough for developing an epistemological awareness of models and model-
ing. Deviating from Schwarz and White (2005),? the MLF distinguishes between
metacognitive knowledge about the modeling process (which is metacognitive
knowledge about how to construct and validate scientific models) and meta-
modeling knowledge (which is epistemic knowledge about the nature and purpose
of models in science). Consequently, meta-modeling knowledge about the nature of
models entails a definition of models in terms of their representational, interpretive,
and predictive powers. Likewise, meta-modeling knowledge about the purpose and
use of models entails an epistemic understanding of the purposes of models in sci-
ence. For instance, models (i) serve as sense-making tools for constructing knowl-
edge, (ii) are used as communication platforms for conveying understanding or
knowledge, (iii) can be used to develop new understandings by predicting new
aspects of phenomena or showcasing mechanisms, and (iv) are used to illustrate,
interpret, and predict phenomena (Schwarz et al., 2009).

“These researchers propose that meta-modeling knowledge consists of (i) the nature of models, (ii)
the nature or process of modeing, (iii) the evaluation of models, and (iv) the purpose or utility of
models.
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3.2.3 The Role of Reflection and Metacognition
in Modeling-Based Learning

The relationship between the epistemological underpinnings of modeling and actual
modeling practices has been investigated in only a few studies (Cheng & Lin, 2015;
Gobert et al., 2011), even though it has been emphasized as an important goal of
science education (National Research Council, 2012, 2013; Nicolaou &
Constantinou, 2014).

The MLF presents a conceptualization of what scientists do with modeling as
well as what science educators expect learners to do with modeling. Therefore, for
someone to be competent in modeling, he or she needs to be able to practise model-
ing as well as to exhibit meta-modeling knowledge and metacognitive knowledge
about the modeling process. Stated differently, both the practical aspect (modeling
practices) and the epistemological aspect (meta-knowledge) of modeling are impor-
tant to a competent modeler.

For scientists who engage in authentic inquiry as established members of a sci-
entific community, it is not necessarily sufficient in and of itself to ensure informed
epistemological conceptions or conceptions that are identical to the conceptions of
other members of the scientific community (Constantinou & Papadouris, 2012).
Those who engage in authentic scientific inquiry might or might not develop episte-
mological views that are aligned with philosophically informed perspectives on sci-
entific practice (Papadouris & Constantinou, 2014). Those views may be bound to
the context of the individual scientist, and individual contexts may vary consider-
ably across and within scientific disciplines (Schwartz & Lederman, 2008).

Educational research findings have demonstrated that for learners to develop the
epistemological bases of scientific knowledge, implicit instruction is not sufficient.
There is a need for explicit epistemological discourse that places features of the
epistemology of science at the center of instruction and is both taught and assessed
(Schwartz, Lederman, & Abd-El-Khalick, 2012). In the same line of reasoning are
findings from studies by Gobert et al. (2011) who investigated the effects of model-
ing activities performed by students in three subject areas (Physics, Biology, and
Chemistry) and found no significant relationship between students’ understanding
of models and their modeling practices in biology and physics. This was not the
case for Chemistry, where a weak but statistically significant relationship was iden-
tified. In Chemistry lessons, students were explicitly taught about the nature and
purpose of models, whereas in Physics and Biology, no support for the teaching of
the nature of models and modeling was implemented.

In the same vein, Cheng and Lin (2015) conducted a study to explore the rela-
tionship between students’ views of scientific models and their ability to generate
their own models. Their study shed light on the relationship between students’
model construction practices and their epistemological views on models and model-
ing. More specifically, they found that a few students who had shown above-average
science learning performance and interest in science were able to develop coherent
microscopic models. By contrast, students with lower science learning performance
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and interest were only able to develop observational or fragmented models. With
regard to the relationship between students’ views of the nature of models and their
self-developed models, these researchers found that students who could develop
coherent microscopic models had a better understanding of some aspects of the
epistemology of models (i.e., representations of models, models as explanatory
tools, and the use of scientific models) than students who had developed models at
the observational level. Nevertheless, this study did not find any statistical evidence
that the sub-factors of “models as exact replicas” and the “changing nature of mod-
els” were associated with the development of students’ modeling competence.

Finally, the FMC (Chap. 1) suggests that this competence is the ability to reflect
on models and modeling but leaves the role of practicing modeling somewhat
unclear, perhaps implying that a competent modeler is the one reflecting correctly
and successfully on the process of modeling and the nature and purpose of models
regardless of his or her ability to really construct, use, compare, revise, and validate
models (Krell et al., 2012).

On the basis of the conflicting discourse presented in this chapter on the connec-
tion of modeling practices, the epistemology of models, and the theoretical under-
pinnings of modeling competence, we propose that:

(a) A modeler who is competent in modeling practices is not necessarily an episte-
mologically competent modeler (Cheng & Lin, 2015; Gobert et al., 2011;
Guisasola, Almudi, & Zubimendi, 2004).

(b) An epistemologically competent modeler is more likely to be competent in
modeling practices (Sandoval, 2015; Schwartz & Lederman, 2008).

(c) An epistemologically incompetent modeler, however, is not necessarily incom-
petent in modeling practices.

Taken together, these three claims support the existence of the dual nature of the
MLF and the need to develop both instruction and assessment that will support both
modeling practices and the modeling of meta-knowledge. Additional research is
needed to further clarify the interconnectedness between the reflection aspects of
the MLF and using it in practice.

3.3 Monitoring the Development of the Modeling-Based
Learning Framework

Several assessment tasks have been designed to be consistent with the MLF, and
they were used to assess learners’ modeling competence in various domains and in
different instructional situations. These formative and summative techniques were
employed in the framework of a series of teaching interventions (Papaevripidou
et al., 2014) and through the use of a variety of data collection tools (Nicolaou,
2010; Nicolaou & Constantinou, 2014; Papaevripidou, 2012). This perspective
enabled us to examine learners’ modeling competence in a comprehensive manner
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and to arrive at a holistic view of how it emerges. Specifically, the designed inter-
ventions, which followed modeling-centered scientific inquiry principles, differed
with respect to (a) the content of the curriculum, (b) the age of the participants, and
(c) the modeling tool used by learners. However, they maintained the same format
and duration, with each intervention lasting for about 8—10 90-min sessions.

At the beginning and end of each intervention, each component of the MLF was
evaluated through a set of two assessment tasks. The two assessment tasks had the
same structure (e.g., they consisted of a scenario and open-ended questions). Both
the scenarios and the questions were comprised of short and simple statements. The
assessment tasks were grouped in such a way that each modeling competence com-
ponent was evaluated by two tests in two different subject areas (e.g., Test 1: free
fall and Test 2: evaporation). The purpose of designing and administering two tasks
for each of the components of the MLF was to explore whether modeling compe-
tence is content-dependent or not (Papaevripidou et al., 2014).

Students’ responses to each diagnostic test were subjected to phenomenographic
analysis, which led to the construction of different attainment levels for each com-
ponent of modeling competence. The results of phenomenography (Marton, 1981)
are a set of logically interrelated category conceptions (in this case, comprising the
modeling competence), which are usually created on the basis of their content and
their correctness (scientific level) and are differentiated from each other on the basis
of qualitative criteria (Nicolaou, 2010). Here, the categories qualitatively describe
the different ways in which the participants responded to each component of model-
ing competence prior to and after the teaching intervention.

The analysis of the collected data (from the whole series of interventions and
assessment tools) revealed different levels of increased sophistication that exist for
each component of the MLF among learners. Figure 3.4 provides a summary of the
most superior level that emerged for each component of the MLF. As such, it also
serves as an illustration of how the content of the MLF was reframed on the basis of
the most superior level that emerged from the analysis of the data collected during
the interventions. It is notable that the most superior levels were most commonly
found to emerge after learners participated in modeling-based instruction.

For each component of the MLF presented in Fig. 3.4, specific hierarchical levels
with increased sophistication that illuminate the degree of development of learners’
modeling practices and their modeling of meta-knowledge emerged. Figure 3.5
presents the hierarchical levels that emerged from the data analysis with regard to
the practice of revising the model. The tests for evaluating model revision asked
students to first observe a specific model (e.g., a diagram presenting the photosyn-
thetic growth of a plant) and state whether the model was complete. If they consid-
ered the model to be complete, they were asked to describe the ways in which the
model appeared to be complete. Otherwise, they were asked to state how they would
improve the model.
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Component Highest attainment level

I.Modeling practices

*  Model Construction of a model that (i) provides a comprehensive representation of
construction the phenomenon (e.g., all types of the components of the phenomenon are

represented), (ii) encompasses both a mechanistic interpretation of how the
phenomenon functions and a causal interpretation that explains why the
phenomenon functions the way it does, and (iii) has strong predictive power.
Model use Efficient use of a model to (a) describe a phenomenon, and/or (b) interpret how
the phenomenon functions, and/or (c) predict its future behavior or state.
Model comparison  Detection of the best or worst model based on the model’s (i) representational
comprehensiveness, (i1) interpretive potential, and (iii) predictive power-.
Model revision Proposal of specific model revision measures after identifying the limitations
of (i) the representational completeness of the model (e.g., absence of objects,
variables, or processes among the components of the model), (ii) the
interpretive potential of the model (e.g., the model is missing a mechanism that
explains how the phenomenon functions), or (iii) the predictive power of the
model.
Model validation ~ Validation of the model on the basis of the comparison of the two phenomena
with respect to the model’s components (e.g., The two phenomena do not share
the same variables, so the new data cannot be used with this model).

II. Meta-knowledge

®  Metacognitive The process of modeling involves (i) collecting information about the
knowledge about phenomenon (e.g., performing observations and collecting data, identifying
the modeling objects, variables, processes, and interactions), (ii) selecting the most
process appropriate means for building the model, (iii) building a model on the basis

of the data that were collected, (iv) comparing the model and the phenomenon
or the model with other models, (v) evaluating the model according to its
representational completeness, interpretive potential, and predictive power,
(vi) improving the model, (vii) testing the validity of the model, (viii) repeating
steps (iv) through (vii).

®  Meta-modeling A model describes, represents, and explains a phenomenon under study (e.g.,
knowledge provides a possible mechanism for how the phenomenon functions) and can be
- Nature of models used to test predictions about specific aspects of the phenomenon.
The models serve as (i) instructional aids, (ii) simulations, (iii) facilitators of
- Purpose of models the conceptual understanding of the phenomenon under study, (iv)

communication tools, (v) external representations of a phenomenon under
study, and (vi) vehicles for formulating and testing predictions.

Fig. 3.4 Summary of the highest levels of attainment in school for each of the MLF components

3.4 Conclusions and Discussion

The implementation of a framework that is grounded in contemporary perspectives
of learning science through modeling has great potential for classroom use because
it can promote significant aspects of modeling-centered inquiry teaching and learn-
ing. The MLF presents a conceptualization of what scientists do while modeling as
well as what science educators expect learners to do when developing and using
models. Based on the MLF, learners are expected to practise modeling (to construct,
use, compare, revise, and validate models) but also to develop modeling meta-
knowledge, that is, to explicitly describe and reflect on the actual process of model-
ing as well as to become epistemologically aware of the nature and the purpose
of models.
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Level and Description
Level 6*. The learner identifies the need for in-depth improvements with regard to the

representational, interpretive, and predictive power of the model

The model is not complete because (1) it does not provide a strong representation of the
phenomenon. The learners identify deficiencies with respect to: (a) its objects (carbon dioxide,
oxygen, starch, etc.), (b) its variables (intensity of light, humidity, air composition, etc.), (c) its

processes (photosynthesis, transformation of carbon dioxide and water into glucose and oxygen,
transport of water in the plant, etc.), and (d) its relations (relation between the quantities of
carbon dioxide and oxygen, relations between light, chlorophyll, and the process of
photosynthesis, etc.), (2) it does not fully interpret the phenomenon (it does not reveal how
photosynthesis happens, how the plant takes in water and other resources, what factors are
important, or what the processes are), (3) it does not have predictive power (What will happen
if the humidity increases or if the sun is not present for some period?).

Level 5. The learner identifies the need for in-depth improvements with regard to two of
the model’s utilities

Level 5.3. ... .the interpretive and predictive power of the model.

Level 5.2. ....the representational and predictive power of the model.

Level 5.1. ....the representational and interpretive aspects of the model.

Level 4. The learner identifies the need for in-depth improvements with regard to one of
the model’s utilities

Level 4.3. ....the model’s representational power.

Level 4.2. ....the model’s interpretive power.

Level 4.1. ....the model’s predictive power.

Level 3. The learner identifies that the model needs superficial representational and
interpretive improvements

Level 2. The learner identifies that the model needs superficial representational
improvements

Level 1. The learner identifies that the model needs unspecified improvements (which may
result from their personal experience or from focusing on the superficial features of the
model)

Level 0. Irrelevant or no answer (The model is incomplete. No improvements are needed)
* Level six includes learners’ responses that are closer to the scientifically correct perspective.

Fig. 3.5 Levels of attainment for the practice of model revision (using photosynthesis as an
example)

When comparing the MLF to the FMC, specific differences arise. The latter
describes the aspects of modeling competence (i.e., the nature of models, multiple
models, purpose of models, testing models, changing models), and it provides a
description of three different levels for each of these five aspects, which are based
on whether the modeler considers a model to be a “model for something” or a
“model of something” (Mahr, 2009; in Krell, Reinisch, & Kriiger, 2015). At the first
level of each aspect, the FMC describes modelers’ beliefs with respect to models of
something, whereas at the third level, the FMC states modelers’ reflection with
respect to the essence of models for something.

The MLF distinguishes between modeling practices and meta-knowledge (learn-
ers’ reflection on models and modeling) and considers them both equally important
for teaching and learning, whereas the FMC refers only to learners’ cognitive
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reflections about models and modeling. Additionally, each of the five modeling
practices is important and has its own levels of competence according to the
MLF. For example, model construction is one of the five constituent components of
the practices that need to be developed by a competent modeler and is at the same
level of importance as the remaining four practices (use, compare, revise, validate).
The levels of attainment for each modeling practice (Fig. 3.5) are based on (a) what
students actually do while practicing modeling, that is, when developing models,
and (b) how students reflect on their competence to do so. By contrast, the model
construction practice is not referenced in the FMC. Moreover, the validation prac-
tice seems to be absent from this framework. These researchers acknowledge that
the testing and modifying of models to resolve inconsistencies emerge when com-
paring the model to the phenomenon, but no reference is made to phenomena of the
same class. However, this practice is also important to the development of modeling
competence in accordance with research claims that challenging students to defend
the validity of their models results in significant improvements in their scientific
discourse (White & Frederiksen, 1990).

With respect to the modeling of meta-knowledge, the FMC entails the notion of
metacognitive knowledge of the modeling process through the aspects of “testing
models” by considering that at the second level, modelers are able to show the cor-
respondence between the model and the initial object (i.e., test a model of some-
thing). Additionally, at Level III, modelers test the model of something by verifying
hypotheses during the application of the model. Therefore, the notable difference
between the two frameworks with respect to meta-knowledge is that the MLF con-
siders the idea that a metacognitively competent modeler is the one who can reflect
on the process that the modeler him- or herself followed when engaging with the
five modeling practices (i.e., creating, using, comparing, revising, and validating) a
model. It is therefore considered to be an externalization of the steps already fol-
lowed by the modeler when constructing and revising a model.

The MLF considers practices and meta-knowledge to be equally important and
necessary for the development and assessment of modeling competence. On the
other hand, the FMC maintains a rather different view. It emphasizes a theoretical
understanding of models and the reflection on the process of modeling and acknowl-
edges modeling competence as an ability to reflect on models and modeling. This
underlines the importance of gaining insightful knowledge with models, judging
models with regard to their purpose, and reflecting on the process of gaining knowl-
edge through models and modeling (Upmeier zu Belzen & Kriiger, 2010). This
emphasis on meta-modeling competence will affect the design of teaching interven-
tions as well as assessment efforts to evaluate modeling competence. Following the
principles of the FMC, when developing modeling-based learning and teaching
interventions, the focus should be (only) on developing learners’ meta-modeling
competence, and hence, the actual extent of “hands-on” modeling could be under-
estimated. Additionally, it is implied that an assessment of a learner’s meta-
knowledge is sufficient to help the assessor understand whether the learner is a
competent modeler or not.
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The presented MLF can be used to track the development of learners’ modeling
competence. The levels of increased sophistication that emerged for every compo-
nent of the MLF (Fig. 3.5) provide a useful guide that instructors can use to better
understand students’ progress and even predict many of the difficulties that might
emerge when implementing modeling-based learning. It can also assist in the design
and organization of learning experiences and assessment tools that recognize and
take advantage of the most likely trajectories that are typically followed by students
as they move toward expertise (learning progressions; Schwarz et al., 2009, 2012).
Because textbooks rarely include modeling assignments that invite students to
actively practice modeling (van der Valk, van Driel, & de Vos, 2007; VanLehn,
2013), the clarification of each constituent component of the MLF can inform sci-
ence educators and curriculum designers how to design and teach learning sequences
for modeling and also additional assessment tasks to evaluate students’ modeling
competence in unison.

The need for a coherent framework that can help define what is being assessed as
well as the subdimensions of modeling has been suggested before (Nicolaou &
Constantinou, 2014). In previous work, modeling competence was not defined or
assessed in a unified manner. Each study presented by this review paper has defined
and assessed only one part of what can be conceptualized as modeling competence
on the basis of available theoretical frameworks (National Research Council, 2012;
Penner et al., 1997; Schwarz et al., 2009; Stratford et al., 1998). Even in cases where
one aspect of modeling was under investigation, researchers have often used differ-
ent definitions and consequently different assessment approaches. The MLF serves
as a means for overcoming the fragmented diversity identified by Nicolaou and
Constantinou (2014). The unifying nature of the MLF with respect to the comple-
mentary and interconnected relationship between modeling practices and the mod-
eling of meta-knowledge as a combination of the nature/role of models and the
modeling process is the most powerful characteristic of this framework. As such,
the framework can serve as a basis for conceptualizing the teaching and assessment
of modeling competence in a holistic manner, in contrast to focusing, as most pub-
lished research has done, on one part of the modeling meta-knowledge (i.e., meta-
modeling knowledge). Metacognitive knowledge about the modeling process is
equally important for a robust development of the modeling competence.
Additionally, this meta-knowledge should not be examined in isolation from model-
ing practices because being a competent modeler is not based exclusively on learn-
ers’ modeling meta-knowledge or on learners’ modeling practices. On the contrary,
it is based on a learner’s ability to both practise modeling and to demonstrate an
understanding of the modeling process and the nature of models as epistemological
entities.

Further research is needed to investigate and clarify the role of reflection and
metacognition in modeling practices, both for scientists who work with models in
their everyday activities and for learners who use and develop models in the frame-
work of structured teaching interventions aimed at enhancing modeling competence.
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Chapter 4
Modeling Competence in the Light
of Nature of Science

Renee S. Schwartz

4.1 Introduction

All scientists use models, and if they say they do not, then they are failing to understand
what they are doing. (Aquatic ecologist)

Competence is described as ‘“domain-specific cognitive dispositions that are
required to successfully cope with certain situations or tasks, and that are acquired
by learning processes” (Koeppen, Hartig, Kleime, & Leutner, 2008, p. 62). With
respect to a biological context specifically, Upmeier zu Belzen and Kriiger (2010)
state that modeling competence includes (1) the ability to get purposeful new
insights into biological topics with models, (2) the ability to judge on models and
the process of modeling in relation to the purpose, (3) the ability to reflect upon the
process of getting insights with models, (4) the motivational and social willingness
to use these abilities in problem based situations.

By these descriptions, then, a competence-based view of models in science can
be considered a contextually-based cognitive function needed to understand a scien-
tific concept or scientific process. In other words, modeling competence in science
involves the epistemic practices of knowledge generation through the understanding
and use of scientific models. Scientists rely on modeling competence to gain an
understanding of nature and natural phenomena. As expressed in the introductory
quote above, if a scientist says they do not use models, they do not understand what
they are doing (or, perhaps, they are not doing science). The epistemic functions of
scientific models have been described as “a bridge between scientific theory and the
world-as-experienced (‘reality’)” (Gilbert, 2004, p. 116). Gilbert drew from the
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literature to describe several depictions of models and model use within science,
including abstractions of theory, idealized reality, visible or simplified phenomena/
abstractions, and explanations that enable predictions. These descriptions have been
further elaborated and extended in more recent writings (e.g. Gilbert & Justi, 2016).
Moreover, various frameworks for how learners’ understand models and modeling
have been discussed and refined (i.e. Griinkorn, Upmeier zu Belzen, & Kriiger,
2014; Krell, Upmeier zu Belzen, & Kriiger, 2014; Mahr, 2011). A synthesis of this
work yielded the competence-based view on models and modeling.

Understanding what science is and what scientists do requires epistemic knowl-
edge, which includes the nature of science [NOS]. Scientists generate scientific
knowledge through practices that are uniquely scientific, grounded in empirical
observations of the natural world. Because models and modeling are both practices
and products of science, modeling competence necessitates an understanding of
NOS and the practices of scientific inquiry. This chapter explores these connections
and their place within science education. To gain additional perspective on a
competence-based view of models and representations of NOS in authentic con-
texts, this chapter also examines how practicing scientists describe the role of mod-
els and modeling in their research. This perspective provides insights into the
meaning of the opening quote, as well as how modeling competence reflects the
epistemic nature of science and scientific practices.

4.2 Theoretical Background

4.2.1 Nature of Science: A Cognitive Construct

The phrase “nature of scientific knowledge” [NOS] refers to characteristics of sci-
entific knowledge inherently derived from the manner in which that knowledge is
produced through scientific practices (Lederman & Lederman, 2014). These quali-
ties, or characteristics, are what make scientific knowledge science, as opposed to
other forms of knowledge. The specifics of NOS have been described in various
ways; all delineating scientific knowledge as foundational to how we can under-
stand the natural world through empirical observation. With respect to what is rel-
evant and appropriate for science teaching and learning, there is broad consensus
within the literature that strongly supports the view that NOS is a cognitive con-
struct (Lederman & Lederman, 2014; Osborne, Collins, Ratcliffe, Millar, & Duschl,
2003; Schwartz, Lederman, & Abd-El-Khalick, 2012) rather than a skill, attitude, or
activity. Others have provided more general descriptions of science through empha-
sis on broader epistemic and philosophical commonalities across knowledge
domains, such as “features of science” (Matthews, 2012) and “family resemblance”
(Dagher & Erduran, 2016; Irzik & Nola, 2014).
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Despite the debates, there is a developmentally appropriate level of generality
regarding NOS that is accessible to pre-university students and relevant to their
daily lives. These general, cross-cutting characteristics representing the nature of
scientific knowledge as a cognitive outcome are described here (modified from
Schwartz, Lederman, & Crawford, 2004; Schwartz, Lederman, & Abd-El-Khalick,
2015). Figure 4.1 provides a description of each of the aspects that hold consistent
agreement amongst science educators.

These aspects are not a definitive or privileged listing of NOS, but rather a com-
pilation of aspects commonly advocated within empirical research dating back to
the 1960s. These aspects are considered cross-cutting because regardless of the sci-
ence domain, one can find representative examples (McComas, 2008; Schwartz &
Lederman, 2008). Furthermore, these aspects should be considered a collection, as
opposed to isolated features. Understanding NOS includes understanding how these
aspects are intricately connected and derived from the scientific enterprise. For
example, due to the inherent subjective and socio-cultural features of scientific
knowledge, that knowledge is inherently tentative, yet robust due to the empirical
foundation upon which the knowledge is generated.

NOS has been advocated for scientific literacy for decades (Lederman &
Lederman, 2014). Driver, Leach, Millar, and Scott (1996) argued that scientific lit-
eracy comprises understanding scientific inquiry; understanding the social nature of
science; understanding that people produce, validate, consume, and benefit from
scientific knowledge; and understanding some aspects of science content. Each of
these can be connected to why understanding NOS is relevant, as scientific knowl-
edge is developed through inquiry practices, in a social context, by real people, and
leads to further understanding of the natural world. Because many natural concepts
are complex and not directly observable; and because relationships among compo-
nents of natural phenomena are not always directly accessible, models and model-
ing are essential to inquiry practices and the generation of scientific knowledge.
Thus, as detailed in the theoretical Section A of this book, understanding and being
able to utilize models for learning and decision-making; or, in other words, engag-
ing in and understanding modeling competence is essential to scientific literacy.

4.2.2 Scientific Models and Modeling in Science Education

To promote epistemological views of science, learners should experience science
through engaging in scientific practices (AAAS, 1993; Lead States, 2013; NRC,
1996, 2000, 2012).

Inquiry is a critical component of a science program at all grade levels and in every domain
of science, and designers of curricula and programs must be sure that the approach to con-
tent, as well as the teaching and assessment strategies, reflect the acquisition of scientific
understanding through inquiry. Students then will learn science in a way that reflects how
science actually works. (NRC, 1996, p. 214)
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NOS aspect

Description

Empirically-based

Scientific knowledge, including scientific models, is based on and/or
derived from observations of the natural world. These observations are
made directly or indirectly through use of senses, tools, measuring devices,
and other technological instruments that offer detection of natural
phenomena.

Distinction between
observation and
inference

Observations are descriptive statements about natural phenomena that are
directly or indirectly (through instruments) accessible to the senses.
Inferences serve to explain or extend observations but are not directly
accessed. The notion of gravity is inferential in the sense that it can only be
accessed and/or measured through its manifestations or effects. Models, as
theoretical constructs, are based on observations and provide inferential
explanations of relationships and functionality.

Creativity

Science, as a human endeavor, involves the invention of explanations,
negotiation of meaning from data, and the generation of ideas. This aspect
of science, coupled with its inferential nature, entails that scientific concepts
are functional theoretical models rather than faithful copies of reality. For
example, the observation of birds in flight inspired studies of aerodynamics
and the eventual invention of flight mechanisms.

Distinction between
scientific theories and
laws

There is an epistemic distinction between scientific theories and laws,
stemming from the type of evidence and functional purpose of the
knowledge. Laws are descriptions of relationships among features of
observable phenomena. Theories, by contrast, are inferred explanations for
observable phenomena. Put simply, laws are statements of what is observed;
theories are statements of why something occurs. For the example of
gravitational force, Newton’s law of gravity states that there is an attraction
between two masses. Gravitational theory attempts to explain why this
occurs. Models can depict relationships (such as in mathematical terms) and
present theoretical constructs that explain interactions and functionality.

Subjectivity/theory-
driven

Scientists” beliefs, previous knowledge, training, experiences, and
expectations, in addition to theoretical commitments affect what problems
scientists investigate, how they conduct their investigations, what they
observe (and do not observe), and how they make sense of, or interpret
observations. An evolutionary developmental biologist and an ecologist will
interpret components of an ecosystem differently based on the lenses
through which they work. Multiple models arise due to varying perspectives
and purposes. The models scientists use to explain and test the system are
necessarily informed by different theoretical lenses.

Socially and
culturally situated

Science as a human enterprise is practiced in the context of a larger culture.
Scientists are the product of that culture. Scientific knowledge affects and is
affected by the various elements and intellectual spheres of the culture in
which it is embedded. These elements include, but are not limited to, social
fabric, power structures, politics, socioeconomic factors, philosophy, and
religion. Related to the subjective and creative NOS, social and cultural
influences are unavoidable. They reflect what questions are asked, how
science is practiced, and what knowledge is generated and accepted.
Through the ages, scientific models have reflected cultural and social
positions (i.e. geocentric model), with society being resistant to changes that
require profound paradigm shifts that run counter to societal and religious
convictions (i.e. heliocentric model).

Inherently tentative

Scientific knowledge is necessarily subject to change, yet due to the
empirical nature, scientific knowledge is also robust (not likely to change on
a whim or without substantial evidence). Attaining absolute truth is outside
the realm of science (Chalmers, 1982; Kuhn, 1962). Scientific claims
change as new evidence is brought to bear on existing theories or laws, or as
old evidence is reinterpreted in the light of new theoretical advances. A look
through the history of science provides myriad examples of change in how
we understand the natural world. Model revision can result from falsifying
hypotheses through predicting and testing.

Fig. 4.1 Nature of science aspects and descriptions
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4.2.3 Nature and Purpose of Scientific Models

Scientific models are integral to the development and exploration of scientific
knowledge (e.g. Gilbert, 1991; Khine & Saleh, 2011; Mahr, 2011). Models have
been described in a variety of ways, and in several chapters of the present book (Sec.
A). Consistent among them is that models are representations that serve to describe,
explain, or predict (Griinkorn et al., 2014; Schwarz et al., 2009; Van Der Valk, Van
Driel, & De Vos, 2007; van Driel & Verloop, 2002). Gilbert (2004) describes models
as “simplified depictions of a reality-as-observed, produced for specific purposes, to
which the abstractions of theory are then applied” (p. 116), “idealizations of a pos-
sible reality” (p. 116), visualizations of abstract phenomena or of something too
small or too big to see otherwise, simplifications of something complex, and “the
basis for both scientific explanations of and predictions about phenomena” (p. 116).
Models can represent myriad of phenomena including: objects, abstractions, sys-
tems, parts of systems, entities, relationships among entities, an event, a behavior,
and a process (Gilbert, 2004; Mahr, 2011). Further, models are products of investi-
gations, frameworks for investigations, and tools for predictions and testing (Gouvea
& Passmore, 2017; Krell et al., 2014; Upmeier zu Belzen & Kriiger, 2010; Van Der
Valk et al., 2007).

Ontologically, models can be mathematical, physical, analogical, or mental con-
structs (representations) of the natural world (what are models of?) (Gouveu &
Passmore, 2017; Mahr, 2011, among others). Models also have epistemic purposes
(what are models for?) including that models: (1) explain or organize observations
that then enable prediction and testing through further observation; (2) simplify a
complex phenomenon or render an abstract concept visible; and (3) provide a
framework for guiding further investigation. A model-object of an object (Mahr,
2011) is not an exact replica of the actual phenomenon or process; but serves as a
representation of the model of the phenomenon (target, or object) and features
deemed important and applicable to the structure and function of the target (object).
Models are epistemic tools for explaining, predicting, visualizing, simplifying, test-
ing, and showing relationships in the development of scientific knowledge.

4.2.4 Scientific Models in Science Standards

In the United States, the prominence of models and modeling competence in sci-
ence education has increased in recent years with the inclusion of models within the
essential scientific practices that learners should understand and be able to perform
(Lead States, 2013). The scientific and engineering practices in the Next Generation
Science Standards [NGSS] explicitly list “Developing and using models” among
them. However, one can stress that developing and using models are integral to
other scientific practices as well. For example, models and the modeling process are
useful tools for conducting investigations (model a stream system to study impacts
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of erosion), analyzing and interpreting data (using a model of inheritance patterns
to interpret generational data related to a genetically-based disease), and communi-
cating information (demonstrating impacts of climate change).

To represent this idea further, the Framework for K12 Science Education (NRC,
2012), upon which the NGSS is based, discusses the importance of developing sci-
entific proficiencies through engaging in the practices and epistemic thinking that
generates scientific knowledge, including the role of models as products and model-
ing as practices within science. The Framework states, “Students’ opportunities to
immerse themselves in these practices and to explore why they are central to science
and engineering are critical to appreciating the skill of the expert and the nature of
his or her enterprise” (NRC, 2012, p. 47). Clearly, in order to achieve this goal,
learners must have a meaningful understanding of models and modeling as well as
how these concepts relate to targeted features of NOS. The dynamic nature of sci-
entific practices and the role of theories and models in the actions are parallel with
the framework for the modeling process (Fig. 1.2). The competences associated
with models and modeling are evident within the figure. Scientific practices embrace
the role of models as epistemic tools used to formulate hypotheses, test and propose
solutions, as well as generate arguments through analysis and evaluation of data.

The nature of scientific knowledge, including models, is also emphasized on an
international level. The 2015 PISA Assessment and Analytical Framework (OECD,
2017) includes the nature and purpose of scientific models as part of their recom-
mendations. The three competencies for scientific literacy are that learners should
be able to (1) explain phenomena scientifically, (2) evaluate and design scientific
enquiry, and (3) interpret data and evidence scientifically. The PISA Framework
states that these “... competencies, however, require more than a knowledge of what
is known; they depend on an understanding of how scientific knowledge is estab-
lished and the degree of confidence with which it is held” (OECD, 2017, p. 21).
They also state that the competencies require epistemic knowledge: “Epistemic
knowledge includes an understanding of the function that questions, observations,
theories, hypotheses, models, and arguments play in science” (p. 21).

Despite being targeted as an essential learning outcome for decades, students
(Grosslight, Unger, Jay & Smith, 1991; Krell, Upmeier zu Belzen, & Kriiger 2012),
preservice teachers (Schwartz & Skjold, 2012, Hartmann, Upmeier zu Belzen,
Kriiger, & Pant 2015) and practicing teachers (Crawford & Cullen, 2004; Justi &
Gilbert, 2003; van Driel & Verloop, 2002; Krell & Kriiger 2015), typically hold nar-
row or varying conceptions of models. Yet, with scaffolding and experience, learn-
ers can develop understandings of scientific models and modeling (e.g. Akerson,
White, Colak, & Pongsanon, 2011; Gilbert & Justi, 2016; Schwarz et al., 2009;
Windschitl & Thompson, 2006). For example, Schwarz and colleagues used a
model-centered, meta-modeling approach to engage learners in modeling activities
as well as develop learners’ epistemologies of science (Schwarz & White, 2005).
They attest to the effectiveness of the “meta” component when engaged with mod-
els and modeling as essential for fostering epistemic knowledge.

If children are to learn science in a way that reflects how science really works, it
is important for teachers to have an understanding of these real workings of science
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and instructional strategies that are effective in developing modeling competence
and epistemological views of science. Other chapters in Section A dive more deeply
into the meaning and nature of scientific models and modeling, as well as the
research on teachers’ and learners’ conceptions (Sec. C; Sec. D).

4.2.5 What Scientists Say About Models and Modeling
in the Scientific Community

To get a sense of how models are defined and used in the scientific community, as
products and practices of science, and then how models and modeling reflect NOS
features, we can explore how scientists think about and use models in their own
research (Chap. 5). Van Der Valk et al. (2007) conducted a study to test and revise a
comprehensive description of “features of scientific models.” Their study asked
practicing scientists who had recently published research involving scientific mod-
els, to comment on the extent of their agreement or disagreement with the features.
The study provides an empirically supported description of features of scientific
models that represented views of contemporary scientists. In similar form, Schwartz
(2004) conducted a study of scientists’ views of NOS and scientific models. The
following section presents partial results from this study, as they relate to how sci-
entists’ conceive the purpose of models. These descriptions reveal scientists’ think-
ing about a competence-based view of models in their work. For the purpose of this
chapter, the discussion draws clear connections between model descriptions and the
aforementioned NOS aspects.

The current study reports on scientists’ views of the purpose of scientific models
and their use in authentic science practice. This study provides descriptions and
examples of models and connections to NOS aspects. Results of a larger study on
scientists’ views of NOS have been reported elsewhere (Schwartz & Lederman,
2008; Schwartz, 2011). Participants were experienced scientists from four science
disciplines (life science, earth science, physics, and chemistry) and who employed
various approaches to research (e.g. experimental; descriptive; theoretical). The
research question focused on here is “What are practicing scientists’ views on the
purpose of scientific models?”” and “Do views vary based on science discipline and/
or investigative approach?”’

4.3 Method

Participants were 24 practicing scientists (6 female, 18 male) from across the
United States and representing four primary science disciplines and a variety of
sub-disciplines and investigative approaches (ten life scientists; five earth and
space scientists, five physicists (four theoretical), four chemists). All of the
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participants were currently engaged in research and publishing. With an average of
25 years research experience since earning their doctorate, the participants were
clearly experienced within their respective communities. With the exception of one
participant (an aquatic ecologist with 22 years post PhD research experience, cur-
rently in a non-academic institution), all held tenured academic positions at univer-
sities. All were educated and currently employed within the United States. Most
had extended international experiences through post-docs, sabbaticals, or collab-
orative programs.

4.3.1 Data Collection and Analysis

For the larger study, participants responded to two open-ended surveys [VNOS-Sci
and VOSI-Sci] (Lederman et al., 2002; Schwartz, Lederman, & Lederman, 2008).
These were modified to prompt the scientists to consider the NOS and inquiry
aspects within the context of their research. Two questions were added to the VNOS-
Sci survey that directly addressed ideas about the purpose of scientific models:

(a) What is the purpose of a scientific model?

(b) Describe a scientific model from your own area of research, if appropriate. If
you do not use scientific models, describe a scientific model from another area
of research. Describe why your example is a scientific model.

Semi-structured interviews served to elicit additional information as well as vali-
date scientists’ responses to questionnaire items (Lederman et al., 2002).

Through a process of analytic induction, participants’ questionnaires and inter-
views were analyzed separately to generate individual profiles of scientists’ views.
Analysis specifically sought reference to models and model use. All instances of the
words “models” or “use models” or similar phrases were coded. The sub-codes that
emerged are descriptors of how the scientists talked about models (their own words),
model construction, and model use. Each participant could have provided state-
ments consistent with multiple sub-codes. Thus, results are presented as number of
participants and % of participants who made reference to each sub-code. Results are
reported based on emergent descriptions, trends, and patterns.

4.4 Results

The following results represent how the scientists describe models within their
field (Fig. 4.2). The top descriptors are listed, with representative quotes to pro-
vide context and elaboration of meaning. It is important to note that the descrip-
tors are what emerged from the voices of the scientists. They were not asked if
they agree/disagree with a particular descriptor. Thus, the results are considered
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Sub-Code Total # Total %
explain or organize observations/predict/test 17 70.8
complex made simple/abstract made visual 9 37.5
mathematics 9 375
directing framework 3 12.5
more specific than a theory 2 8.3
analogy 1 4.2
mental construct 1 4.2
representation of reality 1 4.2

Fig. 4.2 Scientists’ descriptions of the purpose of models (N = 24)

“first ideas” of models that occurred to scientists as they provided their responses.
Whether they agree or not with other descriptors is beyond the scope of this study.
The sub-codes are not mutually exclusive. Many of the representative quotes
included here fall within in multiple sub-codes. These results are discussed in
terms of suggested patterns within this sample of scientists and should not be
generalized beyond this sample.

4.4.1 Model Descriptions and Nature of Science Connections

The most common emergent themes are consistent with published descriptions of
scientific models (Gilbert, 2004; Gilbert & Justi, 2016; Khine & Saleh, 2011; Van
Der Valk et al., 2007). Moreover, the emergent themes are also consistent with many
of the features of the modeling cycle (Fig. 1.2). Here, the scientists recognized the
role of observation, testing, and influences. These results also reflect the aspects
related to modeling competence. The findings described here are based on the emer-
gent themes. Representative quotes are provided in nearly full form in order to pro-
vide voice to the scientists, which enriches the meaning through context and stories.
Following the quotes, NOS connections are presented in ifalics. Where evident,
connections to aspects and levels of the framework for modeling competence
(Chap. 1) are made.

Explain or Organize Observations/Predict/Test Seventeen of the 24 scientists
indicated models were explanations or ways to organize observations that also
involved testing predictions (purpose of models: level III; Chap. 1). Most responses
specifically related to the participant’s research.
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In my research I use the model of a trophic cascade that indicates how predator-prey inter-
actions from the top of the food web propagate down the food web to affect lower trophic
levels. This model explains some of the variability observed in food web dynamics and the
relative abundance of predator and prey groups in ecosystems. [aquatic ecology] [subjectiv-
ity/theory-driven]

A scientific model is a description of a physical system that provides an understanding of
what the system is and how it works. A scientific model allows us to organize our informa-
tion about a system and to predict how the system might evolve or react... We use mathe-
matical models of stellar atmospheres to compute what the spectrum of a star ought to look
like. We compare the predicted stellar spectrum with the observed stellar spectrum to deter-
mine the composition of the star. [astronomy] [subjectivity/theory-driven]

An atmospheric scientist described the purpose of a model to provide under-
standing and predictability. In this way, he recognized the model function to be a
tool to gain knowledge.

As models become more complex, such as general circulation models of the atmosphere
and ocean, the models are used as predictive tools. They’re used to predict how climate will
change as we change the composition of the atmosphere. [atmospheric science2]

The other atmospheric scientist expanded on this perspective by discussing mod-
eling of a system. In this remark, the subjective/theory-driven nature of scientific
models is clearly connected to multiple models (Chap. 1).

You are probably aware that the treatment of clouds in climate models is one of the weakest
links in the chain of things that we need to put together to say something sensible about
global warming, and we don’t do it very well. The models are all over the map, depending
on how they parameterize the cloud process. [Atmospheric sciencel] [subjectivity/
theory-driven]

Several responses within this sub-code demonstrated a connection between the
scientists’ views of models and their views of certainty of scientific knowledge (ten-
tative NOS). These descriptions also related to the empirical NOS.

It [a model] is a mental or physical construct. [...] The model is a way to test whether we got
our ideas right [...] Then you can test it and try a different set of conditions. If they do, then
it means the model is working, at least for these conditions, and it has some predictive func-
tion. One is to test the input to see if I have my ideas straight and the other is to make predic-
tions. [Models are] useful to guide experimentation and serve as a provisional understanding
of a phenomenon. [environmental analytical chemistry] [empirical & tentative NOS]

One of the biologists elaborated on her view of models and modeling within her
field. With respect to modeling competence, her response demonstrates level III for
a set of aspects: purpose of models, multiple models and changing models (Chap. 1).

The theory of natural selection is also a model that explains much about the origin and behav-
ior of biological systems. It provides a basis for making predictions about species responses
to environmental changes ... A lot of these conclusions are drawn from tests with models that
show that if you create this kind of structure it accounts for the behavior that you measure.
Again, just because you can come up with a model that explains it doesn’t necessarily mean
that is the only model. Just maybe we haven’t thought of the model that works better ...
Models work at all these levels [hypothesis, theory, law]. A hypothesis is a model. The model
becomes more robust as it becomes elevated to theory and then law. But a model initially is
a hypothesis. [entomology] [empirical & tentative NOS; theory & law misconception]
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This last statement shows a connection to the NOS aspect of “theory and law.”
However, the scientist held a hierarchical view of hypothesis, theory, and law; yet
also saw a connection with scientific models at each “level” of scientific knowledge.
According to this scientist, the more robust the model, the higher its status within
the perceived hierarchy. In contrast to other scientists who described models as hav-
ing predictive capabilities based on assigned parameters (and these parameters
could change according to what the intent is), the position described above may
suggest a view that models can approach certainty. Even though different scientists
held differing views of certainty of models, they held the common view of models
having predictive ability (purpose of models: level 1II, Chap. 1). This feature of
models exemplifies the subjective and theory-driven NOS because they describe
models as providing an explanation or system upon which to base further explora-
tion. Moreover, these descriptions also provide links to the empirical and tentative
NOS, as the models must be based on natural phenomena, yet they can be adjusted
with further testing.

In response to a prompt to discuss the development of the atomic model, one
chemist explained the historical development of the atomic model, along with the
explanatory and predictive power of this model across disciplines. In this response,
we see a connection of atomic models to the empirical, tentative, subjective, and
creative NOS.

Once the planetary model became acceptable, things that could be predicted from this
model were consistent with what physicists were observing then it was quickly discovered
that it was also consistent with the chemists, this whole body of knowledge that chemists
were building. All of a sudden, the world was falling in place. Chemists could see very
neatly how their atoms stuck together and begin to explain things. Linus Pauling came
along and used the model, extended the model, to explain the chemical bond and all of
modern chemistry ... Of course over the years the model continues to be used and refined
in ways we hadn’t even imagined. We are comfortable with that until some day we bump up
against something we can’t explain with the model. At that time, we go back and try to
adjust the model or come up with other explanations. It’s progressive. [mass
spectrometry|

Complex Made Simple/Abstract Made Visual Nine participants describe models
more specifically as a means to simplify a complex process or system or a means to
visualize an abstract concept. Most representatives from within this sub-code were
distinct from the previous in that rather than considering models as explanations of
observations that serve a predictive function; models here are considered limited,
but useful, explanations because they serve to simplify natural phenomena that
would otherwise be too complicated to investigate further. These views aligned with
levels II and III of nature of models (Chap. 1). The descriptions exemplify the sub-
jective/theory-driven NOS because they indicate choices made by the scientists in
determining what features of the real phenomena to include in the models. These
choices are based on what the scientists consider to be important for answering their
questions of interest.
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A scientific model helps to explain a natural situation. Often it is a small scale general ver-
sion of a more complex phenomenon. Scientific models help us to grasp a complex situation
as a more watered-down version. In the field of landscape ecology, scientists often cut fields
into different patch sizes and patterns and study animal movements in them to model (simu-
late) how larger animals move about in larger more complex landscapes. Models can be
increased in scope and complexity to further explain the variability we often encounter in
nature. [wildlife ecology] [subjective/theory-driven & tentative NOS]

The models are okay as long as you understand the limitations of them. That isn’t really
how it is but it’s the way we think about it... . We are showing pictures here that relate to
certain aspects of an atom. That is what you do when you see an elephant. It depends where
you are looking on the elephant and what scale. [high energy theoretical physics] [subjec-
tive/theory-driven, creative, tentative NOS]

Mathematics Nine participants referred to models as mathematical representa-
tions. Within this sub-code were statements to demonstrate the role of mathematics
in dealing with complexity. Interestingly, the theoretical physicists had a higher
tendency to explain models as mathematical entities. They described situations
where as the complexity of the phenomenon increases, capabilities of mathematics
become more important.

So for particle physics there is a theory now known as quantum chromo dynamics, QCD. It
is a field theory [...] To solve that problem requires exchange of 16 different particles
simultaneously. So it requires hundreds of equations to be solved simultaneously, and they
are integral equations. That has taken years of computer time for most elementary, even
models there, how to solve that. But in theory one has a complete mathematical description.
In practice you say let’s model it by limiting the number of particles. That makes it a model.
[computational physics] [theory-driven, tentative, socio-cultural NOS]

Directing Framework Even though the majority of descriptions and examples pro-
vided by the scientists eluded to connections to the subjective/theory-driven NOS, a
few scientists explicitly made reference to models as a theoretical framework that
guides their work.

Without models, observation would amount to cataloging data ... There is a lot of data, and
it doesn’t mean anything until you have a model. If you have all these data and lots of satel-
lites taking all these data ... it doesn’t tell you what to look for. It just tells you whether a
model you have is plausible or not. It is all indirect. [astrophysics].

A gene network is a scientific model, postulating patterns of interacting among gene prod-
ucts following an analogy with a computer wiring diagram. It illustrates a mechanism, and
helps develop hypotheses about other genes that must be involved to produce the observed
phenotype. [evolutionary development].
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4.4.2 Model Development, Model Use, and Nature of Science

The scientists in this sample discussed models in terms of development and use. The
epistemic nature and functions of models are exemplified in their responses. Model
development is described as the process of collecting information (empirical and/or
theoretical), identifying relationships, and composing an explanation of the rela-
tionships. All but the theoretical physicists suggested the proposed relationships
should lead to predictions that are empirically testable. Because of their reliance on
mathematical models and complex computations, the theorists’ ideas push the
boundaries of how we might define “empirical observations.” This is also a societal
or cultural issue in that technological advances have enabled scientists to enter the
realm of virtual reality to develop, test, and use their models. Van der Valk et al.
(2007) also described the role of technological advances related to model develop-
ment and use. The notion of “empirical” is changing as our perspectives of what is
possible changes. In this way, NOS is like any other scientific concept — subject to
change.

Model use, and thus modeling competence, involves testing predictions and
identifying problems or cases where existing models do not work. The tentative yet
empirical nature of model development and testing, among other aspects, are articu-
lated within this description from one of the atmospheric scientists who works with
cloud climate models:

Most of my work is testing models. Model development is a whole other field. That might
be the theoretical side. So I put myself in the observational side as opposed to the theoreti-
cal side. The models themselves are so complex. How do you build them in the first place?
So what do they do to build these models? ... Real clouds don’t behave this way. ... it is easy
to suspect these models. Doing the realistic calculations is very difficult. It takes a lot of
number crunching and time. But we can test these ideas. ... if we know what we are doing
there should be no difference between the model and our observation of the clouds.... They
don’t [work]. Even the bumps on the tops of clouds are enough to throw it off.... When we
build these models and test them, we play games like this. We try to develop a test where we
know what we should expect. We predict the results and see whether we get them or not. We
see the failure of the prediction and start probing and say” how come?” [empirical, tenta-
tive, subjective/theory-laden, creative].

This example also depicts competence within all five aspects at level III (Chap. 1).

4.4.3 Models and Anomalies

This quote raises the practices of predicting and testing, much like many of the other
quotes have. Yet, here we go a step further to see what happens when predictions do
not play out as expected. The idea of “playing games” to get the best fit with real
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data is rarely examined in science education. However, understanding how anoma-
lous data are recognized and dealt with is a feature of the scientific enter-
prise (Chalmers, 1982; Kuhn, 1996). In this study, scientists often connected use of
models with identification of anomalies. The question of “how come?” offered by
the atmospheric scientist above marks the curiosity and exploration into why a
model doesn’t hold. From an epistemological perspective, this level of recognition
would be essential for understanding the relationship between the empirical and
tentative nature of science. For many of these scientists, it is in the testing of the
models that anomalies are identified. Through exploration of anomalies, models are
refined and/or new models are constructed.

The scientists indicated they would examine and attempt to explain an anomaly
from the perspective of their existing framework (the subjective/theory-driven
NOS). The cloud climate modeler quoted above fell within this category. In discuss-
ing competing models for the same anomaly, he described the need for better analy-
sis and refinement of his model to explain the data. His statements also indicate a
critical role of creativity and collaboration in how models can change:

We are going to get better at our analysis of our data and when we do that it gets harder for
people to say, “Ah ...” or how do you say, it motivates people to start looking at the model
and ask what is really going on here. How do we understand this? Obviously, there is some-
thing strange going on here. By pursuing this and keeping the pressure up, I am hoping that
people like John [colleague] will come along and start thinking again, “Well maybe if I did
something else in my model ... maybe we could pull this off.” [atmospheric scientist].

4.5 Discussion and Implications of What Scientists Say

Creating and using scientific models is central to scientific inquiry, and included as
one of the eight scientific practices learners should be able to do and understand
(Lead States, 2013). In the “What scientists say”’-study, there was overwhelming
sentiment that models are used to explain or organize observations, then predict
and test through further observations. The emphasis here is on empirical observa-
tion in the development and in the testing of models. In comparison, half as many
scientists described models as a means to visualize something abstract or simplify
a complex process. This latter view seems to place less emphasis on direct observa-
tion and incorporates theoretical entities, although these are not necessarily mutu-
ally exclusive. These results show that these scientists’ perceptions and use of
models fit broadly with published descriptions of functional roles of models in
science, including descriptive, explanatory, and predictive characterizations (Justi
& Gilbert, 2003, 2016; Van Der Valk et al., 2007; Van Driel & Verloop, 1999). The
results demonstrate distinctions between models of and models for (Gouvea &
Passmore, 2017). The multiple descriptors that the scientists used for models, such
as mathematical, physical, and analogical, are also consistent with prior character-
izations. In comparison to the range and multiple categories of meaning for the
seven aspects of models identified in the Justi and Gilbert (2003) study of teachers’
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views of models, the present study suggests these scientists may hold more consis-
tent or similar views of scientific models, with prioritizing the epistemic function
of predictive ability.

These results suggest that a competence-based view of models and modeling
relies on understanding the explanatory and predictive nature of models. Definitions
of “model” used by scientists have been suggested (Justi & Gilbert, 2003; Van Der
Valk et al., 2007). The study by Van Der Valk et al. (2007) produced a set of “fea-
tures of scientific models” and solicited input from scientists as to the relevance of
the features to their work. The present study provides additional information from
constructed response data which are useful, in conjunction with scientists’ exam-
ples, to understand the modeling cycle as well as the modeling competence
(Chap. 1). To further emphasize the relevance and importance of input from the
scientific community, Chap. 5 of this volume presents additional research on scien-
tists’ descriptions of models and modeling. These examples, and the discussions
provided in this book, partially fulfil the request from Bernd Mahr when he wrote,
“Because models are the most important epistemic tool of our knowledge and pro-
duction, it is necessary to produce a methodological surplus when answering the
question, ‘What is a model?”” (2011, p. 296).

4.6 Modeling Competence and Science Instruction:
Engaging Authentically by Connecting Scientific Models
and Nature of Science

What can we learn from scientists about a competence-based view of models and
nature of science? We can learn how scientists develop and use models through
authentic scientific practices. This chapter details relationships between NOS prin-
ciples and modeling competence. For example, the utility of models within scien-
tific research relates to their representation of phenomena or systems. System
features are selected based on subjective decisions stemming from scientific ques-
tions under study. A requisite for understanding NOS and exhibiting level III of
modeling competence involves acknowledging that a scientific model is not an
exact replica of reality, but a representation that serves to explain features and rela-
tionships that the scientists find curious and significant to their questions. Models
also enable prediction and testing; thus, progressing scientific understanding. Acts
of model construction and utility are inherently inferential, creative, and tentative;
yet robust due to the empirical basis, and explanatory and predictive power. For
meaningful understanding of models and modeling, and to achieve a competence-
based view of models, epistemic knowledge is also essential (Mahr, 2011). If one
can “do” modeling, but does not understand the epistemic nature of what they are
doing, have they really achieved meaningful understanding? Have they reached a
competence-based view of models?
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The different descriptions noted here suggest models are not a “one size fits all”
concept. Not all models explain direct observations and not all models take an
abstract concept and make it more concrete. What constitutes a model is determined
by the scientist and scientific community. As Mahr (2011) stated, “It turns out that
the phenomenon of model-being can be understood if one stops looking for an
answer to the question of the nature of a model and starts asking instead what justi-
fies conceiving of something as a model” (p. 253). Further, Mahr explains that epis-
temically, “the model-being of an object will become the result of a judgment which
is situated in contexts of invention and justification, and whose acceptance and rea-
soning may thus be questioned” (p. 253). The examples provided by the scientists
in the “What scientists say”-study reinforce the notion of development and use of an
object as a model-being to be contextualized and somewhat idiosyncratically
judged.

Similar to the findings of Van Der Valk et al. (2007), the scientists shed light on
the empirical NOS and the changing landscape of how scientists work with chang-
ing technology. There is a need to reconsider and, perhaps, reconceptualise how we
define “empirical” within the realm of scientific practices. Furthermore, model
development is described as a practice distinct from model use. In order to help
students “learn science in a way that reflects how science actually works” (NRC,
1996, pg. 214), teachers should incorporate a variety of experiences that demon-
strate models and model use in an authentic light (Chap. 3). That is, for a competence-
based view of models, both model development and model use need to be addressed
in multiple contexts, with clear objectives that align students to distinctions and
similarities among models with respect to the contexts, functions, and NOS connec-
tions. Teachers need to consider how the many model examples and modeling activ-
ities they provide for their students are opportunities to explicitly address NOS
aspects (Crawford & Cullin, 2004). This type of model-based instruction with
explicit/reflective attention to epistemic connections has been shown to be effective
(e.g. Akerson et al., 2011; Gilbert & Justi, 2016; Schwarz et al., 2009; Windschitl &
Thompson, 2006). The use of historical examples of models and modeling has been
recommended for some time (Griinkorn et al., 2014; Justi & Gilbert, 2002; Chap.
3). The scientists’ narratives here and in other chapters provide contemporary exam-
ples of types of models and modeling functions within the scientific community and
how they represent important NOS features. These can be adjusted for use in sci-
ence instruction.

Another intriguing connection of model use and NOS has to do with the identifi-
cation and role of anomalies in science. Are they mistakes? Are they opportunities?
A competence-based view of models must recognize the subjective and theory-
driven NOS and include their functional influence on predicting and testing. When
expectations are not met, what happens next? There is potential to model the prac-
tice of model testing, anomaly identification, and scientific progress. How are
anomalies typically identified and dealt with in the classroom? Are models used to
make predictions and test them? Are students given opportunity to experience the
excitement of finding a contradiction between prediction and observation? Are
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students given opportunity to refine models or develop a new model in light of con-
tradictions? These are questions that should be considered in instructional design so
that science learning might more closely reflect “how science actually works.”
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5.1 Introduction

There is the assumption that models and modeling are central to a scientist’s work.
In an attempt to find out how scientific knowledge is generated there have been
efforts to monitor how they develop knowledge — for example with Latour and
Woolgar’s (1986) seminal work Laboratory Life. This ground-breaking research
enabled non-scientists to glimpse into the organised chaos of the laboratory. Since
then research on how science knowledge is developed has become central to science
education at all levels.

Furthermore, this educational focus on understanding the epistemic role of mod-
els is justified when Gilbert, Boulter and Elmer (2000) wrote and edited the seminal
book that argued for the central role of modeling in education about science. Their
justification was based on the premise that models were one of the main products of
science (Rosenblueth & Weiner, 1945). Consequently, this chapter’s focus on
describing and analyzing how scientists perceive the nature of models that they
construct, test and adapt has the potential to frame some indication of competence.

5.2 Justification for Interpretation Rather Than Assessment

Adding to the complexity of analyzing scientist’s use of models is that they employ
diverse research approaches. Schwartz and Lederman (2008) identify four research
approaches used by scientists — that is experimental, descriptive, experimental/
descriptive and theoretical. Then there are the six styles of scientific reasoning
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proposed by Kind and Osborne (2017) underpinned by three forms of knowledge —
i.e. ontic, procedural and epistemic constructs that scientists weave together as they
pursue better explanations of phenomena. Coupled with the diversity of contexts
that can affect the research focus within a domain, there are instances of applied
research where the wider perspective encompasses practical usefulness as well as
the epistemological scientific goal of truth (Olsson, 2015). Furthermore there is
diversity in how the model is used. For example a model can provide a theoretical
expression of a paradigm through which data is interpreted. Another more practical
view is when a scientific model is thought of as a ‘surrogate’ — that is a technical
version of the substitute (Aduriz-Bravo, 2013). To add to the complexity of the use
of models in experimental design is that when scientists are thinking about how to
best represent the target, they can select aspects of this target when deciding the
focus of their research. Consequently their selection and adaptation of a model is
particularized for each research situation for one that best provides a bridge between
theory and phenomena (Oh & Oh, 2011).

With all of these variations in model use and purpose it could be pertinent to
explore the possibility of assessing scientists’ models and modeling competence
(MC) alongside the comprehensive description of model use by scientists (Van der
Valk, Van Driel, & De Vos, 2007). Although these researchers do provide a descrip-
tive framework, their description does not allow space for an analysis of scientists’
MC. Closer to this focus on competence is an identification of students’ understand-
ing of models and modeling by Upmeier zu Belzen and Kriiger (2010) where they
present a matrix that identifies not only five aspects of models but propose three
levels of student understanding.

Nevertheless, it would be impertinent and unproductive to equate even these high
levels of student understanding with an assessment of scientists’ MC. Because sci-
entists are immersed in model development and use within their research, and not as
onlookers as students are, attempting to assess scientists’ MC would be equivalent
to assessing their ‘knowledge about science’ that is the Nature of Science rather
than assessing how they have created ‘scientific knowledge’. Furthermore it could
be asserted that the complexity of model use by scientists would be difficult to
unravel, let alone assess. Rather than focusing on assessment it could be instructive
to explore the way in which scientists talk about models and their purpose as a way
of interpreting their competence. Consequently the focus of this chapter is to recount
with some comment scientists’ stories of how they use models in their research
because this approach was considered to be more enlightening for the reader than a
direct assessment of competence. It is proposed that such an account would illumi-
nate how a scientist viewed the nature of models, their purpose, and how they tested
and evaluated the models they used in their scientific practice. Furthermore when
appropriate an interpretation of an example of these scientist’s modeling compe-
tence will be explained with reference to the framework for modeling competence
(FMC; Chap. 1) and modeling-based Learning Framework (MLF; Chap. 3) that
could be given some attention.
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It is proposed that following indicative questions about the character and use of
models could provide access to scientists’ thinking and provide a framework for this
analysis. These indicative questions are derived from the author’s interpretation of
Van der Valk et al.’s (2007) description of the nature and functions of models
(pp. 471-472).

It could be presumed that scientists’ awareness of the potential and limitation of
models in their quest to discover answers to ‘why‘ and ‘how’ questions about phe-
nomena would provide some enlightenment about the complexity of the scientific
process. In the following account these areas will be related to the story of how each
scientist uses models in their research and, (rather than assessment), illustrative
examples of their competence will be provided. The following questions will pro-
vide a framework for these scientists’ accounts and provide illustrative examples of
the theoretical FMC as discussed in Chap. 1 and how an understanding of the Nature
of Science can deepen this analysis (Chap. 4).

* How do scientists perceive models? What are their understandings of the nature
and function of models in research?

*  What are their understandings of the relationship between model use and knowl-
edge development? How are these epistemological relationships expressed by
scientists?

* How do scientists develop models? What is their awareness between the relation-
ship between questions asked and data generated?

* What do scientists say about the limitations of models? How are their epistemo-
logical understandings expressed?

5.3 Using Models in Research Science: Scientists’ Stories

In order to describe and analyse how scientists viewed and used models, two scien-
tists were identified via a snowball sample — that is a non-probablility sample in
which the researcher makes initial contact with a group of people (practising scien-
tists) who establish contact with others who can respond to the researcher’s request
(Bryman, 2004, p. 544). These scientists were interviewed to find out how they used
models in the process of knowledge development. The following questions guided
the direction of these conversations:

* Tell me about a research that you have been engaged in that uses models?

*  What models do you use in your research?

* How do you use models in your research?

* Do you use more than one model in your research to represent the same explana-
tion/data/prediction?

As part of the ethics process the chapter was returned to each scientist in order
for them to check their contributions so that their quotations provided an accurate
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scientific account of their research. Because it is not possible to provide anonymity
for these two scientists as they and their research are well known in New Zealand
and at Auckland University, it was mutually decided by participants (scientists) and
the researcher that both scientists would be identified, and an article that best repre-
sented this aspect of their research would be included in the literature review.
Siouxsie a microbiologist investigating the evolution and transmission of as well as
drug testing on pathogenic bacteria and Laura a perinatal systems physiologist who
uses sheep models to provide clinical data — have agreed to allow their quotes to be
acknowledged by name. They have provided papers that give more detail and con-
text to the research they are discussing (Dalton et al., 2017; Bennet, 2017).

As this research is conducted within an interpretativist research paradigm a nar-
rative was constructed from the scientists’ quotes that best answered the questions
posed (France, 2010). Because the focus of narrative enquiry is to provide an oppor-
tunity to create further meaning for the reader (Connelly & Clandinin, 1990) the
narrative was constructed under the headings that provided links to these scientists
ontological view of models, their epistemological beliefs, the procedural knowledge
that underpinned the way they used models in their research design — that is their
generative data capacity; as well showing that these scientists have a keen under-
standing of the limitations of models when interpreting data.

During the process of constructing the quotes that provided illustrative data
about these scientists’ perception and use of models the following components were
paid attention. These were:

* The establishment of a collaborative relationship between the researcher and sci-
entist that enabled the construction of these illustrative excerpts. For example the
invitation was accompanied with an explanation of the expected outcome — i.e.
the book proposal

» Using a process that enabled participants and scientists to make sense of the data
and developing story (Bryman, 2004). For example the chapter was returned to
the scientist to ensure the excerpts best reflected the explanation and interpreta-
tion of how they used their models.

e Establishing that the completed narrative reflected the complexity of the under-
pinning material that demonstrated the apparency and verisimilitude of the out-
come (Connelly & Clandinin, 1990; Clandinin & Connelly, 2000). For example
scientists were asked to provide a published research paper which exemplified
how they used models in their research. These papers were included in the refer-
ence list.

In summary the illustrative narrative excerpts were constructed so that the reader
could become independently aware of these scientists’ theoretical perspectives of
model use and limitations as well as the constructs that underpinned their proce-
dural and epistemic knowledge. It was expected that these illustrative narratives
would ensure that the scientist’s competence when using models in their science
practice would be illustrated (France, 2010).



5 Illuminating Scientists’ Modeling Competence 85

5.4 Results

5.4.1 Siouxsie: A Microbiologist

Siouxise is a microbiologist who combines her passion for exploring the phenom-
enon of bioluminescence with her research on infectious diseases in order to under-
stand not only how pathogenic bacteria adapt and evolve, but also to develop new
antibiotics to kill them. She summarises this research focus by saying that she and
her team make nasty bacteria glow in the dark in order to find new medicines.

Because one of the bacteria under research is Mycobacterium tuberculosis,
which is very difficult to kill, spreads through the air and deadly (it is the cause of
tuberculosis) — Siouxsie requires highly specialist containment laboratories in
which to carry out her research. This bacterium, as well as being restricted to labo-
ratories with specialist people who can work with the bacterium, there are limited
surrogate hosts that provide source data for scientists when studying this disease
and its control.

Consequently, models are central to this research group’s experimental research.
The substitution of models takes into account the danger and cost of working with
the tuberculosis bacterium as well as needing to use a surrogate host instead of
humans. This research team works with M. tuberculosis and a variety of closely
related bacteria to replicate its growth in vitro as well as in vivo in model animal
hosts such as mice. They often choose alternative microbes from the same family as
M. tuberculosis that are less dangerous but provide important source information
about its physiology and infection patterns. Furthermore, the substitutions of host
and micro-organism can be studied as a model system where the surrogate microbe
and surrogate host can also provide source knowledge about the target.

Siouxsie’s comments about the range of models used by her team demonstrate
that she has a high level of MC in that the model and model system she selects
depends on the nature of the question she is investigating.

My research uses lots of different models... and model systems. We have model hosts for
the different infectious diseases. We would use different model systems depending on the
organism we are asking questions about and the type of question we are asking. For exam-
ple, we use different models to simulate the way the bacteria might be behaving in the
human body.

Her understanding of the nature and role of the models used in her research is
apparent in the following comments. Siouxsie’s view is that a model is a research
tool that is used to obtain information about the target which itself cannot be easily
observed or measured directly. Consequently she needs to model these microbes’
growth in the human or animal host — hence creating an environment to best repli-
cate the human or animal host.

Our model is a thing. Our models are the bugs we grow in a particular way to model what
is happening in the human or animal host.
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She comments that the purpose of this model is to:

Try and replicate in the best possible way ... with all the limitations we have (ethical con-
straints, financial constraints) ... what might be happening in reality. It is a living model and
more complex.

However this replication was more complex than attempting to recreate an ideal-
ized representation of the original because she and her team needed to take into
consideration other issues than just the replication of growing conditions.
Consequently the factors that influenced the development of this model involved
deciding if the use of an infectious dangerous microbe was ethical and worth the
expense of using specialized expensive staff in a specialized containment labora-
tory. During this stage of the researchers were investigating ‘how can this microbe
be grown that best replicates the host organism environment within the limitations
of this research design?” New knowledge was being developed about the best grow-
ing conditions rather than scientists making an adjustment to the environmental
conditions.

But her view of a model is more even complex as she notes that the substitute
organisms and host systems are various. For example:

We have the tuberculosis bug that we can use on its own and we can infect mice. And then
we have several relatives of tuberculosis — the main one that we use is Mycobacterium
marinum. We use it alone and we use it [to infect] zebra fish embryos and now we have put
it into caterpillars.

It is significant that the use of model systems is a focus for Siouxsie’s team. In
order to replicate the way this bacterium grows in the host, decisions need to be
made not only on the choice of bacteria but about how the organism will be grown —
that is in vitro or in a surrogate host which could be a zebra fish embryo or a mouse.
All of these decisions are focused on providing source data material that can supply
pertinent information to predict how bacteria might behave in the target (human
body). She states:

We have model systems that are about the way you grow the bacteria. For example, bacteria
can form communities and grow biofilms.

Making choices about how to model the micro-organism’s physiology, method
of infection, and ultimately its evolution into different pathogenic strains is central
to these scientists’ thinking. It is apparent that they are equating within their experi-
mental design the analogous relationship between source and target all the while
using this situation to predict what could happen in the human host — this is an
example of sophisticated thinking about how to test the original hypothesis.

The following account of how Siouxsie’s team developed the zebra fish embryo
model for drug testing demonstrates that a model will always be the result of the
compromise between the demand to best represent the target and a simpler model
that can be managed in the laboratory. These developmental decisions reflect the
nature of the research problem, the facilities available to more experienced mem-
bers of the research team as well as providing an opportunity for researchers who
are not qualified to work with such dangerous organisms. Consequently time,
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money and expertise issues as well as the personal preference of the researcher will
influence what models and model systems are developed.

Siouxsie’s account of how her team developed the zebra fish embryo model for
drug testing also demonstrates how collaboration and dialogue between different
research teams with different research agendas can influence the way in which mod-
els can develop.

The overall focus of Siouxsie’s team was to find out how to “speed up drug dis-
covery for tuberculosis by letting it be applied in wider labs in an easier way”’. The
group were seeking the development of a consensus model that was not only quicker
and involved more humane methods but enabled access to laboratories who might
not have the facilities for drug testing on infectious human diseases.

Doing this drug testing in a more humane way that would be quicker and could also be used
by other labs - maybe labs that don’t do any animal work or don’t do any mammal work. So
maybe they have a zebra fish facility and if they could do some of this drug testing in their
labs.

Her group were aware that zebra fish embryos are a widely used model for
research — for example on the immune system. These embryos are used at about
3 days after fertilization, that is before they have developed systems for sensing
pain. Their bodies are transparent so it is possible to observe them under the micro-
scope and the location of invading bacteria. She observes that what makes these
embryo hosts so valuable is that they are “easy to genetically modify and there are
versions of these zebra fish that have different types of cells that are labelled in dif-
ferent colours”.

At this stage of planning for this model development Siouxsie’s team had geneti-
cally engineered, for another research group, a relative of the tuberculosis bacterium
that glowed in the dark when alive.

Siouxsie’s group realised that this bacterium could provide a model for their own
research. But the problem for Siouxsie’s research team was to find a way to infect
the embryo that did not involve yet another high level of expertise and equipment in
addition to that occurring in their microbial research. Normally zebra fish embryos
are immobilised and then bacteria are injected directly into different parts of the
body which involves a complicated technique and requires a high level of skill.
Siouxsie wanted to develop a model system of infection that didn’t require such a
level of skill from laboratory personnel. She used bacteria that were similar to tuber-
culosis bacteria but not dangerous but the problem was to find a method of infecting
zebra fish embryos that was less expensive and did not require a highly skilled level
of personnel to infect the embryos. “Something that could maybe be applied more
widely and didn’t require such skill and could maybe be automated.”

Siouxsie was able to draw on her post-doctoral experience where she worked on
a model system that compared the infecting of organisms using gastric gavage
(where the dose of bacteria is introduced into the animal’s stomach with a blunt
needle) with a method of infection that more closely mimicked normal conditions.
She drew on her past experience and knowledge to reflect that these embryos would
be naturally infected by substances in water and developed a system to infect them
naturally by adding the bacteria to the water in which these embryos were swimming.
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Consequently, Siouxsie’s team were able to adapt this model system so that less
dangerous bacteria could be used to infect zebra fish embryos that were more acces-
sible to other research teams testing drugs.

This alternative method of infection added to the range of the potential model
systems available to Siouxsie’s research team. As well as testing different drugs on
the tuberculosis bacterium growing in the flask in vitro, her team have developed
model systems that provide different infection routes, that use identified relatives of
the tuberculosis as well as alternative surrogate hosts such as mice and zebra fish
embryos. This variety of bacteria, surrogate hosts and transmission systems
increased the potential for providing model systems for drug testing. Her comments
indicate that she has not only provided multiple models but also new pathways for
future research:

More people can use this model system to progress the research further to get more people
involved who can then say right we have now developed all these drugs can some now try
them against the tuberculosis bacterium. Now we have more confidence that they will work.

However, Siouxsie is pragmatic, realising that not all models provide the source
information that is expected. She described an evolution experiment that she planned
which would use versions of bacteria that were coloured green and red. She had
anticipated showing by colour which population of bacteria became more dominant
in a culture or an infected host. However, the research team were unsuccessful in
developing these differently coloured bacteria for these experimental conditions so
they reverted to a previous developed method of using different varieties of bacteria
that glow or not. As Siouxsie comments.

We tried to adapt this model so we can do our really cool experiments in a really cool way.
With the colour difference we could look at how they changed. For example, in an animal
you could see that one is better than the other because the infection would become predomi-
nantly green or predominantly red. It didn’t work so we are doing to these experiments
anyway. Instead we competed the bacteria with a [withJone that glowed in the dark. We
infected mice and then asked the question — do they end up with a tummy full of glowing
bugs or a tummy of non-glowing bugs?

Siouxsie’s description of the changes of direction that this research took illustrates
that she is aware that living models do not always provide data that is expected and
her expertise is demonstrated in that she was able to make the most of this failure of
research design and revert to an earlier technique that provided data that could test
the hypothesis. Such adaptability of the researcher as part of the aspect changing
model in the FMC could be considered in future iterations of the FMC more
explicitly.
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5.5 Summary

Siouxsie’s description of model use in her experimental research shows her level of
expertise and that modeling took centre stage. For example in order to carry out this
research there was a need to develop surrogate model systems that provided infor-
mation about the source organisms that could enable drugs to be tested. This source
data was used to identify potential drugs that have potential to kill the target bacte-
ria — that is Mycobacterium tuberculosis. Because of Siouxsie’s knowledge of
source microbes and hosts and her awareness of the limitations of developing drug
testing on human hosts, she designed this research using a variety of model systems.
The implementation of these model systems shows a deep understanding of the
potential and limitations of what source information can be produced that can sup-
port a theoretical prediction about the phenomenon in question. For example not
only did she use microbial models to test drugs, but also she employed a variety of
host organisms in which the microbes were grown — that is mice, zebra fish and
caterpillars. Furthermore Siouxsie extended the capacity of the model system to
enable other researchers with less expertise and without high performance labora-
tory facilities to take part in this adapted experimental design.

Such a capacity to produce this variability of research design demonstrates a
deep and sophisticated level of understanding of the role of models and model sys-
tems in her experimental research.

5.5.1 Laura: The Perinatal Systems Integrated Physiologist

Laura leads a team researching perinatal physiology within the Faculty of Medical
and Health Sciences. She describes herself as a perinatal systems integrated
physiologist.
[My research is] in fetuses and newborns, so, babies and I'm particularly interested in
babies before they’re born, particularly pre-term babies and how they grow and develop.
How they cope with adverse events in their environment, what causes injury and what we
can do to: (a) detect it; and (b) to try and ameliorate that kind of injury or prevent it. We are

in the business of understanding basic physiology with a clinical translation or medical
component in it. We [research] about what we can do to help these babies and newborn.

Laura reflects that collecting data from the fetus is problematic but crucial in
order to establish developmental patterns from detailed physiology information on
blood pressure, blood flow into organs, heart rate and brain activity. More impor-
tantly, because fetal injuries evolve over a long period of time, this physiological
information needs to be recorded throughout the pregnancy in order to provide
long-term information. She observes that once these developmental patterns of data
are established, there is the capacity to identify environmental challenges to the
fetus such as inflammation and hypoxia (oxygen deprivation). Because it is impos-
sible to carry out such an interrogation of a human fetus, a chronically instrumented
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fetal sheep has been developed for an animal model. The sheep model has been
selected by this research team because there are similar parameters to a human fetus
in that it is a similar size, and at certain periods of its development it equates to the
physiology of the human. These animal models are prepared by inserting recording
devices into the fetus during an anesthetized caesarean section. After the fetus has
been replaced and the host animal has recovered, data are collected while the mother
sheep is exhibiting her normal behavior.

Laura comments on this model which she describes as “a paddock to bedside to
cot model”.

This is a very powerful systems physiology model — that is we are looking at various sys-
tems together. We are looking at the physiology of the fetus itself. We can look at its blood
pressure and its brain activity and its body movements that make the physiology of the
animal and mediate injury. There are bi-markers that we can take to clinic to say — if you
see this pattern of activity of body movements or heart rate then we know the baby is in a
state and is doing this. And once you are understanding the physiology of what is going on
you can begin to layer in potential treatments.

The focus of this model was to provide information about how to treat newborn
injury that can result from a difficult birth — for example brain tissue inflammation
and oxygen deprivation. It has been found that cooling the fetal brain can improve
outcomes and the data from the fetal sheep model has provided information for this
procedure — for example when to start, for how long, when it is too late, its effective-
ness, timing and dose. This information provided data for international clinical trials
of the cooling-cap treatment which nowadays is a standard of care that when there
is a clinical diagnosis of damage to the newborn.

Laura’s view of models and modeling shows a sophisticated view of its capacity
to represent the target under research. Her level of sophistication is apparent in the
way in which she reflects on the role of models in scientific research where she uses
models as a tool for collecting data.

It all comes down to the question that you are asking. Models are a tool and not the solution
... because you can do a technique — that is not science. The science is the question. The
question is ‘what do I want to know?” and then ‘how do I then get the data that is going to
support the question that I am asking or the hypothesis I’'m generating?’

As well as demonstrating her epistemological awareness of the role of models
and their function she expresses the thinking that must occur when designing a
model that can provide a valid representation of the phenomena under examination.
Furthermore, she observes that the researcher needs to be very aware of the differ-
ences between the source (animal model) and the target.

So constantly you are asking yourself - what is the clinical scenario? What is it that I'm
physiologically monitoring? It’s always about the question. And therefore, you adapt it to
the scenario that relates to the question. And you layer it [the model] up depending on what
information you need to show ... either physiological changes or molecular changes or
chemical changes ... whatever you need to do to add to your recipe for that experiment.

So the hypothesis is the key scientific element of an experiment. Then you have to look at
how you will address that in terms of the model you might use. We need to be very careful
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about any animal model ... for example in terms of equating it to certain comparisons to a
human because sheep stand up when they are born, and feed and run around. Humans don’t,
so we have to be careful that we have got the right timing.

It is very apparent that Laura and her research team not only have searched for a
close analogy that provides data for the target but they are constantly critiquing the
model to provide the best clinical data that can be used for treatment.

Because there is a clinical focus for this experimentally obtained source data, a
lot of time is spent developing the model. As Laura comments.

It is not something you can pluck off a shelf and say ‘ok I am going to do this model today’.
You actually have to set in and experiment around the parameters of what timings you are
using, what ages you are using, what might cause inflammation. There is a lot of experi-
mentation around just establishing a model let alone using it.

This aspect of MC is not able to be assessed using the model proposed in Chap. 1
as there is no space given to an analysis of how the thinking underpinning how
models are developed. It appears that the testing of a model’s category does not
seem to encompass the deeper level of analysis that is required when the model
parameters are identified that can affect the research design.

It is apparent that Laura has a deep understanding of the nature of models and
that more than one model may be required to provide different data sources. Laura
notes that one model isn’t necessarily a fit for all purposes. She makes the observa-
tion that a model may be developed to provide specific source information and com-
ments that often questions needing experimental data to answer them are set in the
model, for example when a model is designed to provide source information about
what is happening in the fetal brain during labour. She comments.

For example, I am using a model where I might just give a single squeeze of the umbilical
cord to [provide] a period of time of low oxygen to the fetus — which often happens at birth.
But actually in labour you have repeated squeezes because that is what contractions are
about. That is a different model and you have to develop that as a separate model. So the
questions are set in your model.

An awareness of the epistemic demands of this source data means that the exper-
imental design must reflect this model’s capacity to provide pertinent data.
Consequently, Laura and her team pay attention to the statistical representation of
the data.

You need to apply your statistics before you even start your experiment. That is - the right
group-size number, group-size setting well before you start your experiment so you’ve got
power over the statistics.

Laura states that the function of her models are the testing and revision of scien-
tific theories. She notes that “a good model should be robust”. She reflects that her
model provides predictable data when trauma is applied to the sheep fetus. It is
significant to acknowledge that her claims for robustness are set strongly within the
framework of the experimental design and indicates her awareness of the nature and
function of this model that will provide data from which scientific theories about
cause and recovery theory in the human fetus and pre-terms can be developed.
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My model for pre-terms is now around the world because I tested it robustly and it took a
long time to get ‘yes’ under these situations. I’'m not claiming it to be anything else but this
condition under this situation — this is what this model is producing and if you do it this way
it will produce this pattern of brain injury.

Because she is acutely aware that the fundamental principle of science is not to
be biased towards one’s original hypothesis, her commentary also acknowledges the
limitations and caveats of the model:

We are using sheep. We don’t know necessarily about the sheep differences. By definition
it is no longer a normal in utero environment because you stuck a lot of tubes and things in
it.

But Laura and her research team are not just restricted to experimental model-
ing — that is using a model as a surrogate research animal. She is also developing
theoretical models when dealing with the data that can inform further model devel-
opment within an experiment.

A theoretical model can use known experimental variables and then put to see patterns from
which should be able to predict. What you are trying to do is present a whole lot of informa-
tion and then mathematically develop it in a predictive algorithm, for example heart rate
monitoring. We develop predictive algorithms by knowing physiology and putting it into a
mathematical database that allows us to look at predictive outcomes ... [We arrive at] a
mathematical model then how can we model that in an experiment and that is a real
challenge.

The following account demonstrates Laura’s depth of understanding of how her
work with experimental models as well as her critique of the data on which she had
based her predictions to rethink her original premise that the fetus and pre-terms
would have similar responses to oxygen deprivation. Laura told the story about her
discovery that led to a paradigm shift about the resilience of the fetus to oxygen
deprivation. This story illustrates how Laura constantly uses the experimental data
to interrogate the robustness of the experimental models on which she is working.

Our hypothesis was based on that there was no difference between the reaction to oxygen
deprivation between the fetus and the pre-terms. For a long time we didn’t even know if the
fetus had the capacity to detect oxygen deprivation and could respond. It was about a para-
digm shift that comes back to our perception. If you look at a pre-term baby - newborn baby
born at 25-26 weeks instead of 40 weeks. They are so small (500-600 grams) and you look
at them in hospital and all you see is fragility and vulnerability and immaturity ... so they
are not able to cope with any challenge because they are so fragile.

Consequently, she assumed that when she developed an experimental model to
monitor the reaction of the sheep fetus to oxygen deprivation, she would need to
keep the period of insult short. To her surprise she found that she had to push out the
length of time to 30 min in the sheep fetus before she saw the clinical patterns of
injury that would be seen with term fetuses after 10 min. Suddenly she realised the
paradigm of trauma from oxygen deprivation was different for the fetus as it is liv-
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ing in a very unique environment that is not the same as a pre-term baby. This
account of how she discovered this unexpected data when manipulating the model
meant that she was able to show the existence of a new information about the the
vulnerability of fetuses that could not be equated with a pre-term baby. Such a revi-
sion to model design is also a reflection of this scientist’s high level of MC because
adjustments to the model were based on a paradigm shift of thinking about the
vulnerability of the fetus to oxygen deprivation.

Because she looks at the model as an experimental tool that provides knowledge
to inform the model to identify conditions for fetal damage in human fetus, this
attention and adaption of the model is central to her research.

You really do have to be constantly looking at your data and what does it tell you and what
kind of adjustments do you make to your models. What is the information coming in from
the clinical or other experimental models that tell you we should be looking at something
... and it is all additive. It is the integration of knowledge

5.6 Summary

When attempting to assess the MC of Laura and her team it is evident that they have
a profound understanding of the purpose of these experimental models (that is
chronically instrumented fetal sheep) to provide data that can be used for clinical
diagnosis of trauma in the human fetus and subsequent treatment of preterm babies.

Although the model fetal sheep provides a physical model upon which experi-
ments can be carried out, she also sees the nature of her models as predictive sets of
data that provide guideposts to detection of trauma in the human fetus and pre-term
baby. She has a deep appreciation of the role of the model as a tool that can provide
data for developing these clinical models. Her understanding of the epistemic issues
involved in testing a hypothesis on a fetal model sheep is shown with her discussion
about the need to think about the statistical representation of the data she intended
to collect and analyse. This research group continually question the validity of their
experimental models in representing the human fetus and in the development of a
research design that will provide data to fully represent the theories they wish to
support. This account of Laura and her research team’s thinking about how models
provide data demonstrate that modeling was centre stage when these scientists were
designing their research. In fact, modeling directed their thinking and reasoning
through their forays along new experimental pathways.
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5.7 Discussion

5.7.1 How Important Is it to Learn from Scientists’ Modeling
Competence?

At the beginning of this chapter the argument was put forward that an assessment of
MC of scientists was at worst impertinent and at best impractical. Furthermore, the
author questioned how fruitful would this assessment be to develop the pedagogy to
understand the role of models when science is practised.

Instead I would argue that rather than assessing a scientist’s MC, providing
examples of scientists’ model use where the components of the model — that is
source and target, their purpose and how they are developed and critiqued — could
contribute to students’ developing critical scientific literacy about model use by
scientists. As Krell, Upmeier zu Belzen, and Kriiger (2014) opine, in order to
develop students’ deep understanding of the nature and role of models in science,
they need to be able to recognise examples of model use. These illustrations could
show how models are used when building theoretical explanatory constructions or
when they are used as research tools in science. It is proposed that these scientists’
stories of model use could help students develop a stronger conceptual understand-
ing of modeling as well as enable them to recognise the prevalence of modeling in
scientific practice.

Finally stories about scientists developing and using models provide yet
another opportunity to show the messiness, creativity and complexity inherent in
how science is practised and supports this push for a deeper understanding of the
culture of science that was alluded to in Latour and Woolgar’s account of
Laboratory Life (1986).

These scientists have no need for assessment of their model use - instead we can
marvel at their expertise as they find their way to the ‘truth of the matter’. These
stories illuminate the thinking of these scientists and demonstrate the creativity,
complexity and deep understanding of how models are used as they practise
science.

5.7.2 Illuminating Scientist’s Modeling Competence
for the Classroom

At this point the question needs to be asked — How can a teacher get valid informa-
tion about scientists’ thinking as they use models in their research? Because educa-
tional researchers assert that in order to understand the central role of models in
science knowledge development it is essential to access how experts use this tool.
Furthermore, if knowing about models and modeling are key features of science
then it is important to make accessible some aspect of scientist’s business (Coll,
France, & Taylor, 2005). A presumption of their business is not just how they use
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models when doing science but also the social and intellectual circumstances that
determine the direction of scientific research (Chap. 4).

But this understanding does not come by creating situations for students to carry
out scientific research and expecting them to pick up this expertise explicitly. As
Hodson (2014) opines it is better to teach about the Nature of Science explicitly
rather than expecting students to pick up how scientists develop scientific knowl-
edge by conducting their own scientific investigations. There is a compelling argu-
ment that in order to teach about model use in knowledge development it is important
to access the community of scientists so that teachers can provide an entry into the
subculture of science.

In this chapter these scientists’ narratives have provided a glimpse of the private
language and personal experience of science knowledge development that is so dif-
ferent to the public language of science (Hodson, 2014). Grosslight, Unger, and Jay
(1991) note that the expertise of scientists are evident when they provide pragmatic
responses to issues of model development and implementation. This was very evi-
dent in Siouxsie’s decision to revert to bioluminescent bacteria when the coloured
model bacteria did not provide the contrasting data that she had anticipated. This
change in model parameters was a pragmatic solution to an experimental problem
because of her expertise in setting up and adapting models that would provide
experimental data but would not have appeared in the publication of her work.

Access to scientists is difficult and an ideal situation is for students to be men-
tored by scientific experts but although such situations are desirable it is not always
practical to be part of scientists’ decisions during the development and adaptation of
their models. Even though it is possible for students to interview scientists about
their view of models, their purpose, the types of models they use and if they ever
changed their models (Grosslight, 1991), it would be less likely they would be able
to pose questions that gave an indication of a scientist’s MC let alone develop a
scoring system. Instead it could be more informative if students were provided with
scientists’ examples of level III competence (Chap. 1) with an accompanying
explanation.

The need to interact with scientists was realised in New Zealand with the devel-
opment of the on line Science Learning Hub where scientists talked about their
research which was video recorded. In each case a transcript was provided. Examples
of these resources are provided as follows:

* A scientist describes the predictive capacity of models. This video allows stu-
dents to observe a range of scientific models used as research tools'.

e The building of a climate model was explained using the parallel analogy of
mine craft to demonstrate the strength of a model that can be measured by the
data base on which it is formed?.

* A video entitled ‘New Zealand’s next top model’ tells scientists’ stories involved
in building a more dependable climate change model. This video provides a

Thttps://www.sciencelearn.org.nz/videos/844-models-in-science
2https://www.sciencelearn.org.nz/resources/2232-climate-models
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critique of the model and could provide data for student critique and discussion
about climate change. These examples of level III competence could be used to
show how models are developed to test a hypothesis®.

What is important for students is to have access to scientists’ voices as they
describe how they develop, critique and adapt models as they develop some under-
standing of phenomena. Such narratives provide some insight into an expert’s think-
ing or MC but more importantly they provide an example of the private language of
personal experience as they build knowledge rather than the factual but flavourless
public language of science (Hodson, 2014).
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Chapter 6

Combining Visual and Verbal Data
to Diagnose and Assess Modeling
Competence

Inga Ubben, Sara L. Salisbury, and Kristy L. Daniel

6.1 Introduction

The potential for verbal data to provide insights into modeling competence became
obvious in the pathbreaking interview study by Grosslight, Unger, and Jay (1991).
Placing their focus on students’ and experts’ conceptions of models and the use of
models in science, they conducted clinical interviews with open-ended questions.
Twenty eight years and more than 900 citations later (Google Scholar), their results
continue to form the basis for many other studies. No matter whether younger and
more and more specific studies partially reproduce results (e.g., Griilnkorn, Upmeier
zu Belzen, & Kriiger, 2014; Trier, Kriiger, & Upmeier zu Belzen, 2014) or combine
them with other theoretical perspectives such as modeling-based teaching (e.g.,
Gilbert & Justi, 2016), the predominant role of the underlying theory has remained
the same. On the one hand, theoretical considerations deductively lead to the use of
the interview method and in addition determine interview questions. On the other
hand, the results of interview studies again inductively underpin or expand theory.
Nevertheless, interview studies as one type of qualitative study are often the
subject of discussions regarding reproducibility, soundness of interpretation, or sub-
jectiveness (outlined by Edwards & Holland, 2013). One way to overcome these
points of criticism is to triangulate several data sources (e.g., Crawford & Cullin,
2005; Orsenne, 2015). The Standards for Educational and Psychological Testing
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(AERA, APA, & NCME, 2014) have even accentuated the importance of verbal
data by presenting sources of validity. These are the relation between test content
and construct, response processes where think-aloud methods can be used to elicit
participants’ cognitive processes, the internal structure of a test, relations to other
variables to demonstrate convergent or discriminant evidence, and consequences of
testing such as the interpretation and use of test scores. As a result, methodological
decisions such as to collect verbal data as a reaction to modeling competence tasks
can serve to ensure validity.

The power of think-aloud methods to investigate the cognitive processes behind
the responses elicited during task performance (Ericsson & Simon, 1993; van
Someren, Barnard, & Sandberg, 1994) was applied, inter alia, by Terzer, Patzke, and
Upmeier zu Belzen (2012) and Mathesius, Upmeier zu Belzen, and Kriiger (2018).
Both studies were aimed at investigating the validity of the solving processes
involved in closed tasks such as multiple-choice questions, whereas the latter study
even went one step further by triangulating the think-aloud method with eye-
tracking technology. This method allows eye movement data to be collected as a
response to visual stimuli and thus provides insight into the cognitive processes that
occur when a person interacts with a stimulus (Bojko, 2013). A combination of
verbal and visual data such as gaze patterns enables the reconstruction of response
processes to several stimuli such as tasks, different representations of models, and
modeling processes in videos or even live (Sects. 6.2.2 and 6.3). In science educa-
tion, eye-tracking technology is becoming more and more relevant, for example, for
evaluating teaching materials and strategies or for diagnosing differences between
individuals such as in their conceptual development (reviewed by Lai et al., 2013).
In contrast to a growing number of studies on the visual perception of representa-
tions (e.g., Stieff, Hegarty, & Deslongchamps, 2011; Daniel & Leone, 2017), mod-
els and modeling with regard to modeling competence are still rarely subjected to
eye-tracking research (Ubben, Nitz, & Upmeier zu Belzen, 2017).

Given the broad use of verbal methods in modeling competence research and
also the inseparability of eye tracking and verbal methods, we will first present the
verbal approaches that are routinely implemented in research and give examples of
application. This will be followed by an introduction to eye-tracking technology to
show how insights into cognitive processes can be extended in this field. This over-
view of several methods is meant to show the diversity of the application of verbal
and visual methods and the stimuli they can be combined with. Highlighting the
benefits and also mentioning other aspects to bear in mind when using a certain
method are meant to act as a guide for readers’ methodological decisions about
research designs. Finally, ideas and suggestions for new approaches for diagnosing
and assessing modeling competence by triangulating eye tracking with think-aloud
methods are given to open up a new field of research.
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6.2 Principles of Interviewing and Think-Aloud Methods

Science education demands several skills that go far beyond the knowledge of facts
from all involved individuals such as students and teachers. Here — depending on the
research question — interviews can be applied to evaluate the complexity of stu-
dents’ conceptions about scientific content, amongst others (Mayring, 2016).
Furthermore, interviewing provides insights into why people act as they do in a
certain situation by relating individuals’ behavior to a certain context and under-
standing what this behavior means to individuals’ personal experiences
(Seidman, 2008).

Depending on the theoretical background of a research question, three different
types of interviews can be applied: structured, semi-structured, and unstructured
(Brinkmann, 2014), forming a continuum that ranges from quantitative to qualita-
tive and standardized to flexibly adaptable approaches (Edwards & Holland, 2013).
On one side of this continuum, quantitative interviews are strongly based on theory
and are used to confirm hypotheses, whereas on the other side, unstructured inter-
views are mostly applied to generate hypotheses in an exploratory way when theory
is not available. In order to decide which form of interviewing is most suitable for
the theoretical basis of a study, the purpose of each form, their characteristics, ben-
efits, and drawbacks have to be considered carefully. For this purpose, we compiled
these criteria and present them for every form in Fig. 6.1.!

Cognitive processes such as solving problems or thinking in an abstract way
(Gerrig & Zimbardo, 2002) can be uncovered by asking participants to think aloud
(Ericsson & Simon, 1993; Olson, Duffy, & Mack, 1984; van Someren et al., 1994).
In contrast to interviewing, the researcher does not ask questions, but the participant
is presented with a stimulus (e.g., a task to solve) and describes his or her solution
process while performing the task. This concurrent think-aloud (CTA) minimizes
effects of participants’ interpretation and researchers’ influence on verbal data (van
Someren et al., 1994). Two other forms of thinking aloud after participants solved a
task - retrospective think-aloud (RTA; Ericsson & Simon, 1993) and cued RTA - can
be used to clarify facts from CTA or to lower cognitive load (van Gog, Paas, van
Merriénboer, & Witte, 2005), respectively. All three forms of thinking aloud are
described in Fig. 6.1.

In contrast to the approach used in interviewing, the researcher should avoid
speaking to the participant during CTA after giving the instructions (unless the par-
ticipant is no longer verbalizing) because interactions between researcher and par-
ticipant are detrimental to data collection (Ericsson & Simon, 1993; van Someren
et al., 1994).2 As with other verbal methods, data may be influenced by how well
participants can express their actions. To reduce this effect, all types of thinking

"For detailed information about how to plan and conduct interviews, see, for example, Edwards
and Holland (2013), Kvale and Brinkmann (2009), and Mason (2002).

2Other methods of triangulation such as post-CTA interviews or recall have been discussed, for
example, by Charters (2003).
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aloud have to be practiced in a previous training phase long enough to familiarize
participants with the ability to simultaneously work on a task and “[...] say out loud
what comes to [their] mind” (van Someren et al., 1994, p. 42). An approach that can
be applied to overcome these drawbacks is van Gog et al.” (2005) method of cued
RTA, which is based on the assumption that attention lies where an individual is
looking (Just & Carpenter, 1980). Participants’ eye movements were tracked while
they worked on a problem-solving task on a screen. Subsequently, eye movements
were superimposed on the task in the form of red crosses indicating loci participants
looked at and lines to visualize eye movements between these fixations. It was
found that CTA and cued RTA outperformed RTA in terms of number of codes and
that cued RTA provided information that was similar to the information provided by
CTA (van Gog et al., 2005). Cued RTA often plays a role as a triangulation method
especially in eye-tracking studies (e.g., Jarodzka, Scheiter, Gerjets, & van Gog,
2010) as explained later in Sect. 6.3.

All of these methods have in common that they produce large amounts of verbal
data that need to be handled. Here, qualitative content analysis comes into play with
category systems designed inductively from material or deductively from underly-
ing theory depending on the study design. Transcription makes verbal data acces-
sible for analysis and can range from transcribing each utterance to summaries or
the selection of certain parts following strict protocols (Mayring, 2014, 2016).> The
most important points and consequently the strengths of qualitative content analysis
are that transcription and coding can be transferred to other contents and can be
performed by others with the same outcome (Mayring, 2014, 2016), thus providing
another source of validity (AERA et al., 2014).

In sum, interviews and several kinds of think-aloud methods differ in their out-
comes due to the degree of guidance offered by the researcher and whether the
approaches are performed during or after an action. This addresses different cogni-
tive processes, and hence, methods have to be chosen carefully depending on what
kind of information is needed to address a research question. The next section pro-
vides insights into how the presented methods have been applied in studies on mod-
eling competence to date.

6.2.1 Application of Interviews and Think-Aloud Methods
to Assess and Diagnose Modeling Competence

Because science cannot be learned or taught without models (Harrison & Treagust,
2000), modeling competence plays a crucial role in science education (Chap. 1).
This concerns students as well as (pre-service) teachers because they are directly
involved in applying and fostering modeling competence. However, experts’ use

3For theory and details on the procedure of qualitative content analysis, please see Mayring (2014,
2016).
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and conceptions of models also have to be considered because they can serve as a
guide in class to teach a profound understanding of models. In the next section,
studies that examined the modeling competence of students, pre-service teachers,
teachers, and scientists will be presented to illustrate how broad methods such as
interviews and think-aloud methods can be applied and which outcomes they can
produce.

In their pioneering study for research on the understanding of models, Grosslight,
Unger, and Jay (1991) interviewed students and scientific model experts to elicit
their conceptions of models and their role in epistemology. In a semi-structured
interview study, they compared American 7th and 11th-graders’ answers to ques-
tions about their general ideas about models and how they think models are applied
in science. Moreover, students had to decide and explain whether four presented
objects were models or not and finally developed scientific models on their own
before they were asked about modeling, multiple models, and changing models in
science. To compare students’ answers to sophisticated model use, four experts
were interviewed, too. Using a scoring system, their answers were assigned to five
different aspects of models: kinds of models, purpose of models, designing and cre-
ating models, changing a model, and multiple models. Three levels of understand-
ing that were proposed a priori on the basis of theory (Carey, Evans, Honda, Jay, &
Unger, 1989) could be captured: On Level 1, participants see models as copies of
real objects; on Level 2, participants understand that a model is constructed for a
certain purpose; and on Level 3, participants are aware that models can be used to
generate and evaluate ideas, can be adapted for a certain purpose, and can be tested
and changed. The majority of 7th-graders were on Level 1 (67%), whereas Level 1/2
(18%) and Level 2 (12%) were represented less. By contrast, Level 1 was found in
only 23% of 11th-graders who were predominantly on Levels 1/2 and 2 (36% each).
Nevertheless, Level 3 was reached only by experts (Grosslight et al., 1991). They
concluded “[...] that students need more experience using models as intellectual
tools, more experience with models that provide contrasting conceptual views of
phenomena, and more discussions of the roles of models in the service of scientific
inquiry” (Grosslight et al., 1991, p. 799).

These differences between students (German 10th to 13th-graders) and experts
were analyzed in detail by Trier et al. (2014) with semi-structured interviews for the
purpose of developing interventions for model use in biology education. They ana-
lyzed students’ conceptions of all five aspects of modeling competence according to
Grosslight et al. (1991) and their influence on model use in interviews and com-
pared them to scientists’ views extracted from the literature. First, students were
asked to develop their own models and to talk about their understanding of these
models. Subsequently, different objects from biology class were shown to students
(e.g., real organisms, pictures of organisms, microscopic pictures), and they were
asked to decide and explain whether these were models or not. Interestingly, some
students were found to have quite sophisticated ideas about models in science but
did not transfer them to models they encountered at school. This was aligned with
the findings by Treagust, Chittleborough, and Mamiala (2002) who postulated that
students do not have enough opportunity at school to use models, and thus, their
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abstract knowledge about models is not transferred to real contexts. Additionally,
most students — unlike scientists — do not see the tentativeness of research processes
and do not view changing a model as an opportunity to gain new insights (Trier
etal., 2014).

Orsenne (2015) investigated the constructing, testing, and changing of models
using a modeling-centered scientific inquiry in German 10th-graders. She con-
ducted a multi-method interview study (MMI; Randhawa, 1994; Wilson & Clarke,
2004; Fig. 6.1) that was aimed at investigating the influence of hands-on modeling
tasks in biology on student conceptions of models as inquiry tools. The MMI
approach triangulates interviews, CTA, and videography, resulting in a broad char-
acterization of cognitive processes (Randhawa, 1994). Hands-on tasks based on the
framework for modeling competence (FMC; Griinkorn et al., 2014; Upmeier zu
Belzen & Kriiger, 2010), the model of modeling (Justi & Gilbert, 2002), and empiri-
cal studies (cf. Orsenne, 2015) have been developed to trigger different aspects of
modeling and to let students use models to investigate their own hypotheses. The
semi-structured interviews were based on Grosslight et al. (1991), Trier et al. (2014),
and aspects of modeling competence (Griinkorn et al., 2014; Upmeier zu Belzen &
Kriiger, 2010). In an introductory semi-structured interview, students were asked
about their general conceptions of models and which models they were familiar
with. Second, students were given their first hands-on task and were asked to think
aloud concurrently (CTA). Third, they were interviewed about the aspects of model-
ing competence: purpose of models, testing models, and changing models. Fourth,
another hands-on task was carried out in combination with CTA. Fifth, an interview
about all five aspects of modeling competence was conducted. As a sixth step, alter-
native models were presented to the students, and subsequently, an interview about
multiple models and scientific modeling was conducted. In a final step, an example
of scientific modeling was shown. With the help of these large verbal data sets from
interviews and CTA, the author of the study was able to show that modeling per se
triggers medial conceptions about models (Levels I and II of FMC) because the
focus lies on the model object (Legrenzi, Girotto, & Johnson-Laird, 1993). Only in
the aspect purpose of models students express more elaborated ideas on a method-
ological level. However, reflecting on alternative models could lead to more elabo-
rated and epistemic ideas about models (Orsenne, 2015).

Focusing on pre-service teachers from STEM subjects with so-called dynamic
context-rich assessments (Crawford & Cullin, 2005, p. 321), the three levels of the
understanding of modeling found by Grosslight et al. (1991) were expanded to four
(limited, pre-scientific, emerging scientific, scientific; Crawford & Cullin, 2005,
p- 314). Besides an open-ended questionnaire and a process map, these assessments
included a pre- and a post-modeling semi-structured interview about the under-
standing of modeling. Furthermore, verbal data from video recordings were ana-
lyzed. The authors concluded from their work with different assessment methods
that pre-service teachers’ understanding of modeling benefited from the modeling
process itself. Furthermore, they emphasized the comprehensive view on the under-
standing of modeling gained through dynamic context-rich assessments (Crawford
& Cullin, 2005).
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In a semi-structured interview study (Justi & Gilbert, 2003), hands-on model
objects, written or drawn models, and models demonstrated by the interviewer were
shown to 39 Brazilian teachers, pre-service teachers, and university teachers. This
investigation of their notions of models identified seven aspects: nature, use, enti-
ties, uniqueness, time span, status for predictions, and accreditation of models.
These aspects again can arise in different so-called categories of meaning (Justi &
Gilbert, 2003, p. 1374). In contrast to Grosslight et al. (1991), no levels could be
identified for teachers. Interestingly, biology teachers’ notions of models were less
elaborated than chemistry and physics teachers’ notions. This was explained by the
more frequent appearance of models in chemistry and physics than in biology (Justi
& Gilbert, 2003).

How and why experts from different fields use models was elucidated by France,
Compton, and Gilbert (2011) by interviewing a biotechnologist and a bioinformat-
ics scientist and using publications of the latter to create stories (Chap. 5). The sto-
ries were meant to give students and teachers insights into how different models can
be used. The biotechnologist, who is supposed to work more like an engineer than
a scientist, indicated that he uses models to predict the medical effect and the eco-
nomic impact of a product such as a vaccine his enterprise might be developing.
Hence, his reasoning about models is functional and is needed to determine whether
a product can be realized but also practical so that the company can successfully sell
this product. In contrast to this, the scientist used phylogenetic trees as models on
the one hand to communicate his findings and on the other hand to predict evolu-
tionary relationships. This inductive approach allowed him to create a model of
evolutionary relationships and test and change it deductively (France et al., 2011).

The presented studies on modeling competence used semi-structured interviews
to assess participants’ understanding of models. On the one hand, this offered the
opportunity to follow up on certain points that participants mentioned in contrast to
more structured approaches. On the other hand, there was still a certain degree of
comparability (Edwards & Holland, 2013). Mainly combined with other verbal or
written methods, this can lead to comprehensive insights into modeling competence
in different settings and groups. Many of the presented studies have in common that
models are shown to participants or that participants even handle them in hands-on
tasks. This implies a strong interaction with the model, including visual perception
of the model object. The next section will introduce eye tracking as a method for
investigating these visual processes with the potential to elicit the cognitive pro-
cesses involved in modeling competence.

6.2.2 Application of Eye Tracking in Science Education

To date, eye tracking has been widely utilized for data collection and analysis across
a variety of disciplines and topics such as mathematics (Hegarty, Mayer, & Green,
1992), reading comprehension (Rayner, Chace, Slattery, & Ashby, 2006; Rayner,
2009), information processing (Rayner, 1998), and problem solving (Tai et al.,
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2006; Tsai, Hou, Lai, Liu, & Yang, 2012). Whereas many studies have addressed
and/or utilized eye tracking, very few have specifically addressed science education
and even fewer have addressed modeling competence (Ubben et al., 2017, 2019).
Such studies within the discipline of science education have, to date, typically
addressed topics in chemistry (Chien, Tsai, Chen, Chang, & Chen, 2015), physics
(Chen et al., 2014; Mason, Pluchino, Tornatora, & Ariasi, 2013; Mason, Tornatora,
& Pluchino, 2013), and the natural sciences (Jarodzka et al., 2010; She & Chen,
2009; Slykhuis, Wiebe, & Annetta, 2005; Tsai et al., 2012).

An exploratory investigation used eye tracking to capture biometric data on how
students visually access phylogenetic tree diagrams (Daniel & Leone, 2017). Dwell
times on specified phylogenetic tree components and gaze paths were identified and
compared with verbal data (i.e., CTA) to compare students’ retrospective semi-
structured interview responses to biometric evidence in search of consistency.

Furthermore, eye tracking has been used to quantify level of cognition and affec-
tive engagement (Kinner et al., 2017; Miller, 2015). There is some potential for this
technology to offer insights into representational competence (Ubben, Nitz, Daniel,
& Upmeier zu Belzen, 2018). Still, few studies have explored biology students’
biometrics related to the use of scientific visualizations (Daniel & Leone, 2017;
Jarodzka et al., 2010; Novick et al., 2012).

Additional eye-tracking studies conducted in science education disciplines have
primarily focused on the text- and photo-based materials that are used in textbooks
(Hannus & Hyond, 1999), PowerPoint™ slides (Slykhuis et al., 2005), text seg-
ments (Mason, Pluchino, Tornatora, & Ariasi, 2013; Mason, Tornatora, & Pluchino,
2013), problem questions (Tsai et al., 2012), educational presentations (She &
Chen, 2009), and tests/assessments (Tai et al., 2006). In relation to these materials,
numerous variables (e.g., fixation duration, gaze patterns, information processing,
learning achievements) were analyzed across a wide variety of age groups.

Fixation duration is of great significance across many of these studies. An
increase in the duration of fixation on science materials is associated with increased
attention (Chen et al., 2014; Cheng, 2014; Chien et al., 2015; She & Chen, 2009),
deeper cognitive processes (Chien et al., 2015; She & Chen, 2009), and identifying
and focusing on relevant information (Hannus & Hyonid, 1999; Jarodzka et al.,
2010; Tsai et al., 2012). However, an increase in the duration of fixation may also
indicate that a person is struggling to understand or process the material (Mason,
Pluchino, Tornatora, & Ariasi, 2013; Mason, Tornatora, & Pluchino, 2013), and/or
may result in more successful learning outcomes (Chen et al., 2014; Cheng, 2014;
Mason, Pluchino, Tornatora, & Ariasi, 2013; Mason, Tornatora, & Pluchino, 2013).
In terms of expert-novice fixation durations, the expertise of a subject was not
always found to impact fixation durations (Tai et al., 2006).

Regarding gaze patterns and visual information processing, previous studies
found that incorporating images alongside scientific text impacted participants’
gaze patterns (Mason, Tornatora, & Pluchino, 2013; Slykhuis et al., 2005).

Using eye tracking to track the success of multimedia learning has also grown in
popularity recently. She and Chen (2009) explored the relation between learning
outcomes and eye movement patterns while participants viewed meiosis and mitosis
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multimedia materials. The authors found that different styles of instruction during
learning experiences affected learning outcomes. Jarodzka et al. (2010) also utilized
multimedia to explore expertise differences when observing and interpreting
science-based videos and developing instructional methods. The authors found dif-
ferences in foci, viewing times, and processing speeds between those identified as
novices versus experts.

6.3 Principles of Eye Tracking

Eye tracking is a method that can be used to measure how a person visually interacts
with a representation (Miller, 2015). Data from eye tracking provide a dynamic
view of human focus and attention (Lai et al., 2013). The procedure involves the use
of infrared technology to capture biometric pupil responses as a person visually
accesses images (Holmqvist et al., 2011), obtaining measures such as fixations,
gaze path, dwell time, fixation counts, saccades, and pupil dilation (Holmqvist
etal., 2011; Morimoto & Mimica, 2005). A fixation is defined as when the eye stays
focused on one location or on one subject or object for a predetermined length of
time (Duchowski, 2017), such as at least 200 milliseconds (Slykhuis et al., 2005).
For analysis, these locations are often theory-driven and are defined as areas of
interest (AOISs) or designated spaces inside specified borders focused around explicit
features of the visualization that are being investigated. AOIs can be dynamic or
stationary in nature and can vary depending on project needs and the theoretical
basis (Holmqvist et al., 2011). Gaze paths refer to the order in which the participant
accesses a part of the visualization in relation to the AOI. Dwell time represents the
length of time a participant fixates on an AOI. Fixation counts represent how many
different times the participant fixates on a given AOI. Saccades refer to the rapid
movement of the eye as the gaze path shifts between fixations. Pupil dilation indices
reflect the number of unusual increases in pupil size per second, which can indicate
the presence of cognitive (Marshall, 2007) and/or emotional mental processes
(Kinner et al., 2017). Two major types of cameras can be used to capture visual data:
a bar style tracking device designed to capture data presented on a computer screen
and a wearable eyeglass-like tracker designed to capture natural viewing behaviors
in more real-world-style environments (Mele & Federici, 2012). Bar cameras are
best suited for investigations wherein the researcher wants to capture data regarding
how a participant interacts with a static or dynamic image, video, or model that can
be shown on a computer screen. Eyeglass-like trackers are particularly beneficial for
exploring understanding with physical manipulatives and other non-virtual models.

Visual data can be grouped on the basis of methodological and theoretical frame-
works depending on the needs of a study. A common framework separates data into
two categories including “types of eye movement” and “scales of measurement”
(Lai et al., 2013). Types of eye movement are qualitative in nature and typically
focus on fixations, saccades, and pupillary dilation. Scales of measurement are
quantitative in nature and typically fall into three major categories for addressing
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temporal, spatial, and count measures. Temporal measures indicate at which time
point and for which time span a person views something, spatial measures indicate
where a person is looking, and count measures indicate how often an individual
looks at a specific AOI (Lai et al., 2013). Together, these data (i.e., “types of eye
movement” and “scales of measurement”) provide a holistic view of a person’s
physical and cognitive experience during the collection of eye-tracking data. From
a theoretical perspective, the collection and analysis of eye-tracking data typically
rely on one or more assumptions (Gegenfurtner, Lehtinen, & Siljo, 2011; Lai et al.,
2013). One of the earliest and most widely accepted assumptions regarding eye-
tracking data is the eye-mind assumption (Guan, Lee, Cuddihy, & Ramey, 2006;
Just & Carpenter, 1980), which suggests a link between a visual focus and paying
attention and/or cognitive workload (Just & Carpenter, 1980). Theoretically, the
longer a person pauses or looks at something, the larger the processing load is dur-
ing that time or the deeper the level of cognitive engagement (Cheng, 2014; Just &
Carpenter, 1980).

In contrast to well-tried methods in science education research, such as inter-
views and think-aloud methods, eye-tracking data reflect cognitive processes such
as perception (Gerrig & Zimbardo, 2002). They do so online and without filtering
processes such as verbalization. This unique feature of eye tracking might open up
new possibilities in the field of assessing and diagnosing modeling competence.
However, applying eye tracking does not exclude verbal methods but — quite the
contrary — necessitates triangulation. In a study on chemical representations, data
from CTA were found to be correlated with participants’ eye movements so that
missing or unclear data from one method could be complemented with the other.
Additionally, two data sources can offer a more comprehensive view on how people
deal with representations (Stieff et al., 2011). Besides CTA, van Gog et al. (2005)
suggested cued RTA for eye-tracking triangulation, offering nearly the same infor-
mation as CTA. One advantage of this cued RTA might be the lower cognitive load
during the task than found in CTA (Bojko, 2013) and also technical issues such as
participants moving their heads away from the infrared cameras when getting a
prompt. Hence, choosing CTA or cued RTA to triangulate with eye tracking requires
the weighing of several factors such as the characteristics of the task and the eye-
tracking device used.

6.4 Implications of Eye Tracking for Modeling Competence

We cognitively process what we are looking at. This simplified aggregation of the
eye-mind assumption (Just & Carpenter, 1980) is at least valid for complex tasks
(Rayner, 1998). If we assume that most students are at quite a low level of modeling
competence (e.g., Griinkorn et al., 2014), tasks including models should comply
with this requirement of complexity. Furthermore, nearly all model objects trigger
visual interaction with superficial features such as different colors, materials, lines,
or written words to name just a few. This superficial approach to the model object



110 I. Ubben et al.

might literally at first glance correspond with a low level of modeling competence.
However, if an individual is able to make sense of superficial features and to recog-
nize the meaning of lines in a diagram or words and text, this might stand for at least
an intermediate level (e.g., Level II in the FMC by Upmeier zu Belzen & Kriiger,
2010). Here, the importance of triangulation comes into play because eye-tracking
data per se do not explain why people fixate on a certain AOI. Hence, in order to
distinguish levels of modeling competence, verbal data are indispensable.
Conversely, this also means that — as mentioned by Stieff et al. (2011) — triangula-
tion sheds light on the cognitive processes involved in modeling competence from
different perspectives.

To distinguish different levels of modeling competence, a first step is to investi-
gate the eye-movement patterns of individuals on different levels of modeling com-
petence.* For this purpose, open-ended questionnaires (Chap. 7) can initially be
used to assess modeling competence. Subsequently, participants work on several
tasks that involve models so that eye-movement and verbal data can be collected.
Knowing participants’ level of modeling competence from pre-tests and combining
them with eye tracking and verbal data might allow for the categorizing of eye
movements and reasoning patterns corresponding with modeling competence. In
turn, this would be the basis for diagnosing modeling competence using eye-
movement data when performing tasks on a model. Especially in the case of hands-
on tasks (e.g., Orsenne, 2015), eye-tracking glasses are a promising tool for
investigating the handling of a 3-D model object. In contrast to remote eye-tracking
devices, data can be obtained during the direct manipulation of a model and during
modeling processes.

One way to foster modeling competence might be eye movement modeling
examples (EMMEs; e.g., Jarodzka, van Gog, Dorr, Scheiter, & Gerjets, 2013; van
Gog, Jarodzka, Scheiter, Gerjets, & Paas, 2009) where expert eye movements are
displayed to novices so they can learn how to visually interact with a model. For
example, these EMMEs could help students learn how to read phylogenetic trees as
models of and for evolution. Ubben, Nitz, and Upmeier zu Belzen (2017, 2019)
triangulated eye tracking with CTA in order to compare tree reading skills between
pre-service teachers (novices) and experts depending on the use of phylogenetic
trees as the medium or method. Here, the relevance for education about evolution
and hence for biology education in general becomes obvious because insights into
complex cognitive processes can lead to the development of new ways to foster
modeling competence.

4Ubben, Nitz, Daniel, and Upmeier zu Belzen (2018) proposed a detailed approach for how to
assess levels of representational competence using the example of phylogenetic trees.
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6.5 Conclusion

As shown in this chapter, verbal methods such as interviewing and think-aloud
methods offer a rich amount of data and can be performed simultaneously with
modeling processes or the handling of a model. Even though recording and analyz-
ing verbal data is time consuming, and information might get lost due to method-
ological drawbacks, every method — if chosen adequately — offers its benefits for a
certain research goal such as eliciting participants’ perspectives on models and
modeling in interviews or getting insights into actions performed on models via
think-aloud methods without influencing the participant. Combined with eye-
tracking technology, aspects of modeling competence can be investigated even
more comprehensively and from even more perspectives: Where do participants
look when they handle a certain model object? Which features attract attention
and — probably most important — which conclusions do participants draw from
superficial features, and which reasoning processes are connected to noticing spe-
cific parts of a model? Of course, this method produces a large amount of extra data,
and researchers should not underestimate the possibility that confounding variables
such as the graphical arrangement of the representation of a model make the design
of eye-tracking studies one of the most important points. Here, researchers should
carefully scrutinize which model objects are chosen, how they are represented, and
which measures are chosen for analysis. Besides these challenges, eye tracking
makes it possible to directly compare aspects of modeling competence between
groups such as novices and experts, students from different age groups, and pre-
service and experienced teachers, to name just a few. The next step is to use these
detailed insights to develop eye-tracking tools to diagnose and assess modeling
competence or to foster it with EMMEs from the expert handling of models — always
in combination with verbal methods. Even though eye tracking is still in its fledg-
ling stages in science education, it should be seen as a chance to enrich knowledge
about modeling competence by combining well-established methods with compara-
tively new ones.
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Chapter 7
Assessing Modeling Competence
with Questionnaires

Sabrina Mathesius and Moritz Krell

7.1 Introduction

The development of abilities related to models and modeling is one goal of science
education on different educational levels in various countries all over the world (e.g.
Australia: VCAA, 2016; Germany: KMK, 2005; USA: NGSS Lead States, 2013).
Consequently, the development and evaluation of assessment instruments focusing
on the different aspects of the framework for modeling competence (FMC; Chap. 1)
are one important goal of science education research (cf. Nicolaou & Constantinou,
2014). Here, different methodological approaches have been applied, ranging from
performance-assessment to closed-ended tasks. This chapter aims to provide an
overview of studies that have employed instruments with either open-ended tasks or
closed-ended tasks as a way to elicit individuals’ abilities with respect to models
and modeling. The aim of the chapter is to provide researchers in science education
with a summary of instruments that have been proposed for the assessment of mod-
eling competence and to discuss the advantages and limitations of each instrument
on the basis of current standards for educational assessment (cf. AERA, APA, &
NCME, 2014; Kane, 2013; Shavelson, 2013).
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7.2 Questionnaires as Tools for Assessing Modeling
Competence

Taking into account the FMC, which includes aspects and levels as possible parts of
the progression of learning, there is a need for appropriate instruments for assessing
individuals’ abilities with respect to models and the modeling process in science.
Using such instruments as diagnostic tools can help teachers improve students’
learning opportunities and makes individual support possible (cf. Oh & Oh, 2011).
The development and rigorous evaluation of assessment instruments with respect to
competencies as highlighted in standard documents is critically important because
of the possible consequences of testing for the participants but also because it was
found that teachers tend to focus on “competencies specific to assessment and test-
ing procedures” (Osborne, 2013, p. 267) in their lessons.

Shavelson (2013) proposed an approach for assessing competencies and evaluat-
ing the quality of test scores. This approach is in line with current standards for
educational assessment (cf. AERA et al., 2014) and will therefore be used to illus-
trate crucial aspects of the assessment of modeling competence. Shavelson (2013)
conceptualized competence assessment as a triangle with the construct, observation,
and interpretation as its vertices. In relation to modeling competence, this means
that a clear definition of this competence (the construct), a thorough understanding
of the nature of the data gathered with an instrument (observation), and legitimate
inferences based on these data (inferpretation) are necessary.

The construct: By definition, competencies are complex and latent constructs
that are not directly observable; an inference from an observable performance to an
individual’s competence has to be made (Shavelson, 2013). Modeling competence
in science education is understood as a multidimensional construct (Nicolaou &
Constantinou, 2014), comprising abilities to engage in modeling practices as well as
knowledge about models and the modeling process in science (‘“meta-modeling
knowledge”). Some definitions additionally include motivational aspects (e.g.
Upmeier zu Belzen & Kriiger, 2010). Furthermore, meta-modeling knowledge is
usually subdivided into different aspects, each including hierarchical levels of
understanding (cf. Krell, Upmeier zu Belzen, & Kriiger, 2014a). Typically, the fol-
lowing aspects are considered: Describing the extent to which a model looks like the
corresponding original, explaining reasons for multiple models, judging the pur-
pose of a model, explaining how one can test a model, and demonstrating the rea-
sons to change a model (cf. Nicolaou & Constantinou, 2014; Gilbert & Justi, 2016;
Krell, Upmeier zu Belzen, & Kriiger, 2016). Consequently, researchers have to
define precisely which aspect of this complex construct is to be assessed.

Observation: Observation means an individual’s performance on a set of tasks,
where the “universe of possible tasks and responses for observing performance,
[...]logically follows from the definition of the construct” (Shavelson, 2013, p. 78).
However, in relation to the assessment of modeling competence, there is still a large
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universe of possible tasks, containing, for example, different test formats (e.g.
performance-assessment, open-ended tasks, or closed-ended tasks) and different
task contexts, both of which can influence the cognitive demands of a task and,
consequently, the nature of the observed performance (cf. Krell, Upmeier zu Belzen,
& Kriiger, 2014b; Martinez, 1999).

Interpretation: Interpretation refers to the question of the extent to which valid
inferences from observed performance to (the level of) an individual’s competence
can be drawn (Shavelson, 2013). The interpretation of test scores, especially in rela-
tion to complex constructs such as modeling competence, means generalizing from
some scores to an individual’s competence. For this generalization to be valid, the
tasks have to be representative of “the entire universe of tasks” that are suitable for
assessing the targeted construct (Shavelson, 2013, p. 79). This is important, for
example, for the operationalization of the construct: The interpretation of test scores
on the basis of tasks that have been developed for assessing meta-modeling knowl-
edge as indicators of individuals’ modeling competence may be questioned because
modeling competence is not only comprised of meta-modeling but also the ability
to engage in modeling practices and, depending on the definition, motivational
aspects (Nicolaou & Constantinou, 2014; Upmeier zu Belzen & Kriiger, 2010).
Hence, the evaluation of the validity of the proposed interpretation of test scores is
critical and complex, and different sources of evidence are usually needed to sup-
port the claim that the proposed inferences from test scores to an individual’s com-
petence are valid (e.g. evidence based on test content, response processes, relations
to other variables, or internal structure; AERA et al., 2014). This is why “the evi-
dence required for validation is the evidence needed to evaluate the claims being
made” (Kane, 2015, p. 64). Gathering evidence based on test content hereby means
analyzing the relation between the construct and observed performance, which is
often a starting point for constructing questionnaires. Sources of evidence based on
test content often consist of expert judgments. With respect to the assessment of
modeling competence, it is necessary, for example, to ask why specific test formats
and task contexts have been chosen and to what extent these decisions influence the
intended interpretation of the test scores (cf. Krell et al., 2014b; Martinez, 1999).
Gathering evidence on the basis of response processes takes into account individu-
als’ reasoning while answering the tasks in order to evaluate the extent to which the
expected skills and knowledge are de facto initiated (Leighton, 2004). The sources
of this process are often interviews and think-aloud protocols. Gathering evidence
based on relations to other variables means considering relevant external variables,
for example, test scores from other assessments or categorical variables such as dif-
ferent subsamples (known groups). Furthermore, quality criteria such as objectivity
and reliability are necessary prerequisites for the valid interpretation of test scores
(AERA et al., 2014), and replication studies can contribute to consolidating validity
arguments (cf. Borrmann, Reinhardt, Krell, & Kriiger, 2014). The current concept
of validity includes aspects of reliability and fairness in testing as part of the criteria
that offer evidence of a sufficient internal structure.
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7.2.1 Aims and Procedures for Analyzing Questionnaires
Designed to Assess Modeling Competence

In the following, published instruments that are used to assess modeling compe-
tence will be analyzed and discussed on the basis of the ideas about competence
assessments sketched out above. The publications under consideration were selected
by using the Google scholar database to search the archives of five science educa-
tion journals: Journal of Research in Science Teaching (2016 Impact Factor 3.179),
Science Education (2.506), International Journal of Science and Mathematics
Education (1.474), Research in Science Education (1.329), and International
Journal of Science Education (1.240). The following word combinations were used:
Questionnaire AND (model(l)ing OR meta model(l)ing knowledge OR model com-
petence OR scientific models OR models in science OR model(l)ing processes) (cf.
Campbell, Oh, Maughn, Kiriazis, & Zuwallack, 2015; Nicolaou & Constantinou,
2014). In addition, reference lists of pertinent articles were searched as well as
articles from key authors in the field. Only articles that explicitly described instru-
ments that were designed to assess (aspects of) FMC in adequate detail were
considered.

7.2.2  Results of the Review, or: How Is Modeling Competence
Assessed in Science Education?

In the following, the identified studies are summarized on the basis of the three
aspects of the construct (Fig. 7.1), observation (task context and test format;
Fig. 7.2), and interpretation (sources of evidence; Shavelson, 2013; Fig. 7.2). In
addition, sample information is provided (Fig. 7.2).

7.2.2.1 The Construct

The assessed constructs were diverse, but some aspects of meta-modeling knowl-
edge were considered in many studies (e.g. nature of models, purpose of models;
Fig. 7.1). One reason for this partial consensus regarding the assessed construct may
be that many authors (e.g. Crawford & Cullin, 2005; Treagust, Chittleborough, &
Mamiala, 2002; van Driel & Verloop, 1999) explicitly referred to the study by
Grosslight, Unger, Jay, and Smith (1991), which can therefore be seen as seminal
for research on models and modeling in science education. Nonetheless, both the
abstract de-contextualized approach (Krell et al., 2014b; Sins, Savelsbergh, van
Joolingen, & van Hout Wolters, 2009) and the global levels of understanding
(Crawford & Cullin, 2005; Krell et al., 2014a) proposed by Grosslight et al. (1991)
have been critically discussed, leading to more differentiated theoretical frame-
works (e.g. Crawford & Cullin, 2005; Krell et al., 2014a).
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Study Construct
NAT ALT PUR TES CHA Others
1 Crawford & Cullin (2004) X X X X X
2 Crawford & Cullin (2005) X X X X X
3 Everett et al. (2009) X X X X X Understanding of models in science
4 Griinkorn et al. (2014) X X X X X
5 Justi & Gilbert (2005) X X X X X
6 Justi & van Driel (2005) X X X X X
7 Krell (2012) X X X X X
8 Krell et al. (2014a) X X X X X
9 Krell et al. (2014b) X X X X X
10 Krell et al. (2015) X X X X X
11 Krell & Kriiger (2016) X X X X X
12 Lin (2014) X X X X X Knowledge of rT‘10deI functions and
modeling process

13 Schwarz & White (2005) X X X X X Meta-modeling knowledge
14  Terzer (2013) X X X X X

Views of models and modeling in
15 Treagust et al. (2004) X X X X X .

science
16 van der Valk et al. (2007) X X X X X Creativity
17 Cheng & Lin (2015) X X X X Understanding of models in science
18 Derman & Kayacan (2017) X X X X Understanding of models in science
19 Gobert et al. (2011) X X X X Understanding of models in science
20 Lee (2017) X X X X Types of representations of models
21 Treagust et al. (2002) X X X X Understanding of models in science
22 Wei et al. (2014) X X X X Understanding of models in science
23 Lee et al. (2017) X X X Types of representations of models
24 Chittleborough etal. (2005) X X X X Role of models in science and
learning
25 Borrmann et al. (2014) X X X X Types of representations of models
26 Gogolin et al. (2017) X X X X
) Epistemological understanding of

27 Sins et al. (2009) X X X X K

models and of modeling processes
28 van Driel & Verloop (1999) X X X X Types of representations of models
29 Danusso et al. (2010) X X Knowledge about scie'ntific models

and modeling
30 Gogolin (2017) X X Meta-modeling knowledge
31 Krell & Kriiger (2017) X X X Meta-modeling knowledge
32 Patzke et al. (2015) X X X
33 Krell et al. (2012) X
3 Al-Balushi (2011) Epistemologifes a.b.out the credibility
of scientific models

35 Bamberger & Davis (2013) Modeling performances

Fig. 7.1 Constructs assessed in the reviewed studies. NAT Nature of models; ALT Alternative
models; PUR Purpose of models; TES Testing models; CHA Changing models (cf. Krell et al.,
2016)

Figure 7.1 also shows that many researchers called their construct meta-modeling
knowledge (or similar), referring to the seminal study by Schwarz and White (2005)
and highlighting the procedural role of modeling as a scientific practice (e.g.
Crawford & Cullin, 2005). Others emphasized the role of models as types of scien-
tific knowledge and called their construct, for example, an understanding of scien-
tific models (e.g. Treagust et al., 2002). Some researchers included both, resulting in
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Study Observation Interpretation Sample
Task context Test format Sources of evidence
Contextualized + (no. of tasks)
De-contextualized

1 De-contextualized 0(8) Response processes, other variables 14p

2 De-contextualized 0 (8) Response processes, other variables, replication study (1) 17P
0 (6), concept maps, short

Various models + Interrater agreement (O: = 80 %, CM: = 97.5%), internal

3 De-contextualized :rs]s(\;l;:'SUMS), yes-no tasks (9) structure, other variables, replication study (1, 21) >200P
- “r< -
4 Biological models 0(15) Test content, interrater agreement (.81 < k <.90), internal 11775
structure
hemical | 19 P (R
chemical models, RS (74; VOMM A), ) o P (RS),
5 historical models + 0 (not reported; VOMM C) Test content, response processes, other variables 74T (RS),
De-contextualized P! ! 63 P (0)
Teaching and historical Response processes, internal structure, other variables,
6 models + O (not reported; VOMM C) re I‘i)cationpstud (5)’ ' ’ 5T
De-contextualized P v
7 Biological models FC(30) Internal structure, EAP/PV reliability = .69 901S
8 Biological models FC (30) Test content, internal structure, other variables 1180 S
g  Biological models + RS (35) Test content, internal structure, EAP/PV reliability = .26-34  1349S
De-contextualized
Biological models,
chemical models, FC(20), . 617 S (FC),
10 physical models + 0 (20, short answer) Test content, response processes, other variables 1155 (0)
De-contextualized
11 De-contextualized 0(5) Interrater agreement (.63 < k < .87), other variables 148 T
1 De-contextualized RS (16); web-based Test cont?nt, response procefses, internal structure, 1877
Cronbach’s a = .92, other variables
13 Various models + MC (18), true-false questions, ~ Response processes, internal structure, Cronbach’s o =.19- 5728
De-contextualized categorization task .80, other variables
. N Test content, response processes, internal structure, EAP/PV
14 Biological models MC (40) reliability = .28-.38, other variables 11365
Molecular RS (44) Test content, internal structure, Cronbach’s a = .69-.85
15 representatlor?s + MC + justification (6; VOMMS) (Moleculair representations), Cronbach’s a = .87 (VOMMS), 36S
De-contextualized other variables
Statements about correct-incorrect + explanation
16 common features of (10) P Test content 77E
models
Int I structt [« h's o =.72-.81, oth iabl
17 De-contextualized RS (27; SUMS) ternal structure, Cronbach's o =.72-81, othervariables, 0 g
replication study (21)
Model examples + . Internal structure, Cronbach’s a = .74, other variables,
18 De-contextualized RS (26+4; SUMS) replication study (21) 6P
19 De-contextualized RS (26; SUMS) Inte.rnal. structure, Cronbach’s o = .56-.86, other variables, 7365
replication study (21)
2 Biological rnoc!els + RS (36); web-based Tes.t content, internal structure, person reliability = .84, other 9835
De-contextualized variables
21 De-contextualized RS (27; SUMS) Test content, internal structure, Cronbach’s a = .71-.84 228S
2 De-contextualized RS (27; SUMS) Internal structure, EAP/PV reliability = .59-.68, replication 6295
study (21)
23 Biological models (o] (27?; web-based, true-false- Res.ponse processes, interrater agreement (.80-.83), other 189's
questions variables
2 De-contextualized MC + justification (5; VOMMS) Test content, Cronbach’s a = .87, other variables, replication 2755
study (15)
25 De-contextualized RS (32) Inte.rnal. structure, Cronbach’s a = .53-.68, other variables, 26T
replication study (28)
26 Biological models FC (36) Response processes, other variables 107 S

Fig. 7.2 Observation (task context and test format), interpretation (sources of evidence), and sam-
ple information from the reviewed studies (Note: Test format: O open-ended tasks; MC multiple-
choice tasks; F'C forced-choice tasks; RS rating scale tasks; Sample: S students from different
school grade levels; P pre-service science teachers; 7" in-service science teachers; U university
students; E experts; for replication studies, the replicated study is provided in parentheses. * sam-
ple size mentioned in abstract N = 1207)
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27 De-contextualized 0 (10); web-based Interrater agreement (k = .70), other variables 26S
28 De-contextualized 0(7), Test content, internal structure, Cronbach’s a = .64-.75, other 15T (0),
Y RS (32) variables 71T (RS)
29 Real phenomena + 0 (3+3), Test content, response processes, other variables, replication  180+115+
De-contextualized MC (3) study (Pintd & Gutierrez, 2005) 93P
. . FC(12), Test content, response processes, internal structure, EAP/PV
Bioll | | 2
30 Biological models 0(2) reliabilityec = .51, EAP/PV reliabilityo = .55, other variables 3825
Respondents’ subject of
h
31 study, one qsen . 0 (6) Interrater agreement (.64 < k .92), other variables 184U
model known in this
subject
. . MC (25), Test content, internal structure, EAP/PV = .58-.75, other
32 Biological models 0(9) variables, replication study (4, 14) 5145
Biological I
33 Biological models + FC(7) Test content 12095+
De-contextualized
Natural entities and
phenomena that are
34 Ior{ated at different MC (19-30); specific versions Test content, other variables 845,
points along the for each grade level 108 P
concrete-abstract
continuum
Models (smell, . . .
35 O drawing (3) Test content, interrater agreement (>.80), other variables 655

evaporation, friction)

Fig. 7.2 (continued)

constructs such as views of models and modeling in science (e.g. Treagust,
Chittleborough, & Mamiala, 2004). However, a closer look at the respective studies
revealed that, independent of the name of the construct, most researchers included
aspects related to both modeling as a practice and models as types of knowledge in
their frameworks (e.g. Crawford & Cullin, 2005; Treagust et al., 2002). Therefore,
if researchers want to refer to other studies, it is critically important not to rely on
the given label of the construct but to precisely examine the operationalization in
terms of the assessment instrument.

It is evident that the vast majority of studies included in Fig. 7.1 are related to
meta-knowledge (about models, modeling, or both) but that the elements of the
practice have largely been neglected (cf. Nicolaou & Constantinou, 2014). However,
this neglect may be a result of the focus of this article on written assessments with
questionnaires (Chap. 6).

7.2.2.2 Observation

As one aspect of observation, the abovementioned criticism of the abstract de-
contextualized approach by Grosslight et al. (1991) resulted in contextualized
assessments that explicitly referred to specific models or situations (e.g. Griinkorn,
Upmeier zu Belzen, & Kriiger, 2014). Studies have shown that the assessment con-
text may significantly affect respondents’ answers (e.g. Al-Balushi, 2011; Krell,
Upmeier zu Belzen, & Kriiger, 2012). These findings suggest that it is not valid to
generalize observations that are based on assessments as indicators of respondents’
overall meta-modeling knowledge (or similarly named constructs; see above) as
long as the effect of the included contexts is not fully understood and considered (cf.
Shavelson, 2013).
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As another aspect of observation, the chosen task format should be considered
because it can influence the cognitive demands of an assessment (Martinez, 1999).
In the studies included in Fig. 7.2, open-ended task formats were chosen most often
(n = 16), followed by rating scales (n = 13), multiple-choice tasks (n = 7), and
forced-choice tasks (n = 6). Some researchers combined different formats, espe-
cially open-ended and rating scale tasks. The prevalence of task formats corresponds
with the popularity of established instruments. For example, many researchers
adopted the “Students’ Understanding of Models in Science” (SUMS) question-
naire developed by Treagust et al. (2002), which uses rating scale tasks (e.g. Gobert
etal., 2011).

7.2.2.3 Interpretation

The evaluation of the validity of inferences being made is a necessary prerequisite
for the interpretation of assessment observations (Shavelson, 2013), and different
sources of evidence have been proposed for this reason (AERA et al., 2014; Kane,
2015). In the studies shown in Fig. 7.2, evidence based on test content was consid-
ered most often (n = 19), for example, by conducting expert reviews of the devel-
oped instruments and judging whether the tasks adequately represent the construct
(e.g. Chittleborough, Treagust, Mamiala, & Mocerino, 2005; Lin, 2014; van der
Valk, van Driel, & de Vos, 2007). In addition, it should be noted that all question-
naires of the reviewed studies are based on a theoretical framework. Evidence based
on response processes was considered in n = 12 studies, for example, by conducting
concurrent (e.g. “thinking aloud”; Gogolin et al., 2017) or retrospective interviews
(Justi & Gilbert, 2005; Lin, 2014). Reliability estimates (as evidence based on inter-
nal structure) were provided in many studies, for example, for all proposed rating
scale instruments (e.g. van Driel & Verloop, 1999). Although not always explicitly
treated in this way, evidence of validity based on relations to other variables was
provided in some studies. For example, Cheng and Lin (2015) compared students’
results on the SUMS questionnaire (Treagust et al., 2002) with their science learn-
ing performance and found significant positive correlations, which can be inter-
preted as validity evidence because it is assumed that an epistemological
understanding supports the learning of science concepts (Schwarz & White, 2005).

Another important source of evidence is the implementation of replication stud-
ies (cf. Borrmann et al., 2014). Fig. 7.2 proposes that there are four instruments that
have been subjected to replication studies so far: The SUMS questionnaire (Treagust
et al., 2002; replicated by, e.g. Gobert et al., 2011), the questionnaire about “Models
and Modeling in Science” (van Driel & Verloop, 1999; replicated by Borrmann
etal., 2014), the “My Views of Models and Modeling in Science” (VOMMS) ques-
tionnaire (Treagust et al., 2004; replicated by Chittleborough et al., 2005), and the
“Views on Models and Modeling C” (VOMM C) questionnaire (Justi & Gilbert,
2005; replicated by Justi & van Driel, 2005). However, only one instrument, the
SUMS questionnaire, seems to be established because it has been used in several
studies so far (Fig. 7.2).
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7.3 Conclusion and Discussion

As stated above, validity is a fundamental requirement for the interpretation of
assessment observations (Shavelson, 2013; Kane, 2013), and it “refers to the degree
to which evidence and theory support the interpretations of test scores for proposed
uses of tests” (AERA et al., 2014, p. 11). Kane (2013) further argued that research-
ers have to critically demonstrate the validity of test interpretations on the basis of a
variety of evidence, especially by considering the evidence that potentially threat-
ens the intended interpretation (cf. falsificationism). On the basis of the present
review, it can be concluded that there are hardly any questionnaires for the assess-
ment of modeling competence (or selected aspects) that meet these requirements
(cf. Nicolaou & Constantinou, 2014). This conclusion is in line with Osborne
(2013), who offered the criticism that there is a lack of evidence supporting the
validity of questionnaires for assessing scientific reasoning competencies. Thus, the
community needs to put more effort into the systematic evaluation of question-
naires. Two exceptional studies can be highlighted here: The SUMS questionnaire
(Treagust et al., 2002) was adopted and evaluated by different researchers, resulting
in validity evidence based on samples with different educational and cultural back-
grounds (Cheng & Lin, 2015; Derman & Kayacan, 2017; Everett, Otto, & Luera,
2009; Gobert et al., 2011; Treagust et al., 2002; Wei et al. 2014). Furthermore,
Gogolin (2017) systematically evaluated her instrument in line with the AERA et al.
(2014) standards, resulting in a forced-choice questionnaire suitable for assessing
11th- to 12th-graders’ meta-modeling knowledge. However, even this instrument
does not take into account the influence of different task contexts on students’
responses.

As discussed above, modeling competence is conceptualized as comprising abil-
ities to engage in modeling practices, as well as knowledge about models and the
modeling process in science (“meta-modeling knowledge”). Many instruments
included in this review focus on single aspects of FMC, especially on the knowledge
dimension of competence, and have been developed to assess, for example, stu-
dents’ understanding of models in science (Treagust et al., 2002) or students’ meta-
modeling knowledge (Gogolin, 2017). As mentioned above, the interpretation of
such test scores on the basis of such tasks as indicators of individuals’ modeling
competence may be questioned because modeling competence not only comprises
meta-modeling knowledge but also abilities to engage in modeling practices and,
depending on the definition, motivational aspects (Nicolaou & Constantinou, 2014;
Upmeier zu Belzen & Kriiger, 2010). Therefore, the interpretation of such test
scores as indicators of individuals’ modeling competence would require a powerful
argument for validity about, for example, meta-modeling knowledge strongly con-
tributing to or being a prerequisite for engaging in modeling practices. This assump-
tion has been made in the science education literature (e.g. Schwarz & White, 2005),
but the empirical evidence has shown that there might not be a coherent relation
between students’ meta-modeling knowledge and the quality of their modeling
practices (Chap. 9). Hence, depending on the goals of research, scholars have to be
cautious about which instrument they choose.
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One crucial aspect that is not yet understood by the research community is the
influence of different task contexts on observed test performance (Al-Balushi, 2011;
Krell et al., 2014b). This fundamentally calls into question the validity of existing
questionnaires because the interpretation of test scores as indicators of respondents’
competence levels means generalizing from “a person’s performance on a small
sample of tasks [...] the level of competence in the full domain” (Shavelson, 2013,
p- 80). As Shavelson (2013) further emphasized, this generalization requires that the
tasks on an instrument are representative of the whole universe of tasks that are suit-
able for assessing the targeted construct. Therefore, as long as the research com-
munity only knows that there is an effect of task contexts on test performance but is
not able to explain or predict this effect, we will not be able to claim representativ-
ity, and thus, we will not be able to make valid generalizations from test scores
(Krell et al., 2014b).

Another crucial aspect that directly concerns the focus of this review on written
assessments is the chosen task format. In line with the argument of test score inter-
pretation as a generalization (Shavelson, 2013), the task format is important, too.
Following the established conceptualization of modeling competence as a multidi-
mensional construct, comprising abilities to engage in modeling practices, as well
as knowledge about models and the modeling process in science, the aspect of meta-
modeling knowledge seems to be “over-evaluated” (Nicolaou & Constantinou,
2014, p. 72), and it makes sense to ask: To what extent is it valid to argue that
modeling competence can be assessed with questionnaires at all? Hence, Nicolaou
and Constantinou (2014) concluded that there is a need “for a more explicit and
more coherent theoretical framework for assessing knowledge, practices and pro-
cesses related to the modeling competence” (p. 72).

Finally, it is important to mention that many studies included in this review were
conducted before the argument-based approach for validation had been established
in science education research (AERA et al., 2014; Kane, 2013; Shavelson, 2013).
Most of the scholars involved in these studies did excellent work that was in line
with the current standards of test development at the time. However, from a contem-
porary point of view, more research is clearly necessary for developing and evaluat-
ing scales and questionnaires for the assessment of the different aspects of the FMC.
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Chapter 8
Drawing-Based Modeling in Teaching
Elementary Biology as a Diagnostic Tool

Wouter R. van Joolingen, Juliette Schouten, and Frank Leenaars

8.1 Introduction and Theoretical Background

An important goal of science education is to acquaint students with the goals and
methods of science, including the roles and functions of models. According to sev-
eral authors (DeBoer, 2000; Longbottom & Butler, 1998), not only must students
learn the facts of science, but they must also learn about science. Students should
adopt scientific thinking characteristics such as open-minded and critical thinking,
problem solving, an understanding of the relation between theory and evidence, and
hence, an understanding of the nature of scientific knowledge (Kuhn & Pearsall,
2000; Longbottom & Butler, 1998). As discussed in section A in this book and in
other literature, modeling is an important element of such scientific reasoning, and
modeling competence is the basis of science education (Louca & Zacharia, 2012;
Magnani, Nersessian, & Thagard, 2012; Windschitl, Thompson, & Braaten, 2008).

When modeling is brought to the classroom, students can develop a scientific
view on the world and engage in scientific thinking (Zimmerman, 2007). Science
education should explicitly address the acquisition of these higher order skills so
that students can develop the scientific literacy needed to be able to function as citi-
zens in modern society. Such skills and literacy are generally considered to be part
of the set of “21st century skills,” even though there are many versions of what these
skills entail (e.g. McComas, 2014).

Models play the role of objects that represent the relation between reasoning and
reality. In science education, models can be used to explain scientific phenomena
(e.g. as pictures or animations to display how enzymes work), as an object of study
(e.g. using a computer simulation), and as objects that can be constructed and
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modified by students (de Jong & van Joolingen, 2008; Grosslight, Unger, Jay, &
Smith, 1991).

Modeling in science education is often implemented as computer-based model-
ing in which students create executable models by writing programming code
(Blikstein, Abrahamson, & Wilensky, 2005; Brady, Holbert, Soylu, Novak, &
Wilensky, 2015) or differential or difference equations (Neves, Neves, & Teodoro,
2013; Teodoro & Neves, 2011), which are often supported by graphical representa-
tions that are based on system dynamics (Doerr, 1996; Milrad, 2002). For younger
children who lack the language needed to understand code or equations, such mod-
eling tools are out of reach, but other ways to specify computational models are
possible. In the approach described in this chapter, annotated drawings are used to
specify the behavior of the model. Drawings have been used to express and com-
municate knowledge in science education (Ainsworth, Prain, & Tytler, 2011), and
in our context, drawings are used as the basis for the modeling program SimSketch
(Bollen & van Joolingen, 2013; van Joolingen, Aukes, Gijlers, & Bollen, 2015). In
this approach, students create drawings of scientific phenomena and, using the lan-
guage of icons representing system behavior, convert these drawings into computa-
tional models. Furthermore, drawing-based modeling is very useful for early science
education because drawing enables children to turn their spontaneous thoughts into
more scientific concepts (Brooks, 2009).

In the current chapter, we investigate how teachers can integrate drawing-based
modeling into their classroom practice and how the development of students’ scien-
tific reasoning can be diagnosed as a result of having them engage in drawing-based
modeling with SimSketch. We provide a short introduction to scientific and model-
based reasoning before discussing the method and results of our study.

8.1.1 Scientific Thinking and Modeling Competence

Scientific thinking skills are required to link empirical evidence to theoretical con-
siderations (Kuhn, Amsel, & O’Loughlin, 1988). Zimmerman (2007) reviewed
many studies that have been conducted on this subject. He then explained that sci-
entific thinking is:
...the application of the methods or principles of scientific inquiry to reasoning or problem-
solving situations, and involves the skills implicated in generating, testing and revising

theories, and in the case of fully developed skills, to reflect on the process of knowledge
acquisition and change (p. 173).

Modeling involves these aspects of generating, testing, and revising theories
because models can be seen as theoretical representations of phenomena. Scientific
knowledge is a complex and dynamic network of models. Models are used to test
hypotheses and describe scientific phenomena. Learning goals for modeling are
related to the subject matter taught, to learning to model, and to the role of models
in science. In modeling, students learn to discuss and criticize their thoughts about
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their model and to reflect on their model (Louca, Zacharia, & Constantinou, 2011).
Modeling in science classes often takes the form of computer-based modeling.
Using software tools such as Co-Lab (Van Joolingen et al., 2005) or NetLogo
(Wilensky & Reisman, 2006), students create computer models of the phenomena
they are investigating. If students learn to model at a young age, using relatively
simple phenomena, we assume that this will be beneficial for their modeling educa-
tion in later years, involving more complex scientific phenomena. Earlier research
and reviews about learning by modeling have identified two reasons for why model-
ing has not gained ground in early education: the lack of tools and educational
materials and teachers’ lack of experience with using models for learning (Louca &
Zacharia, 2012, 2014; Louca et al., 2011).

Drawing-based modeling is aimed at addressing these reasons by providing an
easily accessible tool, SimSketch (Fig. 8.1), for teachers and students, without the
need for more advanced modeling skills (Bollen & van Joolingen, 2013). In earlier
studies, it was shown that learners from the age of 10 years old were capable of
creating computational models in the domains of astronomy (van Joolingen, Aukes,
Gijlers, & Bollen, 2015) and evolution (Heijnes, van Joolingen, & Leenaars, 2018).
In the current study, we integrated this tool into a series of lessons and investigated
how it functions in building modeling competence. In the lessons, students learn to
create their own representation of a scientific concept, while finding out which
resources will be relevant and reliable when used in their models. Drawing allows
them to deal with different representations of the same scientific concept, which
ensures creative reasoning (Ainsworth et al., 2011). Modeling with SimSketch takes
the form of assigning behaviors to the elements of a drawing. For instance, in a
model of evolution, the behavior of “reproducing” can be assigned to a drawn ani-
mal, resulting in offspring with a slightly mutated color. Predators can hunt and eat

Fig. 8.1 Drawings in SimSketch of Dyad A during the practice lesson. In the online modeling and
drawing tool SimSketch, different behaviors (e.g. reproduction, mutation, and hunting behavior)
can be given to the objects
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animals when they have been assigned the “hunting” behavior. Creating this repre-
sentation is modeling in itself, but SimSketch adds the executable nature of a model,
allowing for a quick cycle of constructing, evaluating, and revising activities that are
closely connected to scientific thinking and the aspects of modeling competence. In
this way, drawing-based modeling is a real scientific activity that may contribute to
scientific thinking.

8.1.2 Assessing the Understanding of Models

Earlier research found that modeling can contribute to a better understanding of the
nature of science (Louca et al., 2011; Sins, Savelsbergh, van Joolingen, & van Hout-
Wolters, 2009b; Chap. 4). This in turn may lead to more proficient scientific think-
ing because modeling is an important part of scientists’ work. When students learn
more about modeling, they also gain more insights into the approach that scientists
use. In this study, the level of understanding of models is used as an indicator of a
shift in students’ thoughts about the nature of science. Griinkorn, Upmeier zu
Belzen, and Kriiger (2014) developed a framework for assessing students’ under-
standing of scientific models (Chap. 1). They used five categories: nature of models,
multiple models, purpose of models, testing models, and changing models, reflect-
ing both the epistemological aspects of models as representing scientific knowledge
and the roles of models in science, including their relations with empirical evidence.
Both aspects are important as the roles link models with scientific reasoning, and
the epistemological aspects stress epistemological understanding, which influences
students’ cognitive processing on a modeling task (Sins et al., 2009b).

The aim of this study is to gain insight into the opportunities for using drawing-
based modeling for teaching, learning, and assessment in science education, inte-
grated in a classroom environment. The main research question is:

How can drawing-based modeling be used in a science education classroom to
develop and assess students’ modeling competence?

We focused on two specific aspects of modeling competence: (a) students’
understanding of models and (b) the ways in which students’ reasoning processes
can be indicators of their modeling competence. The main question was divided into
three partial questions:

1. How can we extract students’ modeling competence from their behavior in creat-
ing SimSketch models?

2. How does drawing-based modeling change students’ understanding of models?

3. How is student reasoning about drawing-based models related to their modeling
competence?

As part of a design-based study design, we developed a series of lessons with the
topic of the evolution of snails, with a target audience of ninth-grade students
(14-15 year olds) in general secondary education. In order to address the link
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between empirical data and theory, we established a link with a large European
science project. In four lessons, students learned to use the modeling tool, collected
data, created models for explaining the data, and reflected on the modeling process.
We expected this lesson series to result in students’ deeper understanding of scien-
tific reasoning and the nature and use of models.

8.2 Method

In the design phase of this study, learning goals were elaborated, and the lessons
were designed in collaboration with teachers and domain experts. In the implemen-
tation phase, the lessons were taught in seven ninth-grade classes. Process and out-
come measures were collected in order to assess students’ modeling competence.

8.2.1 Design

The students learned to understand modeling in the context of the evolution of
snails. Prior to the lesson series, students had acquired knowledge about evolution
as part of their regular teaching program. The lesson series focused on the construc-
tion of models showing the dynamics of evolutionary processes.

The lesson series was developed in cooperation with Naturalis Biodiversity
Centre in Leiden, the Netherlands. Naturalis participates in “The Evolution
Megalab,” a European citizen science project designed by the Open University in
the United Kingdom in 2009 (Worthington et al., 2012). On the website of the
Evolution Megalab, the color polymorphism of the snails is explained, and obser-
vations of the shell color, banding, and environment can be studied. Participants can
also collect their own data by finding snails in their environment and can add their
data to the database. An expert group was formed to discuss the contents of the les-
son series. This expert group consisted of two experienced employees of Naturalis
from the department “Educational development” as well as the first two authors of
this chapter.

The lesson series was designed to achieve four learning goals related to the
development of modeling competence. These goals were supposed to be met at the
end of the lesson series:

1. The students are able to relate a model to the real situation (understanding the
nature of models).

2. The students are able to evaluate the model they created (testing and changing
models).

3. The students are aware of the fact that a model is not a copy of reality (under-
standing the nature of models as well as testing and changing them).
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4. The students recognize similarities between their own method of working and
the way scientists use models in their work (understanding the nature and pur-
pose of models).

To summarize, these learning goals are related to modeling competence as
described in Chap. 1, especially to understanding the nature of modeling (on levels
II and III, learning goals 1 and 3) and to testing and changing models in relation to
their purpose (on levels II and III, learning goals 2 and 3).

The lesson series consisted of four lessons, and separate learning goals were
formulated for each lesson. The general construction of the lesson series was:

e Lesson 1: Introduction to modeling and practicing with SimSketch

e Lesson 2: Collecting data in the field about the evolution of the snail
e Lesson 3: Modeling the evolution of the snail with SimSketch

e Lesson 4: Reflecting on models and their connection to science

The lessons were adjusted to the test school, where each lesson took 45 min. The
first versions of two of the four lessons (lessons 1 and 3) were given in a grade 10
class with 21 students. These two lessons included the most innovative aspect of the
series: using SimSketch to create computational models. After the pilot, the lesson
series was adapted on the basis of the students’ and teacher’s experiences.

8.2.2 Participants

Seven ninth-grade classes from one secondary school with a total of 204 students
participated in this study. The classes belonged to two levels of general secondary
education, four classes were part of “higher General education” (marked G below),
and three classes were “Preparatory higher education” (marked P below). These
classes were taught by three different teachers. An overview can be found in Fig. 8.2.
Participation was obligatory for all students, and the exercises in their student man-

Teacher Class Number of students Complete sets of modeling questions
1 Gl 32 20
G2 32 25
2 G3 29 10
G4 29 10
Pl 28 17
P2 28 8
3 P3 26 20
Total: 7 classes 204 students 110 sets

Fig. 8.2 Overview of the teachers, classes, number of students, complete sets of modeling ques-
tions on pre- and post-tests, and the videotaped dyads
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ual were graded. Unfortunately, due to practical circumstances, only about half of
the data sets were completed (Fig. 8.2). None of the students had previous experi-
ence with drawing-based modeling or with any other kind of computer-based mod-
eling. We deleted the pre- and post-tests of students who did not finish, did not fill
in the answers seriously, or submitted unreadable answers due to bad handwriting.

8.2.3 Conditions

In all lessons, the students worked in pairs or triplets. The conditions of the field-
work differed between the classes. Five worked during a week with cold nights.
Two classes went to the field a week later because it was damper and warmer out-
side, and there were probably more snails. In the final lesson, a Skype session with
a scientist from Naturalis was planned to help students make the connection between
models and their use in science. Four classes actually engaged in this session. The
students in the other three classes were able to ask questions of the first author of
this chapter, who was present at every lesson.

8.3 Data Collection and Analysis

8.3.1 Change in Students’ Understanding of Models

We examined the effect of the lesson series on students’ understanding of models
using a pre- and post-test design. Eight open questions on the tests asked about
students’ understanding of models, thus modeling competence. These questions
were used in a questionnaire from a previous study about the relation between stu-
dents’ epistemological understanding of computer models and their cognitive pro-
cessing on a modeling task (Sins, Savelsbergh, van Joolingen, & van Hout-Wolters,
2009a). There were two questions each concerning the aspects of modeling compe-
tence (Fig. 1.3) except changing models. Questions addressed general modeling
features such as “What is a model in your opinion? (nature)” and “Why do scientists
use models? (purpose)” and also included reactions to statements such as “Scientists
need to test their models (testing models)” and “It is impossible to determine which
model is the best (multiple models).”

We developed a scoring system for these eight questions on the basis of the
revised framework for students’ understanding of models and their use in science,
including levels of complexity and their categories (Griinkorn et al., 2014). In gen-
eral, a level 1 understanding implies that students see models as simple copies of
reality. At level 2, students realize that there are specific choices that they need to
make to arrive at a suitable scientific model and that a model is a possible variant of
reality. At level 3, students understand that models can be used to test hypotheses
and that the modeler plays an active role in the modeling process (Grosslight et al.,
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1991; Griinkorn et al., 2014; Sins et al., 2009a). We examined whether there was a
shift in students’ understanding between the pre-test and post-test. Indications of
this shift would be a shift from modeling competence levels 1 and 2 to level 3,
which is a shift from seeing models as media to seeing models as a research tool.

8.3.2 Scientific Reasoning

In addition to the quantitative data, we videotaped two pairs of students during the
two lessons in which they worked with SimSketch in order to gain insights into their
reasoning with the models and modeling tool. Video transcripts were analyzed for
statements about scientific reasoning, and the SimSketch drawings students made
were used to support our findings from the evaluation of students’ scientific reason-
ing processes.

8.4 Results

In this section, we combine quantitative data from the pre- and post-tests with a
qualitative analysis of the statements students made, their answers on the exercises,
and the models they drew.

8.4.1 Understanding of Models

A change in students’ understanding of models was tested by a statistical analysis
of the pre- and post-tests the students (N = 110) had to fill out. Descriptive statistics
of the test scores of all students can be found in Fig. 8.3, such as the test scores of
subgroups consisting of G and P students.

Total test score

Students N M (SD) Median 95 % C1
Pre All 110 6.92 (2.15) 7.0 [6.51, 7.32]
Post All 110 8.32 (2.38) 8.5 [7.87, 8.77]
Pre G 65 6.56 (2.34) 6.0 [5.85, 7.26]
Post G 65 7.53 (2.32) 8.0 [6.84, 8.23]
Pre P 45 7.47 (1.77) 8.0 [6.94, 8.00]
Post P 45 9.42 (2.20) 9.0 [8.76, 10.08]

Fig. 8.3 Means, standard deviations, and confidence intervals for the total test scores of all stu-
dents together, the G students, and the P students (Nofe. The maximum score of a test is 24)
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8.4.2 The Progress of All Students

Because students’ test scores were not normally distributed, a Wilcoxon signed-
ranks test was used. The output indicated that the median post-test scores were sta-
tistically significantly higher than the median pre-test scores (Z = 5.43, p < 0.001).
Cohen’s d, a measure of effect size, (d = 0.62) suggested a medium effect, although
the final level could not be considered very high.

8.4.3 Difference Between G and P Students

As expected, Mann Whitney U tests showed higher pre-test scores for P students
than for G students (U = 1022.00, p = 0.007). However, the effect size (d = 0.45)
suggested a small effect. On the post-test, a similar difference was found:
(U =1797.50, p < 0.001). In this case, the effect size (d = 0.83) suggested a large
effect. Separate Wilcoxon signed-ranks tests for the P and G groups showed a small
gain for G students (Z = 3.16, p = 0.002, Cohen’s d = 0.44) and a large effect for P
students (Z=4.55, p <0.001, d = 0.99).

8.4.4 Progress per Aspects of Modeling Competence

The answers to the questions on the pre- and post-test with an open format were
qualitatively categorized into the four aspects of the framework for modeling com-
petence (Fig. 8.4).

Wilcoxon signed-ranks tests show that students scored significantly higher on
questions on the post-test on the nature of models (d = 0.74) and multiple models
(d =0.28) than they did on the pre-test. No significant differences were found for the
purpose of models and model testing.

Wilcoxon signed-ranks test

Aspect n Mdn pre-test Mdn post-test Z p
Natureof models 110 2.00 3.00 5.47 <.001
Multiple models 110 1.00 2.00 2.28 .023
Purposeof models 110 2.00 2.00 1.76 .079
Testing models 110 2.00 2.00 .88 .380

Fig. 8.4 Medians for the test scores for the different aspects and output from the Wilcoxon signed-
ranks test
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8.4.5 Scientific Reasoning Process

Two pairs of students were videotaped during the first and the third lessons. During
the first lesson, we could see how they practiced with SimSketch, and during the
third lesson, we could see what elements of the model they drew, what they dis-
cussed about the model, and the amount of help they needed. In this section, we
report the results of the analyses about statements, drawings, and exercises for these
two dyads on the different levels of scientific reasoning (Fig. 8.4).

8.4.5.1 DyadA: Class G1

In the first lesson, this dyad tried all the buttons available in SimSketch. For exam-
ple, they drew a rabbit and a lion and gave them all kind of behaviors (Fig. 8.1).

In the third lesson, student 1 of this dyad took the lead. A few statements made
by this student in this discussion can be read below. Student 2 did not respond and
was distracted most of the time. All quotes were translated from Dutch into English.

Student 1:  “How can the snails suddenly have other colors?” (1.26 min.) [...]
Student 1:  “All kinds of new species originated.” (2.12 min.) [...]

Student 1:  “They adapt to their environment, I like that.” (3.35 min.) [...]
Student 1:  “Miss, what should we do now?” (5.44 min.)

Teacher: “You need to create a background, like a big colored surface, which is
the forest.” [...]

Student 1:  “We need to draw a yellow and a brown or pink snail.” (8.38 min.)

Student 1:  “Wow! New species originated.” (13.26 min.) [...]

Teacher: “It looks good, but what is missing from your drawing?”’ (14.50 min.)

Student 1:  “A background and a bird.”

The student’s and teacher’s discussion consisted of four subtopics. The student
made two observations and had one idea of his own. The student did not elaborate
on his observations. The student said that the snails adapted to their environment,
even though he had not yet drawn an environment. Furthermore, the student
incorrectly inferred that a new species had emerged. Help from the teacher was
needed to get the student to think about other possible objects in his model, such as
a background and a thrush. No further explanations or logical connections were
made by this student. From this point of view, the student did not engage in higher
levels of scientific reasoning. No improvement in modeling competence could be
gleaned directly from the conversation with the teacher either.

The student drew a yellow and a brown snail, and he assigned behavior to the
snails so they could move and split and change colors. A background (the surround-
ings) and the bird were missing from his drawing. In the preparatory scheme on the
worksheet, they indicated that there should be two different kinds of backgrounds,
so he understood all the aspects he was supposed to draw. This exercise was meant
to get the student to first think about possible elements and behaviors in his model.
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In general, after each simulation, this dyad as well as other dyads needed to
change the behaviors or drawings in order to match their model with their own con-
clusions. Many students did not go beyond simply drawing some elements.

8.4.5.2 Dyad B: Class G3

This dyad practiced with SimSketch by drawing a rabbit and giving it all kinds of
possible behaviors to see what happened. After some confusion about the exercises
in the third lesson, they focused on modeling the evolution of the snail.

Student 1:  “You can see that green conceals better on green than green on
orange.” (21.42 min.) [...]

Student 2:  “We have to make it complete.” (26.35 min.) [...]

Student 1:  “In fact a snail cannot really evolve.” (29.29 min.) [...]

Student I:  “Now we are going to make a background.” (30.34 min.) [...]

Student 1:  “It must be a very simple model.” (31.05 min.) [...]

Student 1:  “The snail does not need to split right?”” (33.00 min.)

Teacher: “Splitting, or in this case reproduction, seems to be useful for natural
selection. You need to make a background in which the bird sees the
snail or not. The snail with the best camouflage colour stays alive and
can reproduce himself.” [...]

Student 1:  “We need to make the background green, in order that the green snail
can conceal better than the red snail.” (36.10 min.) [...]

Student 1:  “The bird eats the red snail and the green snail can split now.”
(41.25 min.)

Student 2:  “Actually the bird must split and eats snails. But the birds die eventu-
ally because there are no snails anymore.”
Student 1:  “They now adapt to the background.”

These students had some ideas about modeling, such as keeping it simple and
making it as complete as possible. Student 1 in particular elaborated on his thoughts
about the evolution of the snail. Student 1’s statement that a snail cannot really
evolve came out of the blue. Furthermore, they had some trouble with the behaviors
they should use in SimSketch, such as splitting. The students thought about the
environment they wanted to draw but again needed help from the teacher to really
draw the background in SimSketch. Compared with the first dyad, this dyad engaged
in higher levels of scientific reasoning, especially because they justified their ideas
at the end of the lesson.

If we evaluate the exercises they completed on their worksheet, we can conclude
that they gained a deeper understanding about how to model the evolution of the
snail. This can be seen in Fig. 8.5. The students explained what kinds of changes
they made in their model to arrive at a more realistic view. They understood that
snails who adapted to the environment had a higher probability of surviving and
reproducing, thus leading to more adapted snails.
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Simulation round Changes I made Effects of the changes

2 Addition of a background The snail is better camouflaged

3 Let the bird hunt The bird eats the least camouflaged snail
4 The snail adapts The bird does not see the snail anymore

Camouflaged snail repro-
5 duces More camouflaged snails appear

More adapted snails appear,and they are
6 The snail mutates quite safe from the birds

Fig. 8.5 The notes on changes to the model made by dyad B in the student guide

Despite the fact that some of the changes were formulated in an incorrect way
(e.g. in the simulations, individual snails do not mutate, but a snail’s offspring can
have a slightly mutated color), students showed progress by developing increasingly
adequate models.

8.5 Conclusion

The aim of the present study was to gain insight into the role of drawing-based
modeling in supporting scientific thinking and to obtain an impression of students’
modeling competence by inspecting their reasoning with the models. We did this by
investigating the effects of the lesson series on students’ understanding of models
and their scientific reasoning processes, which in turn reflected students’ level of
understanding. From the two cases that we presented, we could see that this was not
trivial. Only in the second of these cases did we see a clear reference to the purpose
of the model (it should be simple) and the relationship to reality: “a snail cannot
evolve.” In contrast to this, the student from the first group was very task-directed
when working on the 11 modeling task and showed no meta-modeling knowledge.
In such a way, by inspecting the students’ statements, we obtained information not
only about their reasoning about the domain but also on the extent to which they
understood models.

8.5.1 Understanding of Models and the Role of Models
in Science

The lesson series contributed to a slight increase in students’ understanding of mod-
els. Effects were significant but small. Students specifically scored higher on the
questions about the nature of models and multiple models. This seemed strange
because, during the building process, students would be expected to better
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understand the need to test models because they had to test the different versions of
the models while building them. A possible cause may be that they do not see that
kind of testing as part of the modeling process but only as a technical procedure that
needs to be followed to reach a certain goal. This idea was partly confirmed by the
students’ logs and statements, which tended to focus on technical matters. The
reflection lesson involving a question and answer session with the researcher
focused more on the aspects on which the learners improved.

There was a clear difference between the scores achieved by the general educa-
tion G group and the preparatory higher education P group. The students in the P
group scored higher on both the pre-test and post-test than the G students. Especially
on the post-test, the P students scored higher, which was confirmed by the large
effect size. This conclusion was expected because P students were expected to have
a deeper understanding. Furthermore, the P students’ drawings and discussions
were of higher quality on average. In general, they drew more elements related to
the evolution of the snail in their models, and they made more adaptations to their
models. Despite these findings, it is important to point out that the G students also
achieved a significant shift in scores from their pre-test to post-test even though the
scores were lower than the P students’ scores. Although the G group showed only a
small effect, drawing-based modeling can still be a useful learning method for G
students as well.

Overall, the progress in modeling competence was small but measurable.
Although this may look disappointing at first glance, it should be kept in mind that
this progress occurred after only four lessons. This means that this small increase is
encouraging as a basis for further research involving more extensive modeling
activities. What is important is that measurable progress was made, and it could be
measured with a relatively simple measurement instrument.

8.5.2 Tracing Reasoning with Models

The use of drawing-based modeling in a lesson series can be used to support stu-
dents’ model-based reasoning. Moreover, in combination with assessments of mod-
eling competence (Griinkorn et al., 2014), we can get an indication of students’
modeling competence by having them work with the modeling tool, by tracing their
model, and by observing the changes and predictions they make about the effects of
these changes.

However, the modeling activities that students’ recorded on their worksheets
sometimes showed that the teacher intervened in the modeling process by scaffold-
ing the learning process. A teacher’s support has an influence on the modeling task
and the scientific reasoning processes of the students. Although help is needed to
reach higher levels of scientific reasoning, as can be seen in the videotapes of the
dyads, if given in a spontaneous way, it may blur insights into how students develop
their own reasoning. Part of the support the teacher had to give was related to the
changes students had to make in their models in order to get them up and running.
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Although the students practiced with SimSketch for at least 20 min in the first
lesson, it took a while before they understood the principle of modeling in the third
lesson. This principle implies that students first drew a model with some basic ele-
ments and behaviors. Scaffolding and probably more time to complete the task
potentially led to learners expressing more ideas, explanations, justifications, and
elaborations on their scientific reasoning processes.

Overall, SimSketch proved to be a modeling tool that can be used to foster and
study modeling processes for students in lower secondary education. Drawing-based
modeling provides a way for students to create computational models before they are
able to program or process mathematical equations. Students were able to create rea-
sonable models and reason about them even though a large amount of time still had to
be devoted to technical issues with the tool, and scaffolding was required. To use the
environment as a way to assess students’ modeling competence, it is important to take
into account the number and type of scaffolds given by the teacher. Despite this fact,
students’ models and reasoning logs in SimSketch will provide teachers and research-
ers with valuable insight into the development of students’ modeling competence.
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Chapter 9
The Black Box Approach: Analyzing
Modeling Strategies

Moritz Krell and Susann Hergert

9.1 Introduction

As outlined in Chap. 1, modeling competence in science education is understood as
a multidimensional construct, comprising abilities to perform modeling practices as
well as knowledge about models and the modeling process in science (‘“‘meta-
modeling knowledge”). Researchers have proposed a positive relationship between
these two dimensions, suggesting that “metamodeling knowledge guides the
practice [...], enabling students to more effectively plan and evaluate their
investigations” (Schwarz et al., 2009, p. 635) and that engaging in modeling
practices contributes to developing and deepening meta-modeling knowledge.
There is some evidence that supports these ideas (e.g. Cheng & Lin, 2015; Gobert
& Pallant, 2004; Jong, Chiu, & Chung, 2015; Schwarz & White, 2005). However,
most studies have been correlational (e.g. Schwarz & White, 2005) and therefore do
not allow causal inferences to be drawn. Recently published review articles (Louca
& Zacharia, 2012; Nicolaou & Constantinou, 2014) have revealed that research on
modeling competence tends to focus on the assessment of meta-modeling knowledge
(e.g. Justi & Gilbert, 2003; Krell & Kriiger, 2017; Schwarz & White, 2005).
Furthermore, the quality of modeling processes has mostly been assessed post hoc
by analyzing the appropriateness of modeling products (i.e. models) (e.g. Cheng &
Lin, 2015; Jong et al., 2015). Consequently, Nicolaou and Constantinou (2014,
p. 72); emphasized that “there is no completely coherent way to conceptualize or to
assess modeling [processes].”

This contribution argues that the black box approach is suitable for conducting
process-based analyses of modeling and for fostering modeling abilities when

M. Krell (<) - S. Hergert
Freie Universitit Berlin, Berlin, Germany
e-mail: moritz.krell @ fu-berlin.de

© Springer Nature Switzerland AG 2019 147
A. Upmeier zu Belzen et al. (eds.), Towards a Competence-Based View

on Models and Modeling in Science Education, Models and Modeling

in Science Education 12, https://doi.org/10.1007/978-3-030-30255-9_9


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-30255-9_9&domain=pdf
https://doi.org/10.1007/978-3-030-30255-9_1
mailto:moritz.krell@fu-berlin.de
https://doi.org/10.1007/978-3-030-30255-9_9#DOI

148 M. Krell and S. Hergert

additional guidance and opportunities for explicit reflections are provided. In the
theoretical part of this contribution (Sects. 9.2 and 9.3), the appropriateness of the
black box approach for diagnosing and fostering modeling abilities is explored. In
the empirical part (Sects. 9.4 and 9.5), we will illustrate how the black box approach
can be used to analyze pre-service science teachers’ modeling strategies and to
foster secondary school students’ modeling competences. Whereas study 1
contributes to science education research by providing different modeling strategies
and an instrument (category system) that can be used to analyze them, study 2 offers
an instructional setting that can be adapted by practitioners in science education.

9.2 Modeling

In a simplified form, scientific modeling can be regarded as an iterative, cyclical
process of developing and evaluating representations of phenomena with the aim
of further investigating the phenomena under consideration (Clement, 1989; Giere
et al., 2006; Krell, Upmeier zu Belzen, & Kriiger, 2016). Model development is
understood as a creative process in which analogy generation, metaphorical rea-
soning, thought experiments, and imagistic simulations occur (Bailer-Jones,
1999, 2009; Clement, 2009). On the basis of the modeler’s knowledge and experi-
ences, an initial model that represents selected parts or variables of the system is
developed (Clement, 1989). The model then has to be evaluated with respect to its
internal consistency and the extent to which it can provide an adequate representa-
tion of what was observed (Clement, 1989; Mahr, 2011). Thus, the model itself
(i.e. the model object; Mahr, 2011) has to be (logically) consistent, and the model
needs to be able to reproduce or to explain the phenomenon retrospectively. From
this perspective, the model can be conceptualized as a medium for adequately
representing selected parts of the system (model of something; Gouvea &
Passmore, 2017; Krell et al., 2016; Mahr, 2011; Chap. 1). Furthermore, it is pos-
sible to deduce predictions about how the system should behave under certain
conditions by mentally or materially manipulating the model (Giere et al., 2006;
Godfrey-Smith, 2006). These predictions can be tested by conducting experi-
ments or by making scientific observations. If the predictions turn out to be false,
it is likely that the model does not fit the system (Giere et al., 2006; Godfrey-
Smith, 2006). Consequently, the model has to be changed or rejected, and the
evaluation of the model starts from the beginning (cyclical process). This leads to
the evaluation of assumptions and to further insights about the underlying phe-
nomenon. From this perspective, models can be conceptualized as tools for scien-
tific reasoning (model for something; Gouvea & Passmore, 2017; Krell et al.,
2016; Mahr, 2011; Chap. 1).
The strategy of scientific modeling can be summarized as follows:
The modeler’s strategy is to gain an understanding of a complex real-world system via an

understanding of a simpler hypothetical system that resembles it in relevant respects
(Godfrey-Smith, 2006, p. 726).
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Standard documents in science education in various countries have emphasized
that scientific modeling practices should be implemented in science classes (e.g.
Australia: VCAA, 2016; Germany: KMK, 2005; USA: NGSS Lead States, 2013).
Campbell and colleagues proposed five “modeling pedagogies” that can be
applied in science classes (e.g. Campbell, Oh, Maughn, Kiriazis, & Zuwallack,
2015): exploratory modeling (investigating a pre-existing model), expressive
modeling (developing a model to express ideas about a phenomenon), experi-
mental modeling (deducing predictions from a model and testing them empiri-
cally), evaluative modeling (comparing and evaluating alternative models of/for
the same original), and cyclic modeling (being engaged in the cyclical process of
model development, evaluation, and modification). Studies have found that
expressive and exploratory modeling are the most frequently used pedagogies in
science education, whereas cyclic modeling is least often applied (Campbell
et al., 2015; Krell & Kriiger, 2016).

9.3 Modeling and the Black Box Approach in Science
Education

One approach for initiating science practices — for example, modeling — in science
classes is the black box approach (e.g. Koch, Krell, & Kriiger, 2015; Ruebush,
Sulikowski, & North, 2009). Hereby, a black box is an entity with an invisible
internal system that can be investigated by manipulating the input and observing the
resulting output. A generic definition of the term black box was proposed by
Glanville (1982, p. 1):

Briefly, a black box can be characterized as: (a) being believed to be distinct, (b) having
observable (and relatable) inputs and outputs, (c) being black (that is, opaque to the
observer).

Upmeier zu Belzen (2014) highlighted that a black box may be used in science
education to represent elements of science and scientific practices on three dif-
ferent levels. On the first level, the black box represents a natural phenomenon,
and the exploration of the black box represents the process of scientific discov-
ery. On the second level, the black box and its exploration can be seen as an
abstract representative of the nature of science, and reflections on the exploration
of the black box provide opportunities to reflect on the nature of science (cf.
Lederman & Abd-El-Khalick, 2002). On the third level, the process of exploring
the black box can be regarded as a problem-solving process that is applied not
only in the sciences but also in other scientific disciplines and everyday life
(Upmeier zu Belzen, 2014).

Consequently, various black boxes are used in science education for different
purposes. Most published approaches for using black boxes in science education
have proposed that a black box can be used as a teaching/learning aid to foster
conceptual knowledge (e.g. Berge, 2007; Chakrabarti et al., 2013) or knowledge
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about (the nature of) science (e.g. Abd-El-Khalick, 2002; Crowe, 1968; Ferstl &
Schneider, 2007; Miller, 2014). Most of these articles have been related to phys-
ics education (e.g. Berge, 2007; Chakrabarti et al., 2013; Keller & Wang, 1994;
Lietz, 2007). Only a few of the studies in which a black box was used for teach-
ing/learning provided evidence for the efficacy of the approach. For example,
Akerson et al. (2000) showed that a reflective, explicit, activity-based approach
that included two black box activities successfully improved pre-service teach-
ers’ views of the nature of science. Other authors were successful in fostering
subjects’ views of models and modeling in science by means of black box activi-
ties (e.g. Cartier, 2000; Koch et al., 2015; Ruebush et al., 2009). Furthermore,
some studies have provided evidence that students positively evaluate black box
activities (e.g. Hildebrandt & Oliver, 2000; Kiiciik et al., 2011). Finally, some
authors suggest that black boxes should be used for assessment/diagnostic pur-
poses (e.g. assessment of lateral thinking skills (Arsad et al., 2012), problem
solving skills (Biinder et al., 2006; Mie & Friege, 2004), or modeling strategies
(Krell, Walzer, Hergert, & Kriiger, 2017)). To summarize, black box approaches
are used to achieve various educational goals (e.g. fostering conceptual knowl-
edge, knowledge about science), but empirical evidence for the efficacy of the
approaches is often missing.

This article focuses on the use of a water black box (MUSE, 2002) for assess-
ing and fostering skills related to modeling competence in science education.
Hence, the black box is treated as a rather abstract representation of a natural
phenomenon, and the respondents are asked to explore the black box, thereby
simulating the process of scientific discovery (Upmeier zu Belzen, 2014). In
study 1 (Sect. 9.4), pre-service science teachers individually engage in modeling
a black box without further guidance. Their activities are videotaped and ana-
lyzed using a category system. Modeling strategies are inferred by analyzing the
pattern of activities. In study 2 (Sect. 9.5), pairs of secondary school students
follow an instructional sequence to model the black box in given phases and
subsequently reflect on their activities. The findings propose that the sequence is
appropriate for fostering students’ meta-modeling knowledge and for making
their modeling activities explicit.

Both studies that are introduced next use a black box that is literally a black box
with a funnel on top of it so it can be filled with water. As a consequence of the
arrangement of the inner system of tanks and overflow pipes (two ‘““siphons”), and
depending on the input, the output flows out through a pipe at the bottom of the box.
For example, when 400 ml of water is poured into the black box six times in a row,
the output pattern is 0 ml, 400 ml, 600 ml, 400 ml, 0 ml, 1000 ml (Krell et al., 2017:
detailed description of the black box).
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9.4 Study 1: Analyzing Pre-service Science Teachers’
Modeling Strategies

9.4.1 Design, Methods

The main objectives of this ongoing study are to provide a qualitative analysis of
pre-service science teachers’ activities in the process of scientific modeling and to
infer pre-service science teachers’ modeling strategies (cf. Gohner & Krell, 2018).
For this purpose, pre-service biology teachers who are enrolled in bachelors
(currently n = 1) or masters (currently n = 5) programs at one public university in
Germany volunteered to take part in this study. To get the participants engaged in
the process of scientific modeling, the abovementioned water black box was used.
Participants’ task was to graphically develop a model of the inner system of the
black box. Thereby, it was not necessary for participants to figure out the “correct
solution” because the focus of the data analysis was on the modeling process and
not on the final model.

The participants worked on this study individually. In order to get insights into
their reasoning processes, they were asked to think aloud (Ericsson & Simon, 1998).
The activities of the participants were audio- and videotaped, and their verbalizations
were fully transcribed.

The data analysis falls within the methodological framework of a qualitative
content analysis (Schreier, 2012). A deductively developed and inductively refined
category system was applied to identify the participants’ modeling activities. The
category system included the following categories (i.e. activities): perceiving a
phenomenon, exploring the system, activating analogies and experiences, developing
a model, testing the model as a model of something, changing the model as a model
of something, rejecting the model, confirming the model as a model of something,
testing the model as a model for something, refuting hypotheses, supporting
hypotheses, changing the model as a model for something (note that most categories
were further subdivided into sub-categories; cf. Krell et al., 2017). Each participant’s
pattern of activities was analyzed and compared with theoretical descriptions of
modeling processes (e.g. Campbell et al., 2015) to infer the participants’ modeling
strategies.

Before the participants were introduced to the black box activity, their meta-
modeling knowledge was assessed using five open-ended questions (Krell & Kriiger,
2016) that were developed on the basis of the framework for modeling competence.
A category system (Krell & Kriiger, 2016) was used to decide whether the
participants expressed meta-modeling knowledge related to level I (naive), level 11
(intermediate), or level III (sophisticated).

The analyses of both data sources were independently conducted by two research-
ers, and Cohen’s Kappa was calculated as a measure of interrater agreement.
Differences in the assigned categories were resolved through discussion.
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9.4.2 Findings

Cohen’s Kappa was 0.60 < K < 0.80 for the analysis of the open-ended questions,
and it was 0.46 < K < 0.84 for the analysis of the modeling activities. In the open-
ended questions, the participants mainly expressed an intermediate level of meta-
modeling knowledge (level II), and only two of them expressed sophisticated views
on level III.

In the following, data from one case (“Julia”) are presented as an example. Julia
was a pre-service biology teacher with food science as a second subject, studying in
the fifth semester of a bachelors program at the time of data analysis. Julia was
selected because her pattern of activities exemplifies cyclic modeling (cf. Campbell
et al., 2015), which is rather seldom identified in samples of (pre-service) science
teachers (see Krell et al., 2017, for a detailed description of a case of expressive
modeling).

In the open-ended questions, Julia expressed meta-modeling knowledge on level
II. The codeline (Fig. 9.1) illustrates the pattern of Julia’s modeling activities in a
chronological sequence and suggested a modeling strategy. In the codeline, each
circle represents a coding unit (i.e. activity). The process analysis of Julia’s modeling
activities revealed that she mainly operated in six phases (Fig. 9.1): (I) an exploration
phase, (II) a modeling phase (model of something), (III) a modeling phase (model
for something), (IV) an exploration phase, (V) a modeling phase (model of
something), and (VI) a modeling phase (model for something).

Exploration Phases (I, IV): Julia mainly explored the behavior of the black box
by pouring water into the black box and observing the resulting output.

Modeling Phases (Model of Something) (II, V): Julia performed a sequential
development of models on the basis of her observations (i.e. model of something).

sequence of activities performed by Julia

| 1] 11l \% \ \

Phenomenon - . .
Exploration - sssessssssssss T .. ase s sene &
Analogies/Experiences - . . . . . . . .
Develop M- " o0 e sss @ . o =
Test M (of sth.) - .. R . .
Change M (of sth.)- L . . .
Reject M - . * s . . . .
Confirm M (of sth.)- . .
Test M (for sth.) - . . .
Refute hypothesis - . .
Support hypothesis - .
Change M (for sth.)- .

Code

Time

Fig. 9.1 The codeline illustrates the sequence of activities performed by Julia with time on the x
axis increasing from left to right. Note that the solid circles are related to coding units (i.e.
activities) and not to a standardized amount of time. See the text (paragraph 4.1) for the full names
of the activities



9 The Black Box Approach: Analyzing Modeling Strategies 153

She evaluated the models’ explanatory power by retrospectively comparing her
observations with the behavior she expected from the respective model. This led to
the rejection of various models. During these phases, Julia activated experiences
and used analogies for model development.

Modeling Phases (Model for Something) (III, VI): Julia used the models to pre-
dict the behavior of the black box and, by testing these predictions, indirectly evalu-
ated the adequacy of the models (i.e. model for something).

The identification of the six phases in Julia’s modeling process led to the inter-
pretation of her modeling strategy as cyclic modeling (cf. Campbell et al., 2015)
because she repeatedly developed, evaluated, and improved her models.

Four of the five remaining pre-service science teachers engaged in expressive
modeling because they developed models of the black box on the basis of their
observations but did not further evaluate their models by deducing and testing their
predictions. One pre-service science teacher demonstrated a rather unsystematic
method of model development because, for example, he did not consequently
develop his models on the basis of the observations he made, but he instead used
models to express his ideas without evaluating the ideas with respect to the data.

Julia expressed meta-modeling knowledge that would fall on level II, which
means an understanding of models as models of something, but she showed a
cyclical modeling strategy and used her models as models for something (Chap. 1).
As in Julia’s case, there was no coherent relationship between meta-modeling
knowledge and modeling strategies for two other participants: They expressed an
understanding on level III but did not perform cyclic modeling (but instead engaged
in expressive and unsystematic modeling). The other three participants consistently
expressed an understanding that fell on level II and engaged in expressive modeling.

9.4.3 Conclusion

In science education research, a positive relationship between meta-modeling
knowledge and modeling processes is assumed (e.g. Schwarz et al., 2009; Schwarz
& White, 2005). However, most related studies have been correlational and thus did
not allow inferences to be made about causal relationships. Furthermore, modeling
processes are often assessed post hoc by analyzing modeling products (e.g. Cheng
& Lin, 2015; Jong et al., 2015). Consequently, researchers have emphasized that
there is no coherent way to assess modeling processes (Nicolaou & Constantinou,
2014; Chap. 3) and that “one of the most pressing needs for future research is to
study the relationship between [...] explicit knowledge concerning the nature of
science and the process of modeling, with the ways in which students engage in
model creation and revision” (Louca & Zacharia, 2012, p. 486). This study
contributes to filling in these gaps in science education research by providing a
category system that can be used to analyze individual pre-service science teachers’
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modeling strategies (Krell et al., 2017). Furthermore, the findings so far — based on
a rather small sample of six pre-service biology teachers — suggest that there is not
necessarily a coherent relationship between pre-service science teachers’ meta-
modeling knowledge and their modeling strategies. This calls into question the
assumption that is quite popular in science education research that meta-modeling
knowledge guides modeling practices (e.g. Schwarz et al., 2009).

9.5 Study 2: Fostering Students’ Understanding of Models
and Modeling

9.5.1 Design, Methods

The purpose of this study was to explore the effectiveness of an intervention con-
cerning secondary school students’ (grades 10, 11) meta-modeling knowledge
(Kochetal., 2015). The intervention consisted of three parts: (1) a black box activity
that provided a modeling task, (2) reflective classroom discussions about models
and modeling, and (3) application tasks with biological contexts. We used a quasi-
experimental design with an experimental group (n = 89) and a comparison group
(n=84) involving a pre-test and a post-test. The comparison group only participated
in the pre- and post-tests. Between the two testing occasions, they took part in
regular biology classes with no focus on models or meta-modeling knowledge.

9.5.1.1 Black Box Activity

The aim of the first part was to enable the students to participate in a modeling situ-
ation. The black box was the water black box described above, which was pro-
grammed as an interactive computer experiment (https:/tetfolio.fu-berlin.de/
web/440484). The students used tablets to examine the black box. The activity was
structured around different modeling tasks that referred to the development and
evaluation of models: (1) Pour 400 ml of water into the black box. (2) Draw a model
of the inner mechanism of the black box. (3) Deduce a prediction about what could
happen if you pour another 400 ml of water into the black box again. The purpose
of this procedure was to get the participants to run through a cyclical modeling
process. The participants worked in pairs in order to support communication and to
offer mutual support.

9.5.1.2 Reflective Classroom Discussions
During the second part of the intervention, the students reflected on their activities.

To initiate the reflection process, the students were asked to visualize the modeling
process. For this purpose, the students were asked to show how predefined and
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1" experiment

Input: 400 ml
Output: O ml

2 experiment

Input: 400 ml
Output: 400 ml

3 experiment

Input: 400 ml
Output: 600 ml

Fig. 9.2 (a-r) A selection of the students’ models of the black box (Meaning of texts in the pic-
tures: “If we pour 400 ml in, 400 ml (d, e, k, I, n)/0 ml (j) / 10 ml (m) /1000 ml (o) should pour
out”)

self-selected terms (e.g. “black box,” “model 1,” “model 2,” “prediction 1,” “predic-
tion 2””) were related to each other in a process diagram. While they were reflecting
on their models, the students also presented and compared their models (Fig. 9.2).
Additionally, they were asked questions that referred to the different aspects of
modeling competence, for example, concerning the relationship between the black
box (as an original) and the drawing of the black box (as the related model) or con-
cerning the role of deduced predictions.

9.5.1.3 Application Tasks

The students were prompted to apply their generic meta-modeling knowledge to
different biological contexts by relating the process diagrams to different biological
examples (e.g. modeling DNA; cf. Giere et al., 2006).

Paper-pencil tests with the five open-ended questions described above (Sect.
9.4.1; cf. Krell & Kriiger, 2016) were used to assess the students’ meta-modeling
knowledge. The data were analyzed as described (Sect. 9.4.1), which means that a
category system (Krell & Kriiger, 2016) was used by two researchers independently
to decide whether the participants expressed meta-modeling knowledge related to
level I (naive), level II (intermediate), or level III (sophisticated). Cohen’s Kappa
was calculated as a measure of interrater agreement, and differences in the assigned
categories were resolved through discussion.

In the following section, the results of the pre- and post-tests are provided to
argue for the efficacy of the intervention in fostering students’ meta-modeling
knowledge. In addition, we present some of the models that were developed by the
students.
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9.5.2 Findings

The students developed different models of the black box. Fig. 9.2 shows examples of
the students’ drawings in order to illustrate the diversity of the models that were devel-
oped. The progression of each model during the black box activity is arranged in a
column. Different models in a row allow for the comparison of different ideas on the
basis of the same empirical data (i.e. in the same phase of the black box activity).

Some students (e.g. pictures p-r) drew only observable aspects and neglected the
tasks that required them to develop a model of the presumed inner mechanism.
Other groups (e.g. pictures c, f, i) considered the hypothetical structure of the black
box but did not evaluate the internal consistency. It can be seen that the assumed
mechanisms could not explain the observed data, especially when the output
changed in different ways even when the input was the same.

Some of the students added a prediction to their drawing (e.g. picture d: “If we
pour 400 ml in, 400 ml should pour out”; j: “If we pour 400 ml in, O ml should pour
out”). Some of these predictions were based on the model as students were asked to
do, but some were just guesses. Even though the task was to formulate a prediction,
not all students did so.

Cohen’s Kappa for the analysis of the open-ended questions was K = 0.65. In the
experimental group, there was a significant shift in understanding in the aspects of
the nature of models (p <0.001, r=0.451), purpose of models (p < 0.001, r=0.429),
testing models (p < 0.001, r = 0.510), and changing models (p < 0.001, r = 0.412),
with mostly medium-sized effects. For the aspect of the nature of models, there
were no students who expressed a sophisticated view (level III) on the pre-test,
which changed to 37% on the post-test (purpose of models: from 3% to 22%; testing
models: from 2% to 29%; changing models: from 0% to 13%).

Positive significant differences can also be observed in the comparison group
regarding the aspects of multiple models (p = 0.016, r = 0.287) and changing mod-
els (p =0.021, r=0.272; small effect sizes). These differences reflected small shifts
ranging from 20% to 21% (multiple models) or from 0% to 1% (changing models)
of the students with a sophisticated meta-knowledge of modeling (level III).

9.5.3 Conclusion

On the pre-test, the participants primarily expressed naive or intermediate views
(levels I, II). This is in line with findings from other studies (e. g. Griinkorn, 2014).
The occurrence of sophisticated views on the post-test indicated the efficacy of the
intervention. Based on similar studies (e.g. Akerson et al., 2000; Krell, Koska,
Penning, & Kriiger, 2015), it can be argued that the combination of engaging in
scientific practices and explicit reflections caused the positive shift in students’
meta-modeling knowledge.
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It can be further argued that a structured learning environment enables students
to engage in the process of model development. On the basis of the available data
and students’ personal experiences, they developed models of the (assumed) inner
mechanism of the black box. The formulation of a model-based prediction was
intended to support the application of the models as models for something (Gouvea
& Passmore, 2017). The absence of model-based predictions in some groups pointed
toward difficulties for students with the cyclical process of modeling and emphasized
that often guidance or scaffolding by teachers is necessary for students to run
through this process (Louca & Zacharia, 2015).

9.6 Summary and Overall Conclusion

To summarize, the studies discussed in this article highlight the idea that black box
activities can be used to facilitate modeling practices (Gohner & Krell, 2018). More
precisely, this article contributes to science education research by providing
qualitative, process-based analyses of individual modeling processes (Louca &
Zacharia, 2012; Nicolaou & Constantinou, 2014; Chap. 3) and by providing
empirical evidence for the efficacy of the black box approach to foster modeling
competence in science education.

The category system, which was used to analyze the pre-service teachers’ mod-
eling activities is available (Krell et al., 2017) and provides a tool for process-based
analyses that can be used by science education researchers. Practitioners in science
education can use the black box intervention (available online, see above) in their
classes to get their students engaged in modeling processes.

As emphasized above, black box approaches are widely used in science educa-
tion research to reach various educational goals (e.g. fostering conceptual knowl-
edge, knowledge about science), but empirical evidence for the efficacy of the
approaches has been missing. From this point of view, this article provides evidence
for the educational power of black box activities for facilitating and fostering scien-
tific practices (Upmeier zu Belzen, 2014).

This chapter is based in part on work supported by the German Research
Foundation under project number 327507949. Any opinions, findings, and
conclusions or recommendations expressed in this chapter are those of the authors
and do not necessarily reflect the views of the DFG.
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Chapter 10

Teachers’ Views About Models

and Modeling Competence Towards
Developing Scientific Literacy in Young
People

Barbara A. Crawford and Kayla P. Flanagan

10.1 Introduction

A scientifically literate public is crucial as our modern world is on the brink of envi-
ronmental crisis; and solutions for global problems reside in scientific knowledge,
evidence, and creativity in solving problems. The concept of scientific literacy is not
clearly defined by all, and the concept has shifted over time (Deboer, 2000). Science
is a way of thinking used to develop explanations of natural phenomena using evi-
dence and logic (Crawford, 2014). Scientific literacy includes application of scien-
tific knowledge to the situations individuals will encounter as citizens (Bybee,
2015). The current emphasis on scientific literacy connects with a citizen’s view of
contemporary and sometimes controversial scientific research. For our purposes,
scientific literacy is the understanding of scientific concepts, in addition to under-
standing how scientists think and construct knowledge, including how scientists
create and use models; in short, learning about inquiry/practices and nature of sci-
ence (American Association for the Advancement of Science [AAAS], 1993;
National Research Council [NRC], 1996, 2012). Scientific inquiry consists of the
methods and systematic ways of investigating phenomena (Crawford, 2000). Nature
of science relates to values and underlying assumptions intrinsic to scientific knowl-
edge, including the human aspects of scientific work (Schwartz, Lederman, &
Crawford (2004). Reforms for teaching science emphasize developing learners’
epistemological views of science (NRC, 1996, 2012). One of the most important
products of science is that of models. Thus, teaching about aspects of scientific
models and modeling, is of high importance in classrooms, in developing scientific
literacy in young people. This chapter focuses on teachers’ views about models and
modeling competence in the classroom, as teachers engage students in learning how

B. A. Crawford (P<) - K. P. Flanagan
The University of Georgia, Athens, GA, USA
e-mail: barbarac@uga.edu

© Springer Nature Switzerland AG 2019 163
A. Upmeier zu Belzen et al. (eds.), Towards a Competence-Based View

on Models and Modeling in Science Education, Models and Modeling

in Science Education 12, https://doi.org/10.1007/978-3-030-30255-9_10


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-30255-9_10&domain=pdf
mailto:barbarac@uga.edu
https://doi.org/10.1007/978-3-030-30255-9_10#DOI

164 B. A. Crawford and K. P. Flanagan

to think and reason through inquiry and modeling, and, in turn, foster scientific
literacy.

Scientific models are vital in understanding our natural world. The development
and use of models by scientists leads to trustworthy scientific knowledge. Citizens
encounter models in everyday life. For example, meteorologists create models of
weather patterns and of storms and the possible paths of a particular hurricane over
water and over land. Citizens see weather forecasters depicting changing models of
weather patterns; yet many people, including youth, may not fully understand the
changeable nature of scientific models; and, thus, discount the trustworthiness of
the models. Many citizens attribute the changeability of models to a lack of knowl-
edge or true understanding. Therefore, in the minds of many citizens they may mis-
trust science. Understanding how scientists build and use models is at the heart of
what teachers need to know in order to develop in their students an understanding of
how scientists use logic and evidence.

Models are powerful tools that enable scientists to generate predictions, as well
as guide explanation, interpretation, understanding, and discovery (Jungck &
Calley, 1985). An important element of models and modeling is that of abstraction
(Chap. 17). By simplifying the complex phenomenon (abstraction), that then can be
tested, building a model leads to a better understanding of the phenomenon being
studied (target) to better understand the target. In this way, models are used by sci-
entists to reconstruct the idea of a phenomenon, to better study it and generate new
knowledge. As such, models are refined over time, based on new evidence or new
ways of looking at the same evidence. One important aspect of modeling, is to start
with what justifies conceiving of something as a model, which relates to an epis-
temic pattern of model-being (Mahr, 2011).

A vision of teaching science in the twenty-first century is one of teachers support-
ing students in understanding the nature of science, and engaging in inquiry/prac-
tices, including building and using models (i.e. NRC, 2012). While science educators
are unified in this goal, promoting scientific literacy in citizens around the world has
been a challenge for more than a century (Dewey, 1916). During the early years of
the twentieth century, United States education focused on the basis of relevance to
contemporary life and contribution to a shared understanding of the physical world
by all members of society (Dewey, 1916). Although it is evident children benefit from
model-based instruction, the reality is many teachers view scientific models in a lim-
ited and narrow sense (Crawford & Cullin, 2004). Practicing and prospective science
teachers may view models mainly as pedagogical tools, and they often fail to attribute
to models the function of idea testing or idea generating (Crawford & Cullin, 2004,
Crawford & Cullin, 2005; De Jong & van Driel, 2001; Justi & Gilbert, 2003). In addi-
tion to not fully realizing the power of modeling, teachers may meet resistance from
stakeholders when teaching about modeling through inquiry-based approaches and
extended projects. Resistance can come from administrators, as well as their teaching
colleagues, who prioritize memorization of science vocabulary; over learning about
models and modeling, and development of deep understandings of science modeling
(Flanagan & Crawford, 2018). Further a teacher’s personal beliefs about inquiry and
understandings of modeling are important (Justi & Gilbert, 2003) and can present
personal barriers to teachers engaging students in modeling.
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In this chapter we address teachers’ views of competence related to models and
modeling and nature of science (model-based science teaching). The use of model-
based science teaching connects tightly to developing scientific literacy in young
people (NRC, 2012). We draw upon the empirical literature and data from our work
with prospective and practicing teachers. There are few published studies specifi-
cally on prospective teachers’ understandings of models and views of using scien-
tific models in classrooms (e.g. Crawford & Cullin, 2004; van Driel & Verloop,
1999). This chapter will suggest implications related to teachers’ modeling compe-
tence for the future of teacher education and various kinds of teacher professional
development in countries around the world (see Crawford et al., 2014).

10.2 Theoretical Background

10.2.1 Models and Modeling in Teaching Science

We align our view of models and modeling with that of Gouvea and Passmore
(2017), “Models are not simply knowledge representations of the world they are
epistemic tools for making sense of the world (p. 56)”. Viewing models as epistemic
tools, one of the important aspects of modeling in science classrooms is that of
engaging students in sense making. Mahr (2011) identifies this distinction of that
between models of and models for, which is assigned to models as media and mod-
els as research tools by Upmeier zu Belzen and Kriiger (2010). Further, we view
engaging students in modeling as a dynamic endeavor versus a static one. Static
models are similar to models as medium as they are representations of a phenome-
non. Dynamic models are similar to models as a method, as they represent models
for understanding a particular phenomenon. A classic example of using a static
model in a biology classroom involves clay or ceramic 3-D representations of the
stages of cellular mitosis and meiosis. Models purchased from scientific education
companies can illustrate the different phases of mitosis and meiosis. In the class-
room, teachers might display these models, and students may make drawings of the
different stages in their notebooks, label the parts, and memorize what scientists
have already figured out. A dynamic model of mitosis may involve an animation of
a human skin cell undergoing mitosis over time, depicting the various time intervals
of each stage of mitosis.

10.2.2 Nature of Science

We suggest an understanding of the nature of scientific models is tightly connected
with an understanding of what science is, and what science is not, and that science
is a way of knowing (Lederman, 1992). We refer the reader to Chap. 4 on the nature
of science in connection with models and modeling. We agree modeling compe-
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tence necessitates an understanding of the nature of science and the practices of
scientific inquiry (Schwartz et al., 2004). And the other way around becoming
model competent involves learning the nature of science. The recent United States
framework (NRC, 2012) for science education promotes teaching about aspects of
the nature of science. “Epistemic knowledge is knowledge of the constructs and
values that are intrinsic to science. Students need to understand what is meant, for
example, by an observation, a hypothesis, an inference, a model, a theory, or a claim
and be able to distinguish among them” (NRC, 2012, p 79). Aspects of the nature of
science important to teach students include, science investigations use a variety of
methods, scientific knowledge is based on empirical evidence, scientific knowledge
is open to revision in light of new evidence, scientific models, laws, mechanisms,
and theories explain natural phenomena, science is a way of knowing, scientific
knowledge assumes an order and consistency in natural systems, science is a human
endeavor, science addresses questions about the natural and material world.

10.2.3 Socio-cultural Perspective of Learning

From a constructivist perspective, a learner comes into a new situation already with
one’s own ideas (Driver, Asoko, Leach, Mortimer, & Scott, 1994). Experiences
shape a learner’s own ideas. Newly acquired knowledge is built upon previous
knowledge. A socio-cultural perspective of learning is one that takes into account
both the social and the cultural environment; and what an individual learns is cultur-
ally and socially dependent. Knowledge is developed in the context of personal
experiences in association with others (Vygotsky, 1978). Taber (2013) writes about
students, “what students know, think, and learn are not phenomena at all (they are
not directly observed features of the world); they are conjectured theoretical entities
that form parts of our explanatory schemes (p. 327)”. We view teacher’s learning
and competences from a socio-cultural perspective, much as we view young people
learning from their experiences in context, and influenced by culture and others in a
society.

10.2.4 Description of Levels of Competence Development
by Integration of Epistemological Views

Facilitating children in classrooms in learning how to think in ways similar to that
of a scientist involves constructing mental models, as they develop understandings
of complex phenomena. In contemporary science teaching a primary goal is facili-
tating children in developing a way of thinking. A goal of school science is not just
about acquisition of concrete science concepts and principles, but in developing in
children the kinds of thinking aligned with that of scientists, as they create and test
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and modify or discard models. Oftentimes, teachers may believe the best way to
help students to learn about the world, is by efficiently transferring to their students
the teacher’s own knowledge of scientific facts using a direct teaching approach.
However, in bypassing the opportunity for children to struggle with making sense of
data and creating models, children cannot fully understand models as epistemic
tools. It is important to involve children in the hard and messy work of grappling
with data and using empirical data to build and test and critique models (Griinkorn,
Upmeier zu Belzen, & Kriiger, 2014; Upmeier zu Belzen & Kriiger, 2010).

10.2.5 Teachers’ Modeling Competence and Teaching

In this chapter we take a problematizing stance related to learning and teaching.
What students and teachers know and think and the reasons for their decisions can
only be inferred, rather than known absolutely. One cannot directly observe what a
person learns about science, nor what a teacher believes about science and science
teaching. Similarly, we cannot fully understand a teacher’s knowledge base or his or
her beliefs and intentions to teach science in reform-based ways (see NRC, 2012).
We can only conjecture, based on observations; but, we can never really know for
sure. This relates to the notion of competence which is defined as a latent construct
getting manifest while performing, e.g. during solving a task (Chap. 1).
Our research aims to answer the following questions:

1. What is the extent of teachers’ competence in teaching models and modeling,
with a focus on models as epistemic tools?

2. How can we assess teachers’ competence in using models and modeling in
teaching science and developing scientific literacy in their young students?

10.2.6 Teachers’ Views About Scientific Models and Modeling
in School Classrooms

It is necessary for teachers to hold conceptions of models and modeling at a deeper
level than their own students, if they are to be successful in engaging their students
in the scientific practice of building and using models. Further, teachers need to
understand models and modeling related to the epistemology of science. In reality,
teachers may not have had the necessary experiences during their lifetimes that sup-
port deep conceptions of scientific modeling. First, previous research suggests
teachers themselves may likely have limited experiences in the process of scientific
modeling during their traditional teacher preparation programs (Crawford & Cullin,
2004, 2005; van Driel & Verloop, 1999). Second, teachers may not appreciate the
purpose of models, or the power of cognitive activities associated with building and
using models (Crawford & Cullin, 2004, 2005). Third, it is not evident that many
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teachers value prioritizing classroom time on engaging students in modeling and in
understanding the nature of scientific modeling, versus learning definitions of scien-
tific terms and memorizing key facts related to disciplinary core ideas. Previous
studies have addressed these limitations (Crawford, 2007). Combining teachers’
knowledge of models and modeling with an understanding of the nature of science,
creates an important shift towards an epistemic focus on teachers’ competence of
using models and modeling.

Creating educational and professional development opportunities for prospective
and practicing teachers can be of great benefit (Schwarz, 2009). It is important for
teachers to have opportunity to reflect on and apply a framework, and to address
potential roadblocks in teaching about models and modeling. The notion of a teach-
er’s intentions to teach in a certain way, is as important as a teacher’s competence,
in this case, of models and modeling, and in teaching about models.

10.3 Design and Methodology

10.3.1 Study of Prospective Teachers’ Views of Modeling
Competence

In the following we present data from a recent study of a group of prospective sec-
ondary science teachers in the United States. These new teachers represent the
future of science teaching, as they had opportunities to engage in learning about the
most recent frameworks for teaching science (NRC, 2012). The study took place in
a large university in the southeastern part of the United States. The university has a
known reputation for admitting highly qualified students. The students in this
teacher education program earn the equivalent of a major in a science discipline
(chemistry, biology, physics, or earth science). The teacher education program typi-
cally spans two semesters of the final year of a university student’s science teacher
certification degree program. The teacher preparation program is similar to many
other research-intensive university teacher education programs in the United States,
in that there are two to three semesters of work related to pedagogy, including the
practicum work.

10.3.2 Context of the Study

During their first semester of the teacher education program prospective science
teachers completed three science teacher education courses (a technology course, a
science teaching methods course, and a practicum in a local school). During the
second semester, prospective science teachers engaged in a full-time student teach-
ing internship in a local school and they participated in a 3-hour evening course that
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met once a week at the university. This course was titled: Reflections on Teaching
Science. The course focused on critical reflection by each prospective teacher of his/
her classroom teaching through written and oral analyses of both pedagogy and
student learning. The course emphasized teaching science as inquiry, with a focus
on scientific inquiry/practices, including that of building and using models and
modeling. During the course the prospective teachers submitted weekly reflections
on two different incidents that happened in their teaching that week. One incident
they identified as a challenge; and the other, as a celebration. Prospective teachers
read selected published articles about inquiry teaching and learning and scientific
practices, including specifically the practice of building and using models (i.e. Falk
& Brodsky, 2013). Articles included those published in both research and practitio-
ner journals. Prospective teachers wrote commentary on how their own teaching
connected, or did not connect, with pedagogy described in these articles. Class dis-
cussions gave opportunity for prospective teachers to publicly exchange ideas with
their peers and the instructor. Further, the prospective teachers wrote two versions
of a philosophy of teaching and learning statement; first as a draft early in the
semester, and later, as a revised statement at the end of the program, incorporating
real examples from their own teaching.

10.3.3 Participants and Data

The research participants (n = 35) included secondary science prospective teachers,
from two consecutive years in the program (2016 and 2017). In the middle of the
second semester of the program, participants completed open-ended surveys to
demonstrate their understandings of models and modeling. The survey included
questions such as, “What are scientific models and what do they do?” Participants
were asked to provide examples from their own teaching experiences in support of
their statements. The survey did not directly ask about each of the five aspects
within the framework for modeling competence (FMC; Chap. 1) used for analysis.
The survey was intended to allow for open response by participants.

10.3.4 Data Analyses

We analyzed the written responses using the FMC to determine teacher understand-
ings of both aspects of models and complexity of understanding (Fig. 1.3). As
described in Chap. 1, the FMC categorizes models and modeling into five aspects
Nature of Models, Multiple Models, Purpose of Models, Testing Models, Modifying
Models (Chap. 1). Within each of these categories there are three levels of modeling
competence ranging from limited (level I) to more sophisticated understandings
(level III). First, written responses, including examples from teaching, were deduc-
tively coded for the five aspects of models. Then the responses were coded for level


https://doi.org/10.1007/978-3-030-30255-9_1
https://doi.org/10.1007/978-3-030-30255-9_1
https://doi.org/10.1007/978-3-030-30255-9_1
https://doi.org/10.1007/978-3-030-30255-9_1

170 B. A. Crawford and K. P. Flanagan

of complexity ranging from I to III as defined by the theoretical framework. Finally,
responses were inductively coded to find any emerging understandings that were
not applicable to the framework.

10.4 Findings

The written surveys yielded 108 responses from the 35 total participants. Nature of
Models coded for 40 of the responses, and Purpose of Models coded for 24. At least
one of the two aspects (Nature of Models and Purpose of Models), were mentioned
by nearly all 35 prospective teachers and were mentioned together by 16 of those.
Many participants believed models to be a representation, or a visual copy of a natu-
ral phenomenon; and, the purpose of models was mainly to teach students about
science concepts (Fig. 10.1). One participant acknowledged the use of models for
prediction (level III), and two wrote about the integration of related variables (level
II). However, while the majority recognized the nature and purpose of models, the
prospective teachers’ perceptions of modeling were generally limited to a level I
understanding in both of these aspects.

The remaining three aspects of models were mentioned rarely. Changing Models
was coded for four responses, all at level II complexity. Prospective teachers seemed
to skip the level I concept of correcting errors in the model, to revising the model
based on new findings. These prospective teachers detailed this process in their
examples. Some prospective teachers would ask students to construct models of
phenomena they were studying, and then ask students to revisit and revise their
models throughout instruction, using new knowledge gained through instruction.
Testing Models and Multiple Models were coded once in all 108 responses, both at
level I (Fig. 10.1).

A theme that emerged from the analysis of prospective teachers’ responses was
that models are a limited way to view the world. When giving actual examples of
how they used modeling in their own classrooms, many of these prospective teach-
ers highlighted their communication of the limitation of models to their students
(Fig. 10.1). This communication occurred, either through class critique of the use-
fulness of a model for representing concepts or through direct instruction.

In summary, of the 35 study participants, most prospective teachers provided
explanations and examples related to only two aspects of models and modeling, and
these were at a level I complexity. The aspects related to models as scientific think-
ing tools for learners, including that of testing a model and revising a model, were
not clearly evident.
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Aspects of Modeling Evidence from student answers Frequency
(Griinkorn et al. 2014) (n=35)

Aspect  Level
Nature Level 1 “a representation of a scientific phenomenon” 27

of Models as “simplified representation of observable
Models replications of phenomenon”

phenomenon “correct and accurate representation of a phenomenon
or system.”

“replica, blown up atom, mini solar system, concept
map, artifact that puts something big in perspective”
“representation of a mechanism or phenomenon”

Level 1 “Represent some type of scientific phenomena in a 3
Models are visual way that puts a larger idea into a different
Limited perspective. But they are LIMITED”

Emerging theme  “I had students work with many different types of
models and critique their helpfulness at the end”
“I emphasized it is just a model and was a limited

example”
Purpose Level 1 “a representation of a system, process, or concept 21
of Models to meant to communicate the idea/concept clearly”
Models  describe “A concept that is illustrated in a particular way so
phenomena that it is easier understood by the viewer ”.
-help explain “They provide an opportunity to visual(ize)
-pedagogical phenomena that can't be seen or to explain observed
tools phenomena from the natural world”.

“something that describes a scientific idea (usually in
visual format)”

Level 2 “an interactive water cycle or a stream table for 3
Models to island migration”
explain “computer simulation of tides and corresponding
relatioships moon or drawing”.
between
variables.
-variables
interacting in a
model
1
Level 3 “are representations of a real phenomenon or system
Models to and they are used to simplify the complexity to easily
predict predict or explain the phenomenon or system.”
connections

Fig. 10.1 Representative examples of student responses coded for modeling competence
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between
variables
Changin Level 2 “models help to identify misconceptions. It is 4
g Models Models revised ~ beneficial to have students come back to and revise
based on new models over time.”
knowledge “Revising models is a great practice to further
-revise while understandings.”
learning “scientific models can and should be revised by
students as they gain more knowledge of the different
phenomena”
Multiple Level 1 “I showed many different models of the same 1
Models  Several models molecule then allowed them to draw their own
for one molecules using a model they liked best”
phenomena
differing in
materials and
dimensions
Testing Level 1 “We modeled a hand using straws, fishing line, and 1
Models  Testing the tape. Then we were able to test our models.”
model for

Sfunctionality

Fig. 10.1 (continued)

10.5 Discussion of the Study Findings

Despite the emphasis by the course instructors on inquiry/practices during the class,
the majority of prospective teachers held the view that a model is a primarily a peda-
gogical tool, a medium rather than a model as a method for students to make sense
of phenomena (Upmeier zu Belzen & Kriiger, 2010). Participants viewed a model
as a way to teach facts by describing or representing phenomena. Prospective teach-
ers recognized the function of models as that of describing and representing phe-
nomena, but did not view using models as mirroring scientific methods. In other
words, these new teachers understood models of something but not models for
something (Gouvea & Passmore, 2017). In addition to low complexity in their
understanding, these prospective teachers lacked awareness of the multiple aspects
of modeling.

Griinkorn et al. (2014) conducted a similar analysis of responses using the
FMC. In their study, 1177 seven to tenth grade students completed a 15-question
survey about models. The survey aligned three questions per each aspect in the
framework. Responses were open and researchers coded for each competence
aspect and level, as we did above. Higher frequencies in levels I and II than in level
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IIT for each aspect were observed from their analysis, similar to our findings. Our
prospective teachers performed similarly on modeling competence to the tenth
grade students in the Griinkorn et al. (2014) study. We evaluated our participants’
responses using the revised framework proposed by Griinkorn et al. (2014, p. 26),
and the coded levels remained the same. It appeared our prospective teachers were
products of their education experiences coming up through the various school
grades, with no changes during their college level science course experiences.

Analyses of the data suggested these prospective teachers were inferring that,
because models can be false or revisable, they are limited in their usefulness. This
view contrasts with one of higher competence, that models can be falsifiable and
adapted, and it is this aspect that makes models tools for the development of scien-
tific knowledge. The participants’ views suggest that models are static and cannot
be changed which is consistent with novice perspectives (Crawford & Cullin, 2004;
Griinkorn et al., 2014).

Prospective teachers’ limited understanding of models seems to affect their
beliefs about the usefulness of models by scientists and importance for the teaching
of both science concepts and practice. Further these beliefs held strong while par-
ticipating in the University’s pedagogical model instruction. Many prospective
teachers felt unsupported in their classroom placement, believing there was a dis-
connect between the teaching at the University and the realities of the classroom.
This demonstrates the influence of a context (Vygotsky, 1978) in which models are
majorly viewed as media instead of methods (Griinkorn et al., 2014). Prospective
teachers, once in the classroom, will most likely pass these beliefs onto their stu-
dents, therefore perpetuating this inadequate conception of the nature of models and
leading to a mistrust of scientific evidence and knowledge (Crawford & Cullin,
2004, 2005). Focusing on prospective teachers’ understanding of models and their
ability to effectively teach them to their students should be of upmost importance
for our University teacher education programs as it can have a direct influence on
school culture.

In their capstone teacher preparation course, these prospective teachers had been
offered opportunities to read articles on teaching about models and modeling, to
have seminar discussions with their peers, to write reflectively, and were encour-
aged to teach their own students about models and modeling. Yet, there was limited
empirical evidence most of them demonstrated modeling competence that would
position their future teaching to include teaching students about all aspects of mod-
els and modeling in a robust way. It appears that prospective teachers, as well as
science school students, need more authentic experiences with modeling that are
aimed at a level III complexity (Chap. 1). While a model is not a perfect system for
understanding a phenomenon, and by the very nature of the practice, may be lim-
ited, a model is consistent with the characteristics of scientific inquiry and, like
other ways of knowing in the field of science, leads to valuable knowledge.
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10.5.1 Possibilities of Professional Development
Jor Enhancing Teachers’ Modeling Competence

Given the empirical findings of the study of prospective teachers described above, it
is important to consider how to support all science teachers, as they enter the teach-
ing field and as they continue to teach. Designing teacher professional development
programs should take into account how teachers learn in similar ways to their own
students, using a socio-cultural perspective. In other words, teacher learning
involves eliciting prior knowledge, building on one’s experiences, gaining new
experiences and reflecting on previous knowledge and views, in collaboration
with others.

10.5.2 Example of a Successful Teacher Development
Program

The Fossil Finders project (Crawford, 2012) is an example of an effective profes-
sional development program supporting teachers’ views and teaching children
about scientific practices. In this program we immersed teachers of 10-15 year old
children in gathering, analyzing and interpreting data, and in creating models of the
distant past, specifically of the Devonian, using authentic fossil data. One of the
aspects of this professional development program involves earth sciences. To the
best of our knowledge there are few studies in the literature using earth sciences as
a context related to students’ and teachers’ use of models and understandings of
models and modeling.

10.5.3 Context of the Program

The design of the program was based on a socio-cultural learning perspective.
During 6 days in each of two summers, we immersed a total of 30 secondary science
teaches in an authentic scientific investigation, in this case in the work of paleon-
tologists, creating a model of what the past environment might have been 280 mil-
lion years ago. The teachers would later engage their own students in the same
scientific investigation, creating a context for teaching their students about impor-
tant key science concepts and principles, scientific practices and nature of science.
During the program teachers worked collaboratively with their peers, science teach-
ers, educators, and scientists in collecting samples of rock from a road cut in upstate
New York State. The samples were collected from different horizons in the road cut
(along a vertical line), related to age of the rock. Teachers first found fossils in the
collected samples, and then learned how to identify the fossils to the taxa level,
including brachiopods, clams, crinoids, cephalopods. Teachers collected other
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important fossil data, including color of the rock, fragmentation of the fossils, and
size, including length and width. The teachers learned how to make inferences about
the past environment using all the data collected, and how to compare these data to
an aggregate database. A nearby museum provided a site for teachers to study fos-
sils from different eras. Teachers also were given opportunity through reflection, to
connect the various aspects of the Fossil Finders investigation with what paleontolo-
gists do, and aspects of the nature of science, including creativity, subjectivity, and
that models may change. The following year the teachers engaged their students in
this authentic investigation, with support from the teacher educators and scientists.
One of the features of the authentic investigation was to create a model to predict
how populations of organisms in the shallow Devonian sea may have changed in
response to changes in the ancient environment.

10.5.4 Results of the Professional Development Program

Data included pre-posttests of teachers’ views of science. In addition, researchers
collected classroom videotapes of approximately 2 weeks of lessons for each
teacher participant. During analyses of the teachers’ classroom lessons, pre-post
questionnaires, and interviews, we determined most of the teacher participants
enhanced their understandings of how scientists work and use evidence and logic to
develop scientific models (Capps & Crawford, 2013). During the professional
development sessions, we identified incidents when teachers experienced the messi-
ness of science, and scientists were able to help them recognize that changing a
research question, or revising a model, connects with the real work of paleontolo-
gists. The Fossil Finders professional development program aligns with best prac-
tices of supporting teachers (Capps, Crawford & Constas, 2012). In the professional
development program, we aimed to model the kinds of interactions between teacher
and students that offer opportunity to engage in scientific practices, including inves-
tigating and grappling with data, developing and using scientific models, analyzing
and interpreting data, constructing explanations, and engaging in argument from
evidence, and to understand that science is not absolute and there is no one scientific
method (Crawford & Jordan, 2013).

10.5.5 [Implications for Pre-service Teacher Educators
and Professional Developers

We must either accept that different conceptions of knowledge could develop in the context
of different practices or suppose that there is some subset of practices belonging to all
knowledge-productive practices. (Longino, 1990, p. 19)

Different contexts of practice lead to different types of knowledge. Multiple models,
one of the aspects for modeling, demonstrates that models can be variable for a
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singular phenomenon (Upmeier zu Belzen & Kriiger, 2010). These multiple models
can come from a variety of understandings and viewpoints that are used to construct
a more holistic understanding of the phenomena we observe. In the study reported
above on prospective science teachers, the teachers viewed models as primarily
fixed representations of fixed phenomena. This limited perspective of models is
concerning, as a major aspect of modeling is the variety and adaptability used for
knowledge-making (Gilbert 2004). It is important for teachers and students to
understand the role of scientific models. Only if teachers themselves understand the
epistemic aspects of models and modeling will true engagement of students in the
epistemic aspects of modeling occur. The practices of science involve using models
to gain understanding of the natural world. Associated with science is the recogni-
tion that there is value in holding multiple and alternative perspectives. To fully
understand the uses of modeling one must first recognize science as situated in
contexts that allow it to shift and change over time, and recognize that there is value
in multiple and alternative perspectives. As such, models are a means to test and
adapt to multiple content areas and contexts for learning. This is especially impor-
tant for K-12 students as they come from diverse backgrounds, cultures, and under-
standings that will factor into their context of learning (Lee & Fradd, 1998).
Effective professional development should strive to support teachers in teaching
the nature of science, including how engaging in the dynamic aspects of scientific
models help us develop knowledge about the natural world. Teachers must have a
deep understanding of all aspects of models, not just a few aspects (i.e. Justi &
Gilbert, 2002, Justi & Gilbert, 2003). During teacher education and professional
development, it will be important for teachers to actively reflect on their own knowl-
edge and their teaching of models and modeling. Figure 10.2 offers a framework of
how teachers can actively engage in inquiry, building and using models and reflect-
ing on modeling and the teaching of modeling. Each cycle incorporates investiga-
tion, construction of a model and reflection on the model, and these cycles can occur
iteratively. The reflection aspect includes explicit thinking about epistemology.
Identifying the centrality of scientific models and modeling and advocating their
teaching in science classrooms is one step towards enhancing the teaching of school
science. The next important step is ensuring teachers can effectively carry out this
kind of instruction in classrooms. In reality, prospective teachers’ lessons often
begin, not with a question that might motivate children eliciting their mental models
and/or building scientific models, but with a list of scientific terms and definitions,
albeit these might be embellished with images from the Internet (Crawford, 2007).
Anecdotally, prospective teachers reported they were very reluctant to prepare and

Fig. 10.2 Dual cycles of investigation leading to modeling and reflection on modeling
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teach lessons rich in inquiry and use of models. They cited many roadblocks.
Common responses were, “my mentor teacher told me we do not have the time to
spend doing inquiry-based lessons. There is too much to cover. If it is not on the
state assessment test, we cannot spend time on it” (Personal communication with
prospective teachers in southeastern state, USA, October 2015).

In summary, science teacher educators and policymakers in all countries cannot
afford to overlook the importance of investing in robust and carefully designed sci-
ence teacher education programs and professional development opportunities,
involving sustained and meaningful experiences related to developing teachers’
modeling competence. Ultimately, engagement in all aspects of models and model-
ing by teachers will contribute to young people developing critical thinking skills
and scientific literacy, useful to citizens in a world in which decisions count related
to environmental crises.

References

American Association for the Advancement of Science (AAAS). (1993). Project 2061:
Benchmarks for science literacy. New York: Oxford University Press.

Bybee, R. (2015). Scientific literacy. In R. Gunstone (Ed.), Encyclopedia of science education.
Dordrecht, The Netherlands: Springer. https://doi.org/10.1007/978-94-007-2150-0

Capps, D. K., & Crawford, B. A. (2013). Inquiry-based professional development: What does it
take to support teachers in learning about inquiry and nature of science? International Journal
of Science Education. https://doi.org/10.1080/09500693.2012.760209

Capps, D. K., Crawford, B. A., & Constas, M. A. (2012). A review of empirical literature on
inquiry professional development: Alignment with best practices and a critique of the findings.
Journal of Science Teacher Education, 23(3), 291-318.

Crawford, B. A. (2000). Embracing the essence of inquiry: New roles for science teachers. Journal
of Research in Science Teaching, 37(9), 916-937.

Crawford, B. A. (2007). Learning to teach science as inquiry in the rough and tumble of practice.
Journal of Research in Science Teaching, 44(4), 613-642.

Crawford, B. A. (2012). Moving the essence of science into the classroom: Engaging teachers and
students in authentic science. In K. C. D, Tan & M. Kim (Eds.), Issues and challenges in sci-
ence education: Moving forward (V1I, 350 p. 44 illus, pp. 25-42). Dordrecht, The Netherlands:
Springer.

Crawford, B. A. (2014). Invited chapter. From inquiry to scientific practices in the science class-
room. In N. Lederman & S. Abell (Eds.), Handbook of research on science education (Vol. 11).
New York: Rutledge.

Crawford, B. A., Capps, D.K., van Driel, J., Lederman, N., Lederman, J., Luft, J., et al. (2014).
Learning to teach science as inquiry: Developing an evidence-based framework for effective
teacher professional development. An invited chapter for the Edited Book: European Science
Education Research Association 2011 Conference. C. Bruguiere et al. (eds.), Topics and Trends
in Current Science Education: 9th ESERA Conference Selected Contributions, Contributions
from Science Education Research 1, https://doi.org/10.1007/978-94-007-7281-6_12, ©
Springer Science+Business Media Dordrecht 2014.

Crawford, B. A. & Cullin, M. J. (2004). Supporting prospective teachers’ conceptions of model-
ling in science. The International Journal of Science Education, 26(11), 1379-1401.

Crawford, B. A., & Cullin, M. .J. (2005). Dynamic assessments of preservice teachers’ knowledge
of models and modelling. In K. Boersma, M. Goedhart, O. De Jong & H. Eijkelhof (Eds.),
Research and the quality of science education (pp. 309-323). Dordrecht: Springer.


https://doi.org/10.1007/978-94-007-2150-0
https://doi.org/10.1080/09500693.2012.760209
https://doi.org/10.1007/978-94-007-7281-6_12

178 B. A. Crawford and K. P. Flanagan

Crawford, B. A., & Jordan, R. (2013). Inquiry, models, and complex reasoning to transform learn-
ing in environmental education. In M. Krasney & J. Dillon (Eds.), Trading zones in environ-
mental education. Creating transdisciplinary dialogue. New York/Bern, Switzerland/Berlin,
Germany/Bruxelles, Belgium/Frankfurt am Main, Germany/Oxford, UK/Wien, Austria: Peter
Lang Publishing Group.

Deboer, G. (2000). Scientific literacy: Another look at its historical and contemporary meanings
and its relationship to science education reform. Journal of Research in Science Teaching., 37,
582-601.

Dewey, J. (1916). Democracy and education. New York: The Free Press.

Driver, R., Asoko, H., Leach, J., Mortimer, E., & Scott, P. (1994). Constructing scientific knowl-
edge in the classroom. Educational Researcher, 23(7), 5-12.

Falk, A., & Brodsky, L. (2013, September). Incorporating models into science teaching to meet the
Next Generation Science Standards. Science Scope, 61-69.

Flanagan, K. P., & Crawford, B. A. (March 2018). Prospective teachers’ resistance to teach
inquiry in secondary science classrooms. A paper presented at the 2018 NARST: A Worldwide
Organization for Improving Science Teaching and Learning through Research International
Conference in Atlanta, Georgia.

Gilbert, J. K. (2004). Models and modeling: Routes to more authentic science education.
Instructional Journal of Science and Mathematics Education., 2(2), 115-130.

Gouvea, J., & Passmore, C. (2017). ‘Model of” versus ‘Models for’: Toward an agent-based con-
ception of modeling in the science classroom. Science & Education, 26, 49-63.

Griinkorn, J., Upmeier zu Belzen, A., & Kriiger, D. (2014). Assessing students' understandings of
biological models and their use in science to evaluate a theoretical framework. International
Journal of Science Education. https://doi.org/10.1080/09500693.2013.873155

Jungcek, J., & Calley, J. (1985). Strategic simulations and post-socratic pedagogy: Constructing
computer software to develop long-term inference through experimental inquiry. American
Biology Teacher, 47, 11-15.

Justi, R. S., & Gilbert, J. K. (2002). Modelling, teachers' views on the nature of modelling, and
implications for the education of modellers. International Journal of Science Education, 24(4),
369-387.

Justi, R. S., & Gilbert, J. K. (2003). Teachers’ views on the nature of models. International Journal
of Science Education, 25, 1369-1386.

Krell, M., Upmeier zu Belzen, A., & Kriiger, D. (2014). Students’ levels of understanding models
and modelling in biology: Global or aspect-dependent? Research in Science Education, 44(1),
109-132.

Lederman, N. G. (1992). Students and teachers’ conceptions of the nature of science: A review of
the research. Journal of Research in Science Teaching, 29(4), 331-359.

Lee, O., & Fradd, S. H. (1998). Science for all, including students from non-English language
backgrounds. Educational Researcher, 27(3), 12-21.

Longino, H. E. (1990). Science as social knowledge: Values and objectivity in scientific inquiry.
Princeton, NJ: Princeton University Press.

Mabhr, B. (2011). On the epistemology of models. In G. Abel & J. Conant (Eds.), Rethinking epis-
temology (pp. 252-253). Gottingen, Germany: Hubert and Co..

National Research Council. (1996). National science education standards. Washington, D.C.:
National Academy Press.

National Research Council. (2012). A framework for K-12 science education: Practices, crosscut-
ting concepts, and Core ideas. Washington, DC: The National Academy Press.

Schwartz, R. S., Lederman, N. G., & Crawford, B. A. (2004). Developing views of nature of sci-
ence in an authentic context: An explicit approach to bridging the gap between nature of sci-
ence and scientific inquiry. Science Education, 88, 610-645.

Schwarz, C. (2009). Developing preservice elementary teachers' knowledge and practices through
modeling-centered scientific inquiry. Science Education, 93(4), 720-744.


https://doi.org/10.1080/09500693.2013.873155

10 Teachers’ Views About Models and Modeling Competence Towards Developing. .. 179

Taber, K. S. (2013). Modelling learners and learning in science education: Developing representa-
tions of concepts, conceptual structure and conceptual chance to inform teaching and research.
Dordrecht, The Netherlands: Springer.

Upmeier zu Belzen, A. & Kruger, D. (2010). Modelkompetenz im Biologieunterricht [Modeling
competence in biology education]. Zeitschrift fur Didaktick der Naturwissenschaften, 16,
41-57. Retrieved from http://www.ipn.uni-kiel.de/zfdn/jg16.html

Van Driel, J. H., & Verloop, N. (1999). Teachers’ knowledge about models and modelling in sci-
ence. International Journal of Science Education, 21, 1141-1153.

Vygotsky, L. S. (1978). Mind in society: The development of higher psychological processes
(M. Cole, V. John-Steiner, S. Scriber & E. Souberman Eds., & Trans.). Cambridge, MA:
Harvard University Press.


http://www.ipn.uni-kiel.de/zfdn/jg16.html

®

Check for
updates

Chapter 11
Using Epistemic Considerations
in Teaching: Fostering Students’

Meaningful Engagement in Scientific
Modeling

Li Ke and Christina V. Schwarz

11.1 Introduction

Despite the increasing emphasis on scientific modeling in science education, some
research indicates that modeling and other reform-based practices can become pro-
ceduralized (Baek, Schwarz, Chen, Hokayem, & Zhan, 2011; Cohen & Ball, 2001).
For example, modeling can become a practice that merely involves drawing pictures
of pre-determined components (e.g., the parts of a cell or the planets in the solar
system) or processes that specified components and relationships (e.g., include all
the steps of the water cycle or an insect life cycle). Proceduralizing or essentializing
any practice into merely routines or processes without asking students to consider
their purpose for meeting their sense-making goals in a classroom learning com-
munity renders that practice scientifically meaningless. In other words, while proce-
duralized or routinized practices serve the purpose of ‘doing school,” they serve
little purpose for meaningfully making sense of the world. By meaningful, we refer
to students’ productive disciplinary engagement (Engle & Conant, 2002) that is
important to the discipline of science and to the classroom community’s knowledge
building goals. In particular, teachers should “hold students accountable to others
and to shared disciplinary norms” (Engle & Conant, 2002; p.406) and create a learn-
ing environment where students are active epistemic agents (Stroupe, 2014) who
construct and evaluate knowledge collectively.

Our current learning progression of scientific practices embodies these “disci-
plinary norms” by highlighting epistemic considerations relevant to the classroom
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community and the discipline of science that are critical for engaging students in
scientific practices (Berland et al., 2016). These epistemic considerations include a
focus on (a) the nature of the knowledge product (What kind of answer should our
knowledge product provide?), (b) justification of the knowledge product (How do
we justify the ideas in our knowledge product)?, (c) generalizability of the knowl-
edge product (How does our knowledge product relate to other scientific phenom-
ena and ideas?), and (d) the audience of the knowledge (Who will use our knowledge
product and how?) Our prior work indicates that students use epistemic consider-
ations as they engage in modeling and other practices. We also posit that epistemic
considerations guide knowledge building and sense-making to support meaningful
engagement in scientific practices.

While some research has emphasized meaningful engagement in modeling (e.g.,
Lehrer & Schauble, 2006; Manz, 2015; Schwarz, Passmore, & Reiser, 2017), it is
critical to understand how teachers can support students’ engagement in scientific
modeling practices. While teachers are central to enacting practices in classroom,
they are often unfamiliar with models and what modeling practices entail (e.g.,
Danusso, Testa, & Vicentini, 2010; Justi & Gilbert, 2003; van Driel & Verloop,
1999). Further, teachers who think of models as repositories of information (e.g.,
“models of” approach, Gouvea & Passmore, 2017) focus on the representational
nature of models, as opposed to attending to how models are developed and used,
and for what purposes. With this “models of” perspective (Gouvea & Passmore,
2017), modeling becomes a procedural exercise where students figure out the right
things to include in the models without using models as tools for making sense of
phenomena. Similarly, in some of our prior work, we found that teachers’ explicit
verbal messages about models and modeling regarding the purpose of the practice
shaped students’ modeling practices (Ke & Schwarz, 2016). In that work, one
teacher who framed modeling as “putting what you learned into the models” and
emphasized that students should finish the models in a timely manner led to students
finishing the task regardless of substance and including particular information in
their model, regardless of the relevance of that information.

While we know that teachers play a significant role in how practices are estab-
lished and pursued in classroom communities, much prior research focuses on
teachers’ understanding of models and the practice of modeling (e.g., Henze & van
Driel, 2011; van Driel & Verloop, 1999) rather than the role of teachers in guiding
students’ engagement in scientific modeling (See Kelly, McDonald, & Wickman,
2012; Lidar, Lundqvist, & Ostman, 2006). Knowing that the way a teacher frames
and engages students in modeling largely impacts the meaningfulness of modeling
practice, we pose the question: what are productive ways in which teachers can sup-
port students’ meaningful engagement in scientific modeling? In this chapter, we
draw on Epistemologies-in-Practices framework (EIP; Berland et al., 2016) built
from our prior learning progressions work (Schwarz et al., 2009) to consider how
teachers might support students’ engagement in modeling practices from a disci-
plinary perspective as well as a community knowledge-building perspective. In par-
ticular, we present examples of how a 5th grade teacher used epistemic considerations
to support her students’ modeling practices. We do so because this teacher worked
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with our modeling research group for a number of years and leveraged the epistemic
considerations from our learning progression to guide her students’ modeling work.
In order to understand how she supported this discourse-rich engagement in model-
ing, we share how this teacher enacted modeling practices in her classroom. In
particular, we share how she supported students at engaging in scientific modeling
to generate mechanistic models that can be generalized to other phenomena. Given
how likely modeling practice is to become rote in school contexts as it become more
widely emphasized in standards, we argue that understanding how teachers can sup-
port meaningful student engagement in modeling practice using epistemic consid-
erations is critical for advancing the field. The examples of dialog in this chapter
illustrate how paying attention to teaching and using epistemic considerations mat-
ters for advancing modeling if we care about doing so in a meaningful way.

11.2 Conceptual Framework

In this chapter, we use EIP framework (Berland et al., 2016) to examine classroom
engagement in modeling practice. The EIP framework is a revised version of our
modeling learning progression (Schwarz, Reiser, Acher, Kenyon, & Fortus, 2012;
Schwarz et al., 2009) aimed at supporting modeling, explanation-construction, and
argumentation. Since that time, we determined that particular epistemic consider-
ations derived from our hypothetical learning progression were helpful in support-
ing students to meaningfully engage in modeling, explanation and argumentation
practices as they unfold over time (e.g., Baek & Schwarz, 2015; Berland et al.,
2016). By epistemic considerations, we refer to the purposes and goals of the work
in which students are engaged. An important aspect of studying engagement in
practices is to understand what epistemic considerations are guiding the work and
in what ways those align with the norms and values of science (Ford & Forman,
2006). For example, developing and revising models that address the mechanism of
phenomena lies at the core of the scientific endeavor; therefore, considering the
degree to which an explanation is mechanistic should guide learners who are
engaged in modeling practice.

These epistemic considerations that frame and guide practices are called
epistemologies-in-practice. This EIP framework is important because it can capture
the nature of students’ engagement in modeling practices and how teachers might be
supporting students’ development of modeling in the classroom community. Our
research acknowledges the context specificity of considerations in practices and
describes how the practices of modeling, explanation and argumentation might become
more meaningful from a disciplinary and classroom perspective through epistemic
considerations (Berland et al., 2016). Table 11.1 is a summary of the four epistemic
considerations and some of the ways that students might address each consideration.

How are epistemic considerations related to models and modeling competence
within this book? Our EIP framework overlaps with the framework for modeling
competence (FMC; Chap. 1) in that they both emphasize purposes of modeling as
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Table 11.1 Epistemic considerations in students’ epistemologies in practice.

Epistemic Consideration Range of Students’ Considerations
What kind of answer should e Our model should describe what happened.
our model provide? ®  Our model should explain how or why something
(nature) happened. In other words, it should articulate a step-by-

step mechanism.
How do we justify our model? e We include the information in our models that others tell
(ustification) us to include (so it does not need to be justified).

e We construct, evaluate, and justify our models using our
interpretation of the available information (e.g., data,
scientific theories, personal experiences, etc).

Who will use our model and e Our model is for the teacher to evaluate our

how? understanding.

(audience) ® We collaboratively construct and use our model with our
audience.

How does our model relate to e Specific scientific phenomena do not relate to one

other scientific phenomena another, so our model should characterize the specific

and ideas? nature of each individual phenomenon.

(generality) e Generalized science ideas have little relationship to

specific experiences or phenomena so our model should
not connect across these ways of thinking.

® Our models are created from and should explain a range
of phenomena, so our model should show these
connections.

(Table from Berland et al., 2016)

the key to guide students’ modeling processes. While we identified four epistemic
considerations concerning the purposes and goals of modeling building upon our
hypothetical learning progression of modeling, the FMC prioritizes the predictive
nature of the models as research tools. In particular, the aspect of purposes of models
in the FMC is well aligned with our nature epistemic consideration as they both
capture the explanatory and predictive power of a model as a sense-making tool.
However, there is a key difference in how the two frameworks conceptualize the term
“explain.” In the FMC, “explain” is at level II because it only serves a intermediate
function of describing something. In our work, an explanation is part of the explana-
tion practice which goes beyond describing because “the known relationships and
correlations between variables in an initial object” are often not observable to stu-
dents, and these are critical to the hidden-mechanism of how and why certain phe-
nomena occur. Reasoning systematically through underlying factors and relationships
that give rise to phenomena is a powerful thinking strategy that also allows one to
make predictions about phenomena (Krist, Schwarz, & Reiser, 2019). Therefore, in
our EIP framework, using models to develop a mechanistic account about phenom-
ena is one productive epistemic consideration that is aligned to the values of both
disciplinary science and the classroom knowledge building community.

Another key difference between the EIP framework and the FMC is that, while
the FMC highlights students’ knowledge about models such as “nature of models”
and “multiple models,” the EIP framework focuses not on students’ ideas about
models, but how students are developing and using models with respect to their
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goals of modeling. While students’ epistemic considerations may reflect their MC
in terms of the nature of models, the goals that guide students’ modeling work may
be less like formal dispositions that students develop over time and more about
contextual considerations drawn on and supported by the teacher or others in class
when doing scientifically meaningful modeling practice in classrooms.

11.3 Two Illustrating Examples

11.3.1 An Example Illustrating How Modeling Instruction
Can Become Unproductive

Below we present a short classroom conversation to illustrate how modeling instruc-
tion can become proceduralized or unproductive in authentic classroom settings,
even when the intent of teacher’s practice may be well aligned with the disciplinary
norms of scientific modeling. The conversation took place in one of our participant
teacher’s classroom and the teacher, Mr. L was reviewing the criteria of a good
model before asking students to revise their model of evaporation.

Mr. L: What’s a good model? What do good models have in common?

Student A:  Evidence.

Mr. L: Good models need evidence, right? So where do we get our evidence
from?

Student B: ~ Maybe from the labels?

Mr. L: Ok, you could have labels, but I don’t know if they show evidence
necessarily.

Student C:  From the science lab? The fancy little things we used...

Mr. L: Yes, we used the humidity detectors in the experiments we did.

That’s a piece of evidence we could put into our model. What else?
Student D:  Molecules?

Mr. L: Are you talking about the simulations we saw on the computers?
Student D:  Yeah, the one with molecules going all over the place.
Mr. L: Exactly. Remember, the experiments we did, the humidity level, the

computer simulations are all evidence you want to make sure you put
into your model if you haven’t done so already because you guys just
told me that we need evidence in our model.

In this excerpt, Mr. L seemed to be emphasizing the importance of including evi-
dence in models, which also aligns with our Justification epistemic consideration,
that students need to support their models with evidence. However, we argue that
this interaction in the enactment was not particularly productive because the conver-
sation did not help students figure out why the “humidity detector” or “computer
simulations” could count as forms of evidence as well as why they needed to include
them in the first place. Rather, Mr. L was the one who made the conclusion that
students needed to put the “humidity detector” and “computer simulations” into
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their models. By doing so, students lost the opportunity to figure out what they
needed to include as evidence in their particular models (and we assume each stu-
dent had their own ideas about how to construct a model for a particular phenome-
non) so that they could show other people that their models were correct. Later in
the model revision session following the conversation, we observed many students
putting experiment details including humidity level into their models. However,
from our analysis of our focus student interviews, we found that some of our focus
students seemed to have followed the teacher’s instructions without thinking much
about why they needed to do so.

11.3.2 An Example Illustrating How a Teacher Supports
Modeling Through Epistemic Considerations

Context In this illustrative example, we highlight the pedagogical practice of a Sth
grade science teacher, Mrs. M, from a Midwest suburban elementary school during
the 2012-2013 academic year. While we worked with several different science
teachers throughout our research (Ke & Schwarz, 2016), this example highlights
Mrs. M’s teaching and her classroom as our work indicated she was particularly
effective at engaging students in epistemically-rich modeling practice in ways that
aligned with disciplinary and classroom knowledge-building norms.

The transcripts of classroom dialog were derived from a 6 to 8-week model-
based unit (Baek et al., 2011; Kenyon, Schwarz, & Hug, 2008) about evaporation
and condensation. In the unit, students were asked to address a driving question of
whether or not they would drink the liquid from a solar still. To answer this driving
question, students constructed an initial diagrammatic model to explain the phe-
nomenon, and continuously evaluated and revised their models using evidence from
their empirical investigations and scientific information.

When we introduced the epistemic consideration framework (Table. 11.1) to
Mrs. M about 4 years into our 9-year collaboration, she took on the framework as
they provided goals for students” work during various modeling activities. She
thought of the framework and the epistemic considerations as a way to evaluate
whether the models were moving in a good direction. Our analysis of Mrs. M’s
teaching indicated that she particularly emphasized two epistemic considerations —
nature and generality. The nature consideration focuses on what counts as a suffi-
cient answer to scientific questions. The generality consideration focuses on
connecting understanding about specific phenomena and more general scientific
ideas. Mrs. M’s approach to using the nature consideration was to work with stu-
dents to figure out “how and why”” phenomena occur. She also told us that she was
going to try to support the generality consideration because she thought it was the
most challenging epistemic consideration for students to use. In this example, we
highlight what teacher practices Mrs. M employed that supported students in gener-
ating and revising mechanistic models that could be generalized to other phenomena.
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“Remember to explain how and why!”” One of the ways in which Mrs. M sup-
ported students’ meaningful engagement in scientific modeling practice was by
emphasizing the nature and purpose of the model (nature) throughout the unit and
in different ways. This idea links to the disciplinary norms of developing and revis-
ing scientific knowledge that is explanatory in nature and address both the processes
of the phenomena as well as the potential mechanisms of the phenomena. For
instance, for every phenomenon of evaporation or condensation that the class gener-
ated, Mrs. M would always ask the similar “how and why” questions such as, “how
and why does water appear on the cold can?”, “How and why does dew form on the
grass in the morning?” to reinforce the idea that it was important for students to
attend to the mechanism of the phenomena with their models. Below is an excerpt
that exemplifies the way in which Mrs. M emphasized explaining “how and why.”
The conversation occurred in the second lesson when she asked her students to con-
struct their very first model of evaporation. In the excerpt, we bolded the utterances
of Mrs. M that we coded as addressing the nature consideration.

Mrs. M: You guys are going to be constructing an initial model [of evapora-
tion]. So what changes did you observe over time? How and why do
you think those changes happen? Those [questions] are hard to
explain, aren’t they? In other words, how and why do you think the
liquid seemed to disappear? How and why, Jack?

Jack: It’s probably just natural.

Mrs. M: OK, so how did it happen?

Emma: They just evaporated.

Mrs. M: What does that mean? Where did it go?
Emma: Into the air.

At the beginning of the episode, Mrs. M asked the class “how and why do you
think the liquid seemed to disappear?” Students had known the word ‘evaporation’
from earlier schooling, but had never unpacked what it meant or how it happened
nor had they conducted any investigation to validate their hypothesis of evaporation.
Therefore, Mrs. M’s questions not only directed students to think about the mecha-
nism of the phenomena, but the question was also open-ended to allow students to
share their initial ideas. After Jack’s answer “it’s just natural,” which is a typical
answer at the beginning of the unit, Mrs. M problematized the phenomena by asking
the class “how did it happen?” Her question sent the message to the class that “it’s
just natural” was not a sufficient answer and students needed to further unpack the
mechanism to figure out the “how and why.” As another student, Emma, responded
with “it just evaporated,” Mrs. M asked her to clarify what she meant by “evapo-
rated.” She also probed her about “where did the water go?” to scaffold her thinking
about the process happening at the microscopic level, which is critical for under-
standing the mechanism. In this way, Mrs. M’s question about tracing matter (e.g.
water molecules in this case) across levels (macroscopic to microscopic) may have
been especially helpful for students who did not think about the process going on at
the microscopic level or who failed to make the connection between observable
phenomena to a non-visible mechanism.
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In addition, the fact that Mrs. M followed the more general question of “how and
why do you think it happened?” with the more specific question of “where did the
water go” also conveyed the message to the class that one way students could
achieve the goal of explaining “how and why” was to figure out where the water
went in the phenomena. In other words, Mrs. M not only established “explaining
how and why” as the primary goal of their modeling, she also helped her students
think about how to meet the goal by asking them specific questions of tracing water
molecules. In fact, this was a common practice Mrs. M took throughout the unit.
Whenever she was addressing the “how and why” of students’ models, she followed
up with questions with regard to tracing water molecules, either “where did the
water go” or “where did the water come from” for phenomena of evaporation and
condensation.

Not only did Mrs. M emphasize “explaining how and why” during model cre-
ation, she also prioritized “explain how and why” as one of the most important cri-
teria for evaluating a scientific model since she understood that the goal of models
is to explain phenomena. Whenever students showed their models to the class or
their group members, she often asked students to show how their models addressed
“how and why.” The following episode exemplifies how Mrs. M supported her stu-
dents to engage in model evaluation with a focus on “explaining how and why.” The
conversation occurred in the seventh lesson after students had constructed their ini-
tial models of condensation.

Mrs. M: Would you please come up here and share your model with us, Tom?
I’m looking for the how and why pieces. I’m going to be asking
you [class] to help Tom to tell us the how and why piece, the
mechanism piece.

Tom: This is my model and this is the mirror and this is the water mole-
cules evaporated from the shower. And then they’ll come around to
the mirror and there’s a fog and there’s some water droplets.

Mrs. M: Is there anyone in here who has anything to say about this model?
Whether we have any stars, any wishes, anything like that?

Tom: Sarah?

Sarah: I really like how you put that they are attracted to it [mirror], but I’d
like to know why.

Starting at the beginning of this episode, Mrs. M was explicit about “explaining how
and why” as the focus of the activity of model sharing and evaluation. She asked
Tom to present his model with special attention to the “how and why” piece of his
model. In the meantime, Mrs. M also directed class as the audience to pay attention
to the mechanism piece as well. In this way, the class shared the common goal of
explaining how and why as Tom began to share his model. It is important to note
that Tom’s presentation was no easy task, albeit brief, as it required him to under-
stand (1) what Mrs. M meant by “how and why”, and (2) what counted as the “how
and why” in his own model. The fact that Tom was able to consider explaining how
and why condensation occurred when creating the model and communicated how
he met the goal of “explaining how and why” to the class indicated that he was
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engaged in modeling practices in a non-procedural way that aligned with epistemic
goals of developing a mechanistic model. We suspect that Tom’s mechanistic pre-
sentation of his model may be related to Mrs. M’s foregrounding of the epistemic
consideration of nature. In particular, Mrs. M’s frequent questions about “how and
why” in combination with specific matter-tracing questions throughout the unit may
have contributed to his tracing of water molecules in his model.

After Tom’s presentation, Mrs. M turned to the class for model evaluation. She
asked if anyone had any “stars and wishes.” (stars = praise, wishes = criticism).
More importantly, the stars and wishes should be based on the epistemic consider-
ations of modeling practices. In this conversation, since Mrs. M had made explicit
that she was “looking for the how and why, the mechanism piece,” the expectation
she set up for the class was to provide any “stars” or “wishes” concerning how well
Tom’s model explained how and why condensation occurred. It is worth noting that
this framing of the activity was not only meaningful from the disciplinary perspec-
tive, but more importantly, it is also accessible to students since Mrs. M had already
set up the norms of evaluating models. As evident in Sarah’s comment about “why
water molecules are attracted to the mirror,” she was familiar with the norms of giv-
ing “stars and wishes” based on “how and why.” Additionally, Sarah’s comment
also showed that she had her own understandings of what counted as “how and
why”” and Tom’s model did not address the “why” part. This is another indication of
students’ meaningful engagement in the modeling practices as Sarah was able to
take up the epistemic consideration of “explaining how and why” and use it to
evaluate other students’ models.

“Your model should be able to explain ALL these phenomena!” Besides
emphasizing the goal of “explaining how and why,” Mrs. M also highlighted
“explaining multiple phenomena” as one of the primary goals when engaging stu-
dents in modeling practices. For example, when students were revising their models
or constructing consensus models, she constantly challenged her students to use
their models to explain other relevant phenomena that were familiar to students.
Often times after a student presented their models in front of class, Mrs. M would
follow up with questions about how that particular model was able to explain other
similar phenomena. The following episode is representative of how Mrs. M set up
the goal of “explaining multiple phenomena” in the modeling activities. The con-
versation occurred in lesson six when Mrs. M asked students to construct their con-
sensus models of evaporation with group members.

Mrs. M: “Generality.”” A model needs to be used to explain multiple phe-
nomena. So what are some phenomena of evaporation? Give me
some examples of evaporation that your model can explain.

Todd: How hair dries.

Mrs. M: So I would use my model to explain how hair dries. What else?
Cathy: How nail polish dries.

Mrs. M: Nail polish dries. I use my model to explain how nail polish dries.

Sam: How the towel dries.
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Mrs. M: So hanging your clothes out to dry. So your model, needs to be able
to, not just be used for one of those things, but your model needs
to be able to be used to explain all of those things! You guys are
going to be given a task of creating a consensus model. You need to
decide, as a group, how you are going to create a model that rep-
resents the big idea of evaporation that can be used for all of the
phenomena we were talking about earlier. Tomorrow, I'm just
gonna draw out of a hat, I'm just gonna say, [with] your model,
you're gonna tell me how you can smell dirty feet. [With] your
model, you're gonna tell me, how the paint in Alicia's room dried.
[With] your model, you're gonna tell me, how your bathing suit
dries. You have no idea of what I'm going to tell you, but your model
is going to have to show me that.

In this episode, Mrs. M started with the overall statement of “a model needs to be
used to explain multiple phenomena.” Then she asked students to list examples of
evaporation that they can use their model to explain. By doing this, Mrs. M provided
scaffolding to help students better understand what generality meant in terms of
students’ own models and what specific phenomena their models should account
for. Towards the end of the episode, Mrs. M made “explain multiple phenomena”
the primary goal of consensus model construction, “You need to decide, as a group,
how you are going to create a model that represents the big idea of evaporation that
can be used for all of the phenomena we were talking about earlier.” We argue that
this framing of the activity was epistemic in nature, and fundamentally different
than some other instructional goals teachers may have when engaging students in
consensus model building. For instance, other teachers might be worried about stu-
dent participation or group dynamics under such circumstances. The nature of stu-
dents’ engagement of modeling may look vastly different if those goals were set up
as the primary goals of consensus model building.

Similar to how she helped her students to contextualize the goal of “explaining
how and why,” Mrs. M also provided scaffolding in her instruction to help her stu-
dents better understand the epistemic consideration of generality. In particular, Mrs.
M frequently asked her students to compare different phenomena so that they could
recognize the connection between phenomena that share similar mechanisms and
then figure out what aspects of the mechanism could be generalized to account for
different phenomena. The following episode illustrates how Mrs. M scaffolded stu-
dents to see the connection between two phenomena, “fog on the mirror” and “cold
can.” The conversation occurred in lesson seven when students were first introduced
to condensation.

Mrs. M: How are these two phenomena different? The Coke can and the
fog on the mirror. Think about how they happen, think about
where it came from. There’s enough room to explain your ideas so
please do that.

(after students worked on the responses for 2 minutes)
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Mrs. M: Now think how they are similar then.

Mrs. M: Jack, tell me how they are different.

Jack: The Coke can is cold and the bathroom is hot and steamy.

Mrs. M: OK. So what is the same, Anna?

Anna: Well, on the mirror, you will find more than just fog, you will find

droplets of water. So those droplets of water are very similar to
what’s on the can.

At the beginning of the episode, Mrs. M first asked students to identify the similari-
ties and differences between the two phenomena, “cold Coke can” and “fog on the
mirror in the bathroom.” She further directed students to think about the “how and
why” piece, “think about how they happened” and “where it came from.” As dem-
onstrated in the previous section, Mrs. M often asked general “how and why”” ques-
tion in combination with specific matter-tracing mechanism-oriented question such
as “where did the water come from.” In this case, by focusing on the similarities and
differences of the two phenomena in terms of “how and why,” Mrs. M intended to
guide students to not only identify the analogous parts in the two phenomena, but
also extract the aspect of the mechanism that could be applied to both scenarios. We
argue that Mrs. M’s emphasis on identifying the similarities and differences between
two phenomena concerning the mechanism may potentially help students shift from
not recognizing generality should/can happen, to mapping components to another
context, and eventually to applying generalized mechanism to different contexts.
While Anna’s response did not address the mechanism of the two phenomena, she
identified that the liquid water seemed to be appearing in both contexts. It is under-
standable that Anna did not identify the generalized process/mechanism that could
explain both phenomena, since the activity occurred at the beginning of the conden-
sation unit when students were just starting to make sense of phenomena of conden-
sation without having learned much content knowledge.

As shown from the excerpts above, Mrs. M prioritized “explaining multiple phe-
nomena” as one of the primary goals of modeling practices. She also scaffolded
students to achieve the goal by comparing the similarities and differences between
phenomena. Further, it is interesting to note that the scaffolding Mrs. M provided
often involved examining the “how and why” piece of the phenomena, which may
help students recognize and generalize the key components and processes that can
be applied to various phenomena.

11.3.3 Teaching Using Epistemic Considerations and Its
Potential Impact on Students’ Modeling Practices

From the above analysis, we see how Mrs. M prioritized the epistemic consider-
ations of nature and generality for modeling activities in class. However, how did
this emphasis on “explaining how and why” and “explain multiple phenomena”
impact students? Analysis of students’ interviews clearly indicates that it did. Here
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we present one of our focus students (Jeanette)” post-interview analysis to illustrate
the nature of students’ modeling practices and discuss in what ways Mrs. M’s
instructional support might be productive at engaging students in the practice. We
chose Jeanette as an illustrating example because, similar to other focus students,
Jeanette made progress in both nature and generality. Also, she was reflective about
her modeling experiences in Mrs. M’s class.

The excerpts below highlighted what Jeanette’s modeling practices looked like
with respect to the epistemic considerations of nature and generality.

Interviewer: Can you use your model to explain how condensation happens?

Jeanette: So these are the water molecules in the air and they're flying around.
But when they get closer to the can they slow down. And then they
begin to clump together on the can and then more and more of them
clump together and we see the fog.

Interviewer: Why do they come to the cold can and come together?

Jeanette: Because heat makes them go really fast. And when they get near a
place that's colder, they lose the heat that makes them go fast and so
they slow down.

Interviewer: So what changes did you make to revise your initial condensation
model?

Jeanette: Well, in my first model there was no how and why. It didn't say why
the molecules were doing that and how they were doing that.

Interviewer: Let's try to use your model to explain some situations. For exam-
ple, can you explain the phenomenon of why and how does the
mirror in your bathroom fog up when you fill the bathtub with
hot water?

Jeanette: When you fill up a bathtub, the water is hot. And so that water evapo-
rates and since the mirror is colder than the water molecules are, they
will move around by it and slow down and form water droplets on it.

Interviewer: OK, can you use your model to explain how and why rain falls?
Do you think it’s related or not?

Jeanette: I don’t think rainfall is related to condensation. Because when rain
happens, it goes into a cloud and there’s nothing solid or anything
colder that they would actually go to and form on.

When asked to use her model to explain how condensation happens, Jeanette
focused on the water molecules and she was able to describe the hidden mechanism
at the molecular level. With her model, she identified an explanatory process, water
molecules first “flying around in the air,” and then “slowing down when they get
closer to the can,” and finally “clumping together on the can.” She also made the
connection between micro-level molecular movement (e.g. “clump together”) to
macro-level phenomena (e.g. “we see the fog”), which is challenging for students to
conceptually comprehend, especially for young learners. In addition, Jeanette also
made a chain of reasoning to further explain why water molecules slowed down.
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Altogether, Jeanette’s model-based explanation included an explanatory process at
the molecular level to show how water condensed onto the cold can, a chain of rea-
soning to explain why the process happened, and a connection between micro-level
molecular movement and the macro-level phenomena. It is also worth noting that
she was not satisfied with her initial model of condensation as “there was no how
and why.” She elaborated on what she thought as “how and why”. In contrast, in her
revised model, Jeanette had both how they were doing that (water molecules slowed
down and clumped together) and why they were doing that (water molecules lost
heat as they come near a cold object). We argue that Jeanette was taking up the goal
of “explaining how and why,” which Mrs. M prioritized as the primary goal of mod-
eling, and used the epistemic consideration to guide her revision of her initial model
of condensation.

Later in the interview, Jeanette was asked to use her model to explain two other
phenomena. When trying to use her model to explain how and why the bathroom
mirror fogged up, Jeanette successfully generalized the key process going on in her
own model, “water molecules slow down because of a colder object and form water
droplets”. When asked to use her model to explain rainfall, although she did not
think her model was able to, it was evident that Jeanette was again trying to apply
the same generalized process as she was looking for a colder solid object where
water can go to. Jeanette was not only able to identify the analogous parts in both
situations, she also went beyond the macro-level elements of the phenomenon. We
argue that Jeanette’s proficiency in generality may have been influenced by Mrs.
M’s instructional emphasis on “explaining multiple phenomena” as one of the pri-
mary goals of developing models.

11.4 Discussion

11.4.1 Epistemologies-in-Practice Framework
and the Framework for Modeling Competence

We conclude this chapter by discussing how it contributes to this book and the larger
modeling community in general. We also address how the EIP framework is similar
or different from the FMC.

We see the frameworks are fundamentally different regarding their theoretical
foundations as well as their intended use. While the EIP framework focuses on epis-
temic questions that inform the practice of modeling when figuring out phenomena
from the situated learning perspective (Lave & Wenger, 1991; Wenger, 1998) the
FMC foregrounds an individual’s knowledge about models and modeling abstracted
from the modeling practice and the need as provided by the context in which the
modeling is taking place. In other words, while the EIP framework focuses on the
purposes or goals of modeling that guide students’ sense-making in particular mod-
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eling settings, the FMC points to individuals’ general understanding about models
(e.g., nature of models and multiple models) and the process of modeling (e.g., test-
ing and changing models) assuming they can be applied to different modeling con-
texts. These are different perspectives as the EIP framework is situated in context
and practice while the FMC is focused on abstracted knowledge about models and
modeling in general.

Each of these frameworks aims for a different purpose. Our EIP framework,
derived from our previous empirically-validated learning progression for scientific
modeling (Schwarz et al., 2009; Schwarz et al., 2012), was designed to capture and
characterize ways in which students engage in those key aspects of modeling (argu-
mentation and explanation) practices. The EIP framework can also be applied to an
individual or a community of learners as questions and goals that individual and
communities are working towards collectively. As such, teachers can use the EIP
framework as questions and goals to support students’ development in modeling
practices as Mrs. M’s case illustrates. In contrast, the FMC captures knowledge and
information about models and modeling as theoretically constructed across studies.
Its purpose seems to align with diagnosing whether or not students have achieved
certain levels of modeling competence through problem-solving.

Second, while the two frameworks differ with respect to their theoretical founda-
tions and intended use, some of the sub-categories of focus relate to one another.
The most obvious connection between the two frameworks is the focus on using
models as sense-making tools to explain and predict phenomena: This focus is
found in the nature epistemic consideration in the EIP framework and the purpose
of models in the FMC. Nevertheless, as we discussed earlier, the word “explain” in
the FMC is focused on describing the known relationship, as opposed to reasoning
mechanistically, which is how it is often used in the U.S. Science Education
Standards documents such as the Next Generation Science Standards (NGSS;
NGSS Lead States, 2013). Therefore, the “how and why” message that Mrs. M was
emphasizing throughout the unit goes beyond level II under the purpose of models
in the FMC.

Another possible connection between the two frameworks lies in between festing
models in the FMC and the generality consideration in our EIP framework. For
example, Mrs. M’s message about “explain multiple phenomena” involved the pro-
cess of testing or applying the model with a context that is parallel with the initial
context, which might be a level II in the FMC. However, what Mrs. M highlighted
with respect to the generality consideration was more than just testing models with
similar phenomena about evaporation. It also called for students to figure out a hid-
den mechanism that were general enough so that the model could be applied to
those parallel situations. In that sense, the EIP framework is more fine-grained for
capturing what is happening in the classroom, especially at the elementary or mid-
dle school level where prediction (level III, purpose of models; Chap. 1) may not be
the ultimate goal of using models as a sense-making tool.
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11.4.2 Teaching with Epistemic Considerations

In this chapter, we argue that EIP framework can be productive for teachers who
seek to engage students in modeling practices in an epistemically-rich way. Mrs.
M’s case illustrates how it can be done in an authentic classroom context. In
particular, the epistemological messages that Mrs. M consistently emphasized (e.g.,
“explain how and why” and “explain multiple phenomena”) seemed to be especially
productive. We hypothesized that it might be so because those messages together
with Mrs. M’s other pedagogical strategies (e.g. scaffolding, unpacking) may be
accessible to students and open-ended enough so that students can see how the par-
ticular goals can be applied to their own models. Going back to Mr. L’s case, one of
the reasons why students did not seem to understand what counted as evidence for
their models may be due to the fact that “good models need evidence” did not guide
students in unpacking why that was important or how to apply the goal to students’
own models. Imagine if Mr. L asked students instead how they could show their
models are correct, that water molecules were actually going up to the air rather
than seeping through the container. Students themselves may have referred back to
the experiments involving using humidity detectors and decided to include the
“humidity level” into their models to show the non-visible water molecules were
actually going up into the air. Then the goal of the modeling activity would have
become trying to figure out how to prove their models were correct as opposed to
remembering what could count as evidence that should be included in the models.

While teachers sometimes struggle with how to enact scientific modeling in their
classroom, Mrs. M’s case shows evidence that there are disciplinarily productive
ways in which teachers can engage students in modeling practices to potentially
support the development of students’ modeling competences. In particular, we
found that Mrs. M’s prioritizing the epistemic considerations of nature and general-
ity as the primary goals of modeling practices seemed to productively influence
students’ modeling work. We see evidence from classroom interactions (e.g. Sarah’s
question about why) that Mrs. M’s students had developed a strong sense of exam-
ining the “how and why” piece of phenomena and used that to navigate their own
modeling work to create a more mechanistic model to better account for the phe-
nomena. Our findings are consistent with and build on prior work around how
teachers’ framing and epistemological messages (Berland & Hammer, 2012; Russ
& Luna, 2013; Russ, 2018) of activities in science classroom affects student partici-
pation and learning.

Moreover, our findings also suggest that simply emphasizing the epistemic con-
siderations (e.g. “models should be able to explain and predict phenomena”) is not
likely to be sufficient. Our analysis of Mrs. M’s teaching indicates that, in order to
productively engage students in modeling practices in a meaningful way, a teacher
also needs to provide scaffolding (e.g. asking students to trace water at the molecu-
lar level for nature; asking students to compare between two similar phenomena for
generality) to help students contextualize the epistemic goals with their own mod-
els. In that way, students may have a better sense of how to achieve those abstract
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epistemic goals within the learning context that is relevant to them. We find that
Mrs. M’s blend of foregrounding the overarching goals and providing specific scaf-
folding consistently throughout the unit seem to be particularly productive in sup-
porting students’ development in modeling competences. Our result echoes with
what Lidar and her colleagues (2006) found regarding the interplay between teach-
ers’ epistemological moves and students’ practical epistemologies. In their study,
they conjectured that some of the teacher’s epistemological moves were not taken
up by students probably because they were too challenging for students. Our study
showed evidence that students were able to take up the “epistemological move” as
Mrs. M’s epistemological message was appropriately scaffolded and contextualized
in a way that was approachable for students.

In addition to emphasizing epistemic considerations consistently throughout the
unit, our analysis indicated that Mrs. M was successful in setting up the norms of
modeling activities (e.g. “stars and wishes” for model evaluation) as well as the
social interactions among students (e.g. consensus model building within groups).
This seemed to be another critical aspect of Mrs. M’s instruction that may poten-
tially influence students’ modeling practices. Setting up social norms around mod-
eling practices is critical because it facilitates engagement with epistemic ideas
across students. While our analysis did not specifically focus on how Mrs. M set up
the norms of different modeling practices (e.g. how to give each other feedback
about models, how to make a consensus model with group members), during our
analysis, we often found that the norms had already been set up in the background
of the activities as Mrs. M engaged students in the epistemic aspects of modeling.
We point out that this is not a common practice shared by all teachers. The findings
indicated that, in order to engage students in modeling in a disciplinarily meaning-
ful way, it is necessary for students to be familiar with the norms of practice. Our
finding is also consistent with what Colley and Windschitl (2016) found, that higher-
rigor sense-making talks often occurred in association with conditions where the
teacher was successful in engaging students in the social practice of talking to a
partner or commenting on each other’s ideas. More research needs to be done to
further unpack the relationship between the social and epistemic aspects of engag-
ing students in productive scientific practices.

Overall, our findings suggest that the combination of the following three ele-
ments are critical for supporting students in meaningful engagement in modeling
practice, (1) prioritizing epistemic considerations as the primary goals of model
development and revision, (2) providing scaffolding to contextualize epistemic con-
siderations in concrete and approachable ways for students, and (3) setting up the
norms of modeling practices within a community to support the development and
revision of modeling practice/and ideas. In other words, there may not be a univer-
sal, but rather a suite of concerted instructional supports that teachers need to
employ in order to productively engage student in modeling practices in a mean-
ingful way.
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11.5 Conclusions

As the research community studies modeling competence, our work contributes
towards understanding how scientific modeling can productively unfold in class-
room environments. In particular, the teacher’s role and interactions are paramount
for how modeling takes place and whether it becomes proceduralized school science
or meaningful for a knowledge-building classroom community. This is particularly
important given the “practice turn” and the epistemic nature of this critical practice.

What role do teachers play, and how does this matter? Our studies and those of
others (e.g., Lehrer & Schauble, 2010; Vo, Forbes, Zangori, & Schwarz, 2015) indi-
cate that teachers’ enactments of modeling have real ramifications on students’
modeling practices and whether modeling is taken up as a school practice or as a
disciplinarily meaningful one. As such, these findings move beyond documenting
teachers’ knowledge of modeling and towards understanding how the practice
unfolds in the classroom. Mrs. M guided students by highlighting and scaffolding
epistemic messages while engaging them in the social work needed to do so.

Our work illustrates how one teacher productively engaged her students in mod-
eling to support them in developing mechanistic models that generalized to other
phenomena. Her teaching scaffolded students in developing modeling competence
using epistemic considerations. There is still much more to be learned about how to
meaningfully engage students in scientific modeling and how to support teachers in
doing so. Understanding the interactions of teaching and learning along with sup-
porting teachers to enact these productive interactions will be critical to advancing
the field. In this way, all learners will be able to engage meaningfully in scientific
modeling to make sense of the world.
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Chapter 12

A Responsive Methodological Construct
for Supporting Learners’ Developing
Modeling Competence in Modeling-Based
Learning Environments

Todd Campbell, Thomas J. McKenna, Jihyun An, and Laura Rodriguez

12.1 Introduction

Science studies research has revealed how models serve as context dependent tools
for organizing the day-to-day sensemaking work of scientists (Passmore, Gouvea,
& Giere, 2014). When this is considered in recent calls for science learning environ-
ments to position students as legitimate participants in the social, epistemic, and
material dimensions of science (Ford & Forman, 2006; Lehrer & Schauble, 2006),
modeling-based learning (MBL) classroom environments (Louca & Zacharia,
2012) emerge as important for more authentically representing scientific activity
and supporting students’ developing modeling competence as they focus on explain-
ing events that happen in the world. Here, the notion of modeling competence is
framed in alignment with the functional-pragmatic concept of competence, espe-
cially since the main focus is on supporting students’ abilities to cope with chal-
lenges (e.g., explaining phenomena) and using models as epistemic tools across a
range of contexts (Klieme, Hartig, & Rauch, 2008). Therefore, the importance of
MBL environments lies in how models are used by students as epistemic tools for
organizing their day-to-day work across instructional units. In this, students are
positioned as epistemic agents (Scardamalia, 2002; Stroupe, 2014) to work at know-
ing with modeling as a central knowledge development practice (Sandoval, 2015)
that is stabilized through the interplay of their (i.e., students’) ideas, the material
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world, evidences, and other practices in representations of scientific activity (Ford,
2005; Manz, 2015; Pickering, 1995; Rouse, 2007).

However, because the work of supporting students’ engagement in modeling is
complex, increased attention is needed for understanding the role of teachers in
these learning environments (Griesemer, Lo, Guy, Harris, & Passmore, 2016; Kahn,
2011; Schwarz et al., 2016), especially when teachers work to position students as
epistemic agents and their ideas as resources for sensemaking within these environ-
ments. Given this, a methodological construct that teachers can use in MBL envi-
ronments to support sensemaking with students’ ideas is the focus of this chapter.
More specifically, redirection is the primary methodological construct that is
explored in this chapter in the context of a high school physics classroom. It is fore-
grounded in the study of a MBL environment because of how it was previously
found to be useful in support of sensemaking with students’ ideas in classroom
communities (Lineback, 2015), especially since sensemaking with students’ ideas
(e.g., partial understanding of scientific ideas, nonstandard ideas, and everyday
experiences) is at the very heart of the epistemic practice of modeling (Gouvea &
Passmore, 2017). Further, responsive teaching is prioritized as a central priority of
redirection that supports teachers as an approach for taking up their students’ ideas
‘in the moment’ and helping foreground those ideas so that the anchoring practice
of modeling in the MBL environment supports the refinement of students’ ideas.
More specifically, Lineback described redirection ““as instances when a teacher
invites students to shift or redirect their attention to a new locus” (p. 419). Through
redirection, teachers can support students by foregrounding (un)productive ideas so
that they can use localized ways of knowing, especially modeling as a knowledge
development practice in MBL environments, to determine the appropriateness of
foregrounded focal ideas in the specific context in which they are being used
(Lineback, 2015).

Because of the potential promise of redirection and the need to better understand
and make explicit ways in which teachers can support student sensemaking and
development of modeling competence in MBL environments, this chapter explores
how teachers might be responsive to students’ sensemaking with redirection in
MBL environments.

12.2 Theoretical Perspectives

12.2.1 MBL Environments and Representations of Scientific
Activity

MBL learning environments, for the purpose of this research, are defined in align-
ment with Louca and Zacharia (2012) as “an approach for teaching and learning in
science whereby learning takes place via student construction of models as repre-
sentations of physical phenomena” (p. 471). These environments are important in
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science education, since researchers like Manz (2015) point to the need for careful
consideration of “what features of scientific activity systems situate the meaning of
the practice in professional activity as well as whether and how we can represent
those features in classroom environments” (p. 556). Given that Passmore, Gouvea
and Giere (2014) note that science studies research has revealed how models serve
as context dependent tools for organizing the day-to-day work of scientists, these
features of scientific activity can be said to situate the meaning of practice in scien-
tists’ professional activity. Further, researchers have previously documented how
models can serve as context dependent tools for organizing the day-to-day work of
students across units of instruction in the service of representing scientific activity
(e.g., Manz, 2015; Passmore et al., 2014; Stroupe, 2015). Here, scientific activity is
understood in terms of activity theory (Vygotsky, 1978). More specifically, just as
activity theory is concerned with the dialectic of subjects, tools, and objects in
human pursuits (Roth & Lee, 2004), scientific activity is concerned with the dialec-
tic of scientists, tools useful in scientific pursuits (e.g., science practices, disciplin-
ary knowledge), and the objects of their pursuits (i.e., constructing and critiquing
explanations of things that happen in the world (Ford, 2008)). Consequently, with
MBL as one example of a representation of scientific activity in science classrooms,
students (subjects) engage in developing and using models (tools) in concert with
other science practices (e.g., engaging in argumentation) across an instructional unit
to iteratively explain a unit anchoring phenomena (object) (Melville, Jones, &
Campbell, 2017).

12.2.2 Modeling Competence

As alluded to earlier, the conception of modeling competence adopted in this chap-
ter is aligned with the functional-pragmatic conception of competence (Klieme
etal., 2008), whereby modeling competence can be understood as students’ abilities
to cope with challenges (e.g., explaining phenomena or solving problems) using
modeling as an epistemic tool across a range of contexts (Chap. 1). In this concep-
tion, unlike decontextualized cognitive systems that are developed in isolated con-
texts and later deployed, competence is considered a context-specific ability that is
sensitive to contextual demands and acquired by learners in situ (Klieme et al., 2008).

In Germany, competence models were adopted to take into account the shift in
classrooms away from solely focusing on the acquisition of disciplinary science
concepts to focusing more on the application of these concepts in meaningful con-
texts. In the U.S., this shift emphasizes the movement away from a focus in science
classrooms on students ‘learning about’ disciplinary scientific concepts outside of
meaningful contexts to a focus on students ‘figuring out’ how to use disciplinary
science concepts and science practices to explain phenomena that happen in the
world or to solve real world problems of consequence (Krajcik, 2015; NGSS Lead
States, 2013). In this shift to ‘figuring out’ highlighted in the most recent U.S. stan-
dards documents, disciplinary scientific knowledge remains centrally important,
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however from the perspective of students its usefulness becomes apparent or func-
tionally pragmatic in as much as it is helpful in explaining phenomena, generating
new knowledge through predictions and investigations, and solving problems
(Chap. 1). In addition, the focus on ‘figuring out’ in the newest standards documents
has elevated the importance of science practices, like developing and using modeling
competence being explored in this volume, as the tools students use to critique and
refine explanations or solutions to problems as part of engaging in more authentic
representations of scientific activity (Ford, 2015; Stroupe, 2015). Additionally and
more specifically to the focus on modeling competence in this volume, the impor-
tance of developing students’ modeling competence as a research tool is well
aligned to the emphasis in the newest U.S. standards documents, especially since
Chap. 1 reveals how modeling competence considers, among other things, the
extent to which models “are used as tools in the acquisition of new insights“ (p. 1)
and reveals how “the goal . . . is to gain insightful knowledge with models” (p. 5).

In this chapter, the focus on student modeling competence was approached by
examining a promising teacher-enacted methodological construct (i.e., redirection)
that could potentially support the condition (i.e., an environment where ideas are
foregrounded and scrutinized) under which student modeling competence might
flourish. Such a condition, we postulate in alignment with others (Coffey, Hammer,
Levin, & Grant, 2011; Lineback, 2015; Thompson et al., 2016), is one that takes
into account the extent to which teachers are responsive to students’ ideas and sen-
semaking practices and the relation of their ideas to disciplinary scientific ideas.
Further, this positions students to coordinate their sets of ideas (Stewart, Cartier, &
Passmore, 2005) to meet the cognitive demands of explaining a range of phenomena
across contexts in more authentic or closer to ‘real life’ settings, so that student
modeling competence is activated and further developed in situ (Koeppen, Hartig,
Klieme, & Leutner, 2008).

12.2.3 Responsive Instructions and Redirection
as a Responsive Methodological Construct

The pedagogical task for teachers, then, is ... to build upon students’ initial ideas, partial
understandings, and everyday experiences to support construction of on-going, evidence-
based, and generalizable explanatory accounts of natural phenomena. (Thompson et al.,
2016, p. 4)

This quote exemplifies the complex role of teachers in classrooms where sup-
porting students in making progress connecting their ideas and experiences to
developed and refined disciplinary science ideas over time is prioritized (Coffey
et al., 2011). The growing body of research in science and mathematics education
focused on understanding and supporting teachers’ roles in recognizing, taking up,
and assisting students in developing and critiquing theirs’ and their peers’ ideas over
time is grounded in research such as teacher noticing (e.g., Sherin & van Es, 2005)
and formative assessment (e.g., Ruiz-Primo & Furtak, 2007), and can be referred to
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as responsive instruction. Thompson et al. (2016) further connect responsive instruc-
tion to culturally responsive teaching (e.g., Gay, 2000), especially to the extent that
it moves away from deficit framing of students’ ideas, capabilities, and lived experi-
ences. At the same time, responsive instruction presses against historical structural
ways knowledge in classrooms is produced through classroom interactions in efforts
to support more equitable opportunities for all students to participate. In other
words, responsive instruction can be understood as providing students space and
support to reason about phenomena or events that happen in the world by proposing
their own ideas developed from prior experiences. Further, as part of responsive
instruction, student ideas proposed as useful for reasoning about phenomena are
subsequently foregrounded in discursive exchanges with peers and the teacher so
that these ideas can be scrutinized and refined as they are connected with additional
evidences and canonically relevant disciplinary science concepts.

However, as acknowledged by Lineback (2015), “[t]eachers are thereby placed in the
rather challenging position of navigating among the various thoughts and viewpoints
present, weighing the merits of pursuing one or more of those ideas and making a deci-
sion as to how to follow up those ideas in the moment during class” (p. 420). Given this,
Lineback’s work identified redirection as one responsive methodological construct that
could be potentially useful for researchers and teachers alike for understanding how
teachers navigated supporting student idea refinement in sensemaking classrooms.

Further, Lineback noted that to be considered a redirection, the teacher’s attempt
must communicate or provide the impression that a response from students is
desired and space for that response be offered. Lineback identified two different
types of redirection, an activity redirection and a focus redirection. The activity
redirection can be understood as the teacher’s bid to shift students from one activity
to another (e.g., a discussion to designing an experiment), while the focus redirec-
tion can be understood as a teacher’s attempt to shift the focus of students’ attention
from one scientific phenomenon or question to another. Each of these different
types of redirection can be further nuanced according to Fig. 12.1 and it should be
noted that Lineback reported that activity redirections occur less frequently and are
easier to assess in terms of their presence in comparison to focus redirection. Finally,
Lineback identified additional focus redirection codes that considered the extent to
which and how the redirection was connected to students’ comments (e.g., F-
responsive directly connect to student idea(s) in previous exchange; F,-delayed
responsive disconnected from students’ previous exchange, but revisited previously
discussed phenomena, idea, or question).

Because of previous collaborations with the teacher in this research to explore
and refine instructional approaches for supporting the development of student mod-
eling competence within MBL environments (e.g., Campbell, Oh, & Neilson, 2013;
Campbell & Neilson, 2009, 2012), as well as previous research demonstrating the
teacher’s developing facility engaging students in MBL environments (i.e. Campbell,
Oh, & Neilson, 2012; Campbell, Zhang, & Neilson, 2011), we believed that closely
examining this instruction using the redirection coding scheme could reveal infor-
mative strategies within the MBL environment that may have remained unnoticed.

Consequently, the following questions, focused this study:
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1. To what extent and in what ways was redirection used as a responsive method-
ological construct in an MBL environment?

2. How can the use of redirection in an MBL environment be characterized?

3. What factors interact with a teacher’s use of redirection within an MBL
environment?

12.3 Methods

12.3.1 Context

The context of this investigation into the ways in which teachers might use a respon-
sive methodological construct to support students’ development of modeling com-
petence in MBL environments was Mr. Bird’s (pseudonym) physics classroom in
the spring of 2013. Grades 10—12 students (age 15-18), with a few Grade 9 students
(age 14-15), enrolled in this physics course. At the time of this data collection, Mr.
Bird had taught physics for 15 years.

Mr. Bird collaborated extensively with the first author over the previous 7 years
to develop MBL instructional units, refining them in response to classroom enact-
ments, and working to understand their importance in science teaching and learn-
ing. More specifically, as the first author and Mr. Bird iterated over time how they
planned units of instructions that constituted the MBL environment examined in
this research they relied more generally on the Ambitious Science Teaching (AST)
framework put forth by Stroupe and Windschitl (2015), whereby they (a) AST1-
plan[ned] a unit around a “big science idea”, (b) AST2-elicit[ed] and activat[ed]
students’ ideas about a puzzling phenomenon (for the purpose of adapting instruc-
tion), (c) AST3-help[ed] students make sense of science activities (with the aim of
using science principles behind the selection of the activities to explain unit-
anchoring phenomena), and (d) AST4-press[ed] students to construct evidence-
based explanations” (p. 181).

Buoyancy was the focus of the MBL unit examined in this research, since it was
believed to provide a context for applying Newton’s Laws and supporting students
in better understanding fluids. Figure 12.2 outlines the buoyancy unit investigated.

12.3.2 Data Collection and Analysis

Digital recordings of the five class periods served as the primary data for this
research. All five class periods were transcribed so that both the recordings and
transcripts could be used for analysis. An adapted version of Groenwald’s (2004)
phase strategy for explicating data was adopted for this research. In this, the first
author completed the initial data coding and analysis, before the other three authors
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Class

period Topic Main activity Instructional Purpose
Students discussed the Eliciting students initial
Introduction to phenomena, developed a ‘Gotta ideas about the unit
1 phenomena and initial Have List’ and started anchoring phenomena
explanatory models development of initial
explanatory models
Students completed initial Supporting students in
L explanatory models, identified identifying possible factors
lets tial .
Completed initia areas of their models that would they thought would affect
explanatory models and o .
. Lo benefit from additional evidence ~ buoyancy
2 planned investigations to
p - that could be gathered from
inform developing . L
investigations and planned
models . o
investigations that could be
carried out in the laboratory
Students completed design of Investigating factors
investigations, carried out thought to affect buoyancy
3and4  Laboratory investigations investigations in laboratory and
prepared to share results of
investigations in whole-class
discussion
Pressing students to share
their laboratory findings
. . Students shared their and make sense of them in
Whole-class discussion . . . . .
5 experimental findings with the terms of how their findings

of experimental findings

class in a whole-class setting.

might contribute to their
evolving model of the unit
anchoring phenomena

Fig. 12.2 Buoyancy unit

reviewed the coding in the context of transcripts. If disagreements or questions
arose about a specific code or theme as the final three authors reviewed the first
author’s coding in the context of the transcripts, the researchers revisited the original
archived videos and student artifacts and sought consensus of interpretation before
finalizing the codes and themes. Analysis proceeded through a recursive process
where emergent findings were continually checked and revisited as new findings
emerged until it was believed that consistency of interpretation was accomplished.

12.4 Findings

The findings are organized by the research questions and include relevant transcript
excerpts from Mr. Bird’s classroom of evidence used for the claims presented.

1. To what extent and in what ways was redirection used as a responsive method-
ological construct in an MBL environment?

To answer the first question, a report of the general number and kinds of redirec-
tion instances found is shared. First, however the following is offered as one instance
of redirection to provide a sense of what redirection looked like in Mr. Bird’s
classroom:
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Mr. Bird: Buoyancy, that’s a term that we haven’t defined yet, so it worries
me. You said—

Student 1: Floating ... The ability of the object or something to float ...

Mr. Bird: Can you have different degrees of buoyancy? If you sink, you're
not buoyant, is that right? ...

Student 2: [ think there are different levels. Like, there can be something that

just goes right to the bottom of whatever and stays there and will
hardly move. Whereas, something else could bounce around [
think, so it has the ability to move around, not just sink in water ...

Mr. Bird: Tell me what happens when you get in water ...
Student 2: Depends on who you are. Some people float, some people sink ...
Student 3: You are going to float. Water pushes you up ... Buoyancy would

be how much the fluid pushes you up—if something’s more buoy-
ant, then the fluid will push it more. If it’s less buoyant, the fluid
won’t push it as much

Mr. Bird: What if we say that’s what buoyancy is there? It’s the amount that
water pushes you up.

This instance of redirection occurred as the class was working to create a list of
ideas that might be important when developing models to explain the three, related
unit-anchoring phenomena. In this, when Mr. Bird found students frequently using
the term buoyancy he redirected their attention to defining the term buoyancy, since
it appeared that he did not yet feel comfortable that they were using the term in a
consistent way. This example was coded as ‘request[ing] the students consider/rea-
son about student comment(s)’ (i.e., F; CON). The other types of redirection identi-
fied can be found in Fig. 12.1.

Beyond these more general descriptors of the types of redirection reported in
Fig. 12.1, it was noted that most of the ways that Mr. Bird interacted with students
in the unit were characterized as redirection. Exceptions to this were minimal and
included only when he introduced the demonstrations or phenomena on the first
class period of the unit or outlined logistical directions to organize students’ engage-
ment in the unit either towards the beginning or end of each class period within the
unit. This is perhaps most evident in the large number of instances of redirection
(i.e., 90) found across the 5-class period unit.

2. How can the use of redirection in an MBL environment be characterized?

To answer this question, we examined more closely the types of redirection Mr.
Bird used. Based on this, the following trends were noted: (a) F; TRM redirection
was the most common type of redirection used across the unit and it was used
almost exclusively on the final class period of the unit; (b) more variability in the
types of redirection used occurred during Class Periods 1 and 2 compared to Class
Periods 3-5; (c) activity redirection was used more during Class Periods 2—4 as
students were identifying possible factors they thought affected buoyancy, carrying
out investigations about these variables, and collecting data.
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Notably, F; TRM redirection was widely used by Mr. Bird across the unit (i.e.,
38/67 instances of redirection). As a reminder, this type of redirection was charac-
terized as clearly grounded in or connected to student comments that emerged dur-
ing the last exchange sequence that further requests students explain, exemplify, or
identify a term. The fact that F; TRM redirection was so prevalent provides some
insight into the responsive practices Mr. Bird used. In this, he was frequently found
asking students to further explain their ideas or the basis of their claims. Additionally,
as noted, Mr. Bird relied almost exclusively on this type of redirection in Class
Period 5 of the unit with 22 instances of redirection identified and 18 of these being
F; TRM redirection. Interestingly, the variability of the types of redirection Mr. Bird
used across the unit decreased. This did not mean that less redirection was found
later in the unit, since 22 instances of redirection were identified during Class Period
5 were comparable to the number of instances found in Class Periods 1 and 2 (i.e.,
18 instances and 24 instances, respectively). Instead it merely signaled that there
was more variability in the types of redirection used earlier in the unit. More specifi-
cally, Mr. Bird relied more on F; TRM type redirections in Class Periods 3-5,
whereas earlier in the unit he relied on F; REP, F; MOR, and F; CON either more or
equally compared to his use of F; TRM in the earlier class periods of the unit.

Lastly, activity redirection was used more during Class Periods 2—4 of the unit.
These class periods coincided with the time students spent identifying possible fac-
tors students thought would affect buoyancy that would be tested in the laboratory
as part of designing investigations and collecting data. The following is one exam-
ple of an activity redirection from Class Period 4:

Mr. Bird: I got a test for you. We got—I think it’s a great test, but what
would one of our controls have to be?

Student 6: The depth?

Mr. Bird: The depth. You guys need to get a big tote if you can find one.

Student 7: Like that?

Mr. Bird: Even bigger. We’ll try and keep the depth, okay?

Student 7: Okay.

Mr. Bird: Okay, so let’s clear this out of the way. The problem that we had

before was that one floated, right? We need to figure out a way to
measure the buoyant force and so we’re gonna use this pulley to
help us. Here’s what I'm thinking. We could put this at the bottom
and for—what we could do is we could see how much force it took
to pull it under water and hold it under water, right? Then we’ll
know how much water’s pushing up on it, right? It’s gonna try
and push it up. Let’s see what kind of data we get.

Okay, let’s hook up our first object.

Prior to this episode the students and Mr. Bird recognized a flaw in how they had
previously been collecting data in the laboratory to try to determine whether buoy-
ant force changed as an object was submerged at increased depths in a liquid (i.e.,
water). This episode exemplifies how Mr. Bird was found making bids for students
to change the activity they were doing based on issues he and the group discovered
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in a previous exchange. In this, it appeared as if he was using activity redirection as
a means for helping students identify a different strategy other than what they may
have thought of by themselves to pursue an idea they initially put on the table (i.e.,
that the depth an object is submerged in a liquid affects the amount of buoyant force
on the object from the liquid).

3. What factors interact with a teacher’s use of redirection within an MBL
environment?

When considering what factors interacted with Mr. Bird’s use of redirection, it
was noted that an increased amount of redirection was used during Class Periods 1,
2, and 5 of the unit when compared to Class Periods 3 and 4. The decreased use
during Class Period 3 might be attributed to a shortened class period in comparison
to the other class periods, yet these trends also made sense in context with the dif-
ferent instructional purposes framed for each lesson explicated in Fig. 12.2.
Redirection was found during Class Periods 3 and 4, but this occurred less often,
mainly in small groups, and as a way for Mr. Bird to better understand how indi-
vidual groups were thinking about buoyancy related to the laboratory investigations
they had designed and were completing.

12.5 Discussion

At a time when increased attention has been given to supporting students’ engage-
ment in functionally pragmatic science practices including modeling competence,
as is the focus of this volume, in the service of developing explanatory mechanistic
accounts of real world phenomena, there is growing recognition of the need for
increased attention to the role of teachers in such environments (Griesemer et al.,
2016; Kahn, 2011; Manz & Renga, 2017; Schwarz et al., 2016). This research
begins to address this need through revealing the extent and manner in which one
teacher used redirection as a responsive methodological construct across an MBL
instructional unit. In this section, we revisit our research questions to consider the
extent to which our analysis of Mr. Bird’s use of redirection revealed nuances of his
responsive commitment to student idea refinement and how this commitment played
out in terms of the transactional role he engaged in with students across the unit of
instruction. We end the chapter considering potential implications of our analysis
related to making more explicit the teacher’s role in supporting students’ develop-
ment of functionally pragmatic modeling competence through redirection in MBL
environments and additional research that may prove useful in building on what was
learned in this research.

1. To what extent and in what ways was redirection used as a responsive method-
ological construct in an MBL environment?

Lineback (2015) proposed redirection as one methodological construct that
might begin to characterize the role of teachers in responsive classrooms committed
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to student sensemaking. In this research within the MBL unit, redirection was found
to be an important methodological construct for not only foregrounding ideas to
help set the stage for agentic student pursuits during Class Periods 1 and 2 of the
5-class period unit, but also for helping them navigate investigations during Class
Periods 3 and 4, and pressing them for evidence-based explanations in Class Period
5 of the unit. Evidence for this lies in how redirection was found as a mechanism
that could, with the exception of logistical directions or what others have referred to
as meta-talk (e.g., Campbell, Oh, & Neilson, 2013; Manz & Renga, 2017) be used
early or later in each class period of the unit and be applied to characterize what Mr.
Bird did throughout the unit. Researchers like, Thompson et al. (2016), point to how
curriculum is necessary, but not sufficient for supporting rigor and responsiveness
in science classrooms. In this, they suggested that “the interactions within the class-
room are essential for sustaining the highest quality of scientific practice and sense-
making” (p. 52). In this research, the interactions that Mr. Bird engaged in with
students within the classroom suggested possible mechanisms he used in his
attempts to sustain the highest quality of scientific practice (i.e., students’ iterative
engagement in developing and using models across the unit) and sensemaking.
Specifically, Mr. Bird relied on redirection, mainly in the form of focus redirection
whereby he attempted to shift the focus of students’ attention from one scientific
phenomenon or question to another. And, as evidenced from a large majority of the
types of redirection Mr. Bird used (i.e., 67 F; Focus Redirections, compared to 2 F,
and no F; Focus Redirections), he was almost exclusively found shaping his response
or the redirection he used in response to the ideas of students that emerged in the
previous exchange.

When these findings are considered in context of the limited amount of other
research on responsive instruction in classrooms with redirection more about Mr.
Bird’s use of redirection can be understood. More specifically, Lineback (2015)
identified two different ways in which the same teacher was interacting with stu-
dents in sample episodes she analyzed. In one episode, the teacher she followed
prompted students to share their ideas, but was not found following up on her initial
questions in ways that pressed students to elaborate on their thinking or to pursue a
particular path of thinking, instead in this type of episode the teacher did not request
that students respond to anything in particular that they or their peers may have said.
Consequently, they were permitted to “take up any topic they wished”, something
that in the end resulted in “conversation[s] . . . meander[ing] without pushing her
students to pursue any particular student’s idea extensively” (p. 426). However, in
other instances, Lineback found episodes where the teacher pursued “clarifications
and/or elaboration from individual students on their own contributions” . . . she
“actively encourage[d] her students to extend one another’s comments” (p. 426).
This second set of episodes characterized as the teacher asking for clarifications or
elaborations, were more aligned with the responsive ways in which Mr. Bird was
found helping students follow their lines of logic as a responsive form of instruction
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that was evidenced in the almost exclusive type of F, and A, types of redirection he
used and the lack of F; and A, types of redirection.

2. How can the use of redirection within an MBL environment be characterized?
3. What factors interact with a teacher’s use of redirection in an MBL
environment?

Because the characterization of how redirection was believed to be intricately con-
nected to the factors that interacted with Mr. Bird’s use of redirection, the discussion
of findings for these two research questions have been merged. Importantly the dif-
ferent activities planned for different purposes across the MBL unit contributed to
the emergence of the characterizations of the use of redirection within an MBL unit,
while also standing out as the most notable factor that interacted with the use of
redirection in this current research. More specifically, as the first author and Mr.
Bird iterated over time how they planned units of instructions that constituted the
MBL environment examined in this research, they relied more generally on the
Ambitious Science Teaching (AST) framework put forth by Stroupe and Windschitl
(2015) described in more detail earlier. When this AST Framework was considered
alongside the findings, a potential explanation for the emergent redirection trends
surfaced. In the buoyancy unit examined in this research during Class Period 1 of
the unit, Mr. Bird sought to elicit students’ initial ideas for how they might explain
the unit-anchoring phenomena. In this stage of the AST Framework (i.e., AST2,
2014a) there is a need for teachers to engage students in ways that will illuminate
and help them understand the range of ideas, experiences, and language or ways of
talking and thinking that students use in thinking about the anchoring phenomena
(AST, 2014a). Class Periods 2—4 of the unit coincided with AST3 or the stage of the
AST framework focused on helping students make sense of science activities. In
this particular unit, Mr. Bird used Class Period 2 of the unit to draw on students’
initial ideas. Students shared their models during Class Period 1 to identify factors
within their initial models they proposed affected buoyancy as a focus of the activi-
ties that students engaged in during AST3. More specifically, in AST3 in this unit,
students designed investigations that would allow them to collect data to determine
whether or not their initial ideas were supported by evidence collected in the labora-
tory. This stage of the AST framework is intended to “help students develop new
ideas to use in revising their explanatory models for the anchoring phenomena”
(AST, 2014b, p. 1) and can involve activities that range from teacher demos to stu-
dents designing their own study or working with second hand data. In this particular
unit, as noted earlier, students designed their own investigations, carried them out,
and used the emergent data as a mechanism for developing new ideas that were use-
ful in revising their initial explanatory models. Finally, Class Period 5 of the unit
aligned with AST4 of the AST framework. This stage of the AST framework, is
designed to help students “rally different kinds of evidence in support of their cul-
minating explanations” . . . during this stage they “construct and evaluat[e] claims”
and “draw final ideas together in models and explanations” (AST, 2014c, p. 1). In
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Class Period(s) AST Framework Types and Purpose of Redirection
AST2-Eliciting students’ ideas | Ranging from F; TRM to F; MOR and F; CON
1-2 to elicit the range of ideas students had about

how to explain the anchoring phenomenon
AST3-Helping students make Fi1 TRM to get students to explain why they
sense of science activities were doing the investigations they were doing or
Activity Redirection (A;) to make suggestions
3-4 for changing the activity in which students were
engaged if another activity thought more
productive in helping students explain the
anchoring phenomena

AST4- Pressing students to Fi TRM to ask students to explain something
5 construct evidence-based they said in a previous exchange at the end of
explanations the unit

Fig. 12.3 Unit class periods and AST framework connected to types of redirection used

the buoyancy unit, during Class Period 5 Mr. Bird invited students to share, in whole
class discussion, their findings from their laboratory investigations with the aim of
pressing them to articulate claims about their data that could be used in their final
explanatory models.

Figure 12.3 provides an abbreviated summary of how the class periods of the unit
connected to the AST framework and how this was found related to the types of
redirection used that is further explicated next.

As can be seen in Fig. 12.3, as the different aims of the different stages of the
AST framework were taken into account, some explanation for how Mr. Bird used
redirection emerged. As an example, during Class Periods 1 and 2 of the unit, as
revealed in the findings, more variability in the types of redirection used occurred.
These were the class periods of the unit that were aligned with AST2, where Mr.
Bird was trying to elicit the range of ideas students had about how to explain the
anchoring phenomenon. During these class periods, he used far more different types
of redirection ranging from F; TRM to F; MOR and F, CON. These were class
periods that Mr. Bird was trying to elicit many ideas and support students in select-
ing among their ideas as they begin to design investigations to test their ideas as part
of AST3. After Mr. Bird initially engaged to help shape their investigations during
Class Period 2, students worked in the laboratory conducting their investigations
during Class Periods 3 and 4 of the unit as part of AST3. During these class periods,
he used F; TRM to get students to explain why they were doing the investigations
they were doing or Activity Redirection (A;) to make suggestions for changing the
activity in which students were engaged if he believed another activity might be
more productive in helping students explain the anchoring phenomena. An episode
exemplifying this was shared earlier when Mr. Bird suggested students use a differ-
ent experimental setup to examine an idea they initially put on the table (i.e., that the
depth of an object submerged in a liquid affects the amount of buoyant force on the
object from the liquid). Finally, during Class Period 5 of the unit, aligned with
AST4, Mr. Bird relied mainly on F; TRM. While it is conceivable that other forms
of redirection (e.g., F; MOR; F; CON) might also support extended turns in student
discourse aimed at pressing students to construct evidence-based explanations,
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Mr. Bird’s use of F; TRM made sense within the purpose of AST4, whereby he was
frequently found asking students to explain something they said in a previous
exchange at the end of the unit. This occurred at a time when he was focused less on
getting a wide range of student ideas on the table, as was his objective during Class
Period 1 of the unit during AST2 when more variability in the types of redirection
he used was found. At the end of the unit Mr. Bird, while committed to drawing on
students’ ideas, as evidenced in the instances of redirection during Class Period 5
(i.e., 15 instances of redirection), was also focused on AST4, supporting the class in
converging on a consensus model of those factors that affected buoyancy with the
data they collected, so that these factors could be taken into account in final revi-
sions to students’ final explanatory models.

12.6 Implications and Conclusion

New visions of teaching and learning outlined in national standards documents (e.g.,
NGSS Lead Stages, 2013; NRC, 2012) ask teachers to engage students in ways that
are dramatically different than what has previously been done (NASEM, 2015;
Reiser, 2013). Researchers, professional developers, and leaders will need to provide
accounts of how this can look in classrooms and the roles teachers can take up to
support student learning in contexts that more authentically represent scientific activ-
ity. The research conducted as part of this chapter provides the beginnings of such
classroom accounts and the role one teacher took in supporting learners in an MBL
environment, where models served as the context-dependent tools for supporting the
everyday sensemaking work of students in the classroom. This is especially impor-
tant as functional-pragmatic shifts toward developing students’ modeling compe-
tence to explain a range of phenomena is increasingly prioritized (NRC, 2012). To
this end, we acknowledge that the teacher’s classroom that was the focus of this
chapter cannot be used to generalize about the extent to which or how other teachers
facilitate instruction that is responsive to student idea refinement. However, it is
believed that our close nuanced analysis and interpretation can begin to address the
possible productive roles teachers can play in these learning environments, so that
these environments are more conducive to developing student modeling competence.

Beyond what the unit has begun to contribute to the framework for modeling
competence (Chap. 1) that served as the focus of this volume, this research sug-
gested, in alignment with what others have noted (e.g., Thompson et al., 2016), that
the curriculum, or in the case of this research, the framework used to shape curricu-
lum is intricately entangled in the pedagogical role of the teacher, Mr. Bird, in learn-
ing environments. More, specifically related to this research, it became evident that
the different types of redirection found were connected to the purposes of the differ-
ent activities that were strategically planned as part of the unit, especially related to
the ways in which the unit unfolded with respect to the iterative development of
students’ models (i.e., eliciting students initial models, supporting the refinement of
student models through investigations and whole class sensemaking). As alluded to
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earlier, Thompson et al. (2016) pointed to how curriculum is necessary, but not suf-
ficient for supporting rigor and responsiveness in science classrooms. Based on this
research, we might add this to point toward how responsive instruction is intricately
bound up in curriculum or the intentions of the different activities within a curricu-
lum framework. In fact, this research revealed how the AST framework, essentially
a framework that supports students refinement of models across an instructional
unit, appeared to serve as a compass for the teacher that led to the use of different
forms of responsive instruction (i.e., different types of redirection). The specific
forms of responsive instruction were likely not mapped out ahead of time, espe-
cially not at the grain size of the teacher committing to use F; TRM, as an example.
Instead the AST framework and the subsequent unit and modeling focus throughout
appeared to lead to a responsive commitment to student ideas and the emergent,
instead of planned, use of the different forms of responsive instruction Lineback
(2015) identified.
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Chapter 13
Learning to Play the Modeling Game

Richard Lehrer and Leona Schauble

13.1 Introduction

Because we work with elementary school-aged children and their teachers, we are
particularly concerned with how to support the development of modeling (Lehrer &
Schauble, 2003). That is, we seek to understand what it takes to initiate youngsters
into the practices that comprise what Hestenes (1992) refers to as “the modeling
game,” so that over time, children come to appreciate what models are intended for,
how models are constructed, that they entail decisions about what and how to repre-
sent, and that multiple models of the same natural system are possible and even
desirable (Chap. 1). It is especially important for students to grasp that any model-
ing choice could potentially have been made in a different way and that decisions
about models, therefore, involve tradeoffs in utility, efficiency, precision, and mes-
sage in relation to a question. The framework for modeling competence (FMC;
Chap. 1) frames these ideas as meta-modeling knowledge, but as we will describe,
young children seem to display tacit understanding of these issues before they are
prepared to defend them as explicit criteria.

To provide contact with productive ideas like these, in the design research that
we pursue with students and teachers we aim to support youngsters as they begin to
participate in modeling practices (Lehrer & Schauble, 2006). This entails a deliber-
ate departure from the more common emphasis on learning canonical scientific
models and applying them to solve problems. We often encourage students to strug-
gle with inventing models before we introduce ready-made or conventional models,
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because we find that problematizing the modeling process enhances students’
opportunities to understand the nature and status of models, which are not transpar-
ent to children (Grosslight, Unger, Jay, & Smith, 1991), and to learn about charac-
teristics and functions of the natural systems represented by models (Lehrer,
Schauble, Carpenter, & Penner, 2000).

13.2 Modeling as a Scientific Practice

Like all scientific practices, modeling makes sense only when one understands the
goal structure within which it is embedded (Sandoval, 2014). Scientific practices
rely for their vitality on their epistemic function within knowledge-making com-
munities (Rouse, 2007). Describing their superficial structures to students is not
usually an effective way of teaching them, because practices are both more variable
and more context sensitive than they are often portrayed in school science (Chinn &
Malhotra, 2002; Gooding, 1990). Yet it is common for educators to focus primarily
on teaching those structures in the form of strategies, skills, inquiry cycles, and
conventional models, but often with insufficient concern for first generating and
sustaining the epistemic context within which scientific practices meaningfully
function. As a result, students may learn to reproduce the structures they are taught,
but fail to understand the conditions under which those strategies or procedures are
useful, or how to adapt them when it is appropriate to do so. Students who are taught
general rules of reasoning tend to interpret them as recipes, focus unduly on dupli-
cating the rule or strategy transmitted by the teacher, and hence, develop a distorted
picture of scientific thinking (Berland & Reiser, 2011; Manz, 2015). For example,
they may worry about producing the teacher-required three pieces of evidence to
support every claim but think little about how an observation or event legitimately
assumes the status of evidence. They may become preoccupied with designing con-
trolled experiments but fail to consider the more problematic elements of experi-
ment, such as whether their proposed variables and measures are trustworthy
stand-ins for their still-emerging constructs of interest. There is nothing inherently
wrong with teaching skills of scientific reasoning, but we should not be surprised
that if skills are taught as domain-general solutions to problems that youngsters
have not yet sufficiently conceived, students respond by “doing school” rather than
“doing science” (Berland & Reiser, 2011). To foster the development of scientific
practices and to promote the emergence of what Ford (2015) calls a “grasp of prac-
tice,” a productive first goal is to engender classroom communities whose members
share the task of working collaboratively to develop, revise, and critique knowledge
about the natural world (Lucas, Broderick, Lehrer, & Bohanan, 2005). Scientific
reasoning, at least as experienced by young children, should be tied tightly to local
forms of meaning making. In schools, local means at the classroom level; accord-
ingly, this goal is accomplished by organizing the activity of classroom communi-
ties around extended knowledge-building experience within specific content
domains.
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13.3 Bringing Modeling to the Early Grades

We conduct our research as extended design studies in which our aim, working with
collaborating teachers, is to create classrooms that reflect these priorities and then
longitudinally study the thinking that develops as students are promoted across ele-
mentary grades (Cobb, Confrey, diSessa, Lehrer, & Schauble, 2003; Sandoval,
2004). As researchers learn about the resources and difficulties that students bring
to this enterprise, we work with participating teachers to identify and test curricular
and pedagogical means of adjusting instruction in response.

When teachers and students pursue this work, they inevitably confront a series of
decisions that are typically “black boxed” in school science. Scientists must figure
out ways to navigate the many sites of contingency that are an inherent part of sci-
entific practice (Manz, 2015; Metz, 2004). Among others, these include how we
determine the scientific relevance of questions being proposed for study (Lehrer,
Schauble, & Lucas, 2008) and how to invent conditions for seeing, which include
measures, but also material configurations, observational protocols, instruments,
experimental or naturalistic comparisons and designs, and transformations and dis-
plays of data (Lehrer & Schauble, 2015). This is not to argue that students should
reinvent all these things on every occasion, but taking a long-term view suggests
that beginners should come to appreciate that people create these epistemic tools,
which, for that reason, are subject to critique and challenge by others who may
advocate for alternatives. Resolving these sites of indeterminacy raises both con-
ceptual and material challenges — how to symbolize and talk about natural systems,
but also, how to practically set up and maintain conditions in the material world that
allow nature to be effectively studied (e.g., Latour, 1999; Pickering, 1995). Science
rests on the understanding that nature is not always self-revealing (Shapin &
Schaffer, 1985). Developing this appreciation requires experiencing the generation
of questions, investigations, and data that are made, not given or found, and using
these experiences to ground and critique questions and data generated by others.
Unfortunately, much of school science experience asks students to think about arti-
ficial conditions in which Nature has already been silenced (Chinn & Malhotra,
2002). The indeterminacy that is central to scientists’ decisions and the contingen-
cies of the material world are frequently obliterated, perhaps to achieve efficiency
or to ensure that students will get the “correct” answer.

How and in what sequence an educator should expose these sources of indeter-
minacy (e.g., which questions are apt to be most productive) and contingency (e.g.,
how particular tools facilitate some outcomes but close off others) to students, and
how students can best be supported in understanding and resolving them, are press-
ing pedagogical questions. Our studies focus on how students, with teacher assis-
tance, grapple with these issues, and we find not only that they are accessible to
youngsters, with appropriate pedagogical support, but also that working through
them at some level seems to play a critical role in helping students to appreciate and
understand both their own invented solutions, strategies, and heuristics, and more
conventional ones.
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13.4 Focus on Representational Competence

Although we have studied several of these sources of indeterminacy, we have
focused especially on supporting children’s representational competence (Danish &
Enyedy, 2007; diSessa, 2004; Lehrer & Schauble, 2013), which we regard as a foun-
dational underpinning for modeling. Exploring and reflecting on the implications of
a variety of ways of representing the natural world are key components of modeling
and provide an accessible way to introduce youngsters to modeling practices.
Symbolic representations of all kinds — physical models, drawings, diagrams, maps,
mathematical descriptions, including computational simulations — rest on decisions
about what the representation should include and what should be eliminated from
the natural system, so that features considered theoretically central are highlighted
and the potential distraction of irrelevant aspects is dampened (Latour, 1990).
Repeatedly generating and interpreting symbolic representations fosters in students
the gradual development of a repertoire of representational forms and design trad-
eoffs that can be deployed to support problem solving in new situations (Lehrer
et al., 2000). Teachers encourage students to compare and evaluate alternative rep-
resentations and continually provide press for revisions that enhance the precision,
power, and validity of representations, and thereby increase the range of questions
that students can pursue (Lehrer, Schauble, & Lucas, 2008).

Models and other representations are analogies, in which components and their
relations are mapped from a source (e.g., planetary motion) to a target domain (e.g.
an atom). Bridging analogies (Clement, 2009) bootstrap hybrids of source and tar-
get domains (e.g., Maxwell’s paddle wheel mechanisms served as a bridge between
Newtonian mechanics and electromagnetism, as described by Nersessian &
Chandrasekharan, 2009). Related research on the development of analogical think-
ing (e.g., Gentner & Toupin, 1986) provides the insight, supported by our own
observations, that youngsters find it easiest to begin by generating and interpreting
representations whose similarity with the phenomena being represented is reason-
ably evident (Chap. 1; Lehrer & Schauble, 2000). The most basic kind of model in
which similarity is especially salient is models constructed from remnants, that is,
those in which actual components of the original phenomena are lifted out of their
context and deliberately rearranged and displayed to call attention to key relation-
ships. Remnant models are accessible even to the youngest students. For instance,
first graders in one of our studies investigated the effects of soil composition and
moisture on the growth of prairie plants (Lehrer & Schauble, 2012). They initially
encountered these plants in visits to a restored prairie, and shortly thereafter partici-
pated in the construction of a rain garden near their classroom, intended as a model
for studying how soils and moisture affect plant growth. The rain garden featured
nine plots laid out in a grid, and within each plot students planted a standard set of
prairie plants. The garden was intended as a model of conditions in the prairie, but
those conditions were implemented so that variation in key variables could be more
clearly identified (e.g., both soil and moisture were systematically varied across the
grid, the latter by a gradient in elevation). The site was thus a simplification and
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standardization of the prairie and served as a context in which even young children
could develop and explore conjectures about relationships between environmental
factors and plant growth. Note that although the model was composed of elements
of the prairie, it also deliberately omitted many species and brought into immediate
contact variations in soil moisture that would occur at greater remove in the prairie.
Such deliberate selectivity indicates that physical microcosms exemplify (Goodman,
1976) and do not simply copy, despite the origins of this form of model in
resemblance.

In a second-level model the teacher gathered remnants from the garden—in this
case, clippings from the plants—and glued them to a classroom display that high-
lighted the 3 x 3 design of the garden. This second-level remnant model served as an
always-present mnemonic device that highlighted and reminded youngsters about
the underlying structure of the garden outdoors, and thereby facilitated indoor plan-
ning for subsequent studies of plant growth and insect population in the outdoor
garden.

Remnants, like the plant components in the indoor secondhand model, are liter-
ally parts of the original phenomena. But other forms of representations also pre-
serve similarity with the modeled world. Drawings, diagrams, and maps do so as
well, although not to the same degree. Creating scientific drawings introduces chil-
dren to important principles of inscription in that drawings amplify some aspects of
a system while simultaneously reducing others (Latour, 1999; Tytler, Prain, Hubber,
& Waldrip, 2013). For example, children may use bubbles or other visual devices to
magnify the structure of a leaf or to make visible a root structure that would ordinar-
ily not be visible. More realistic drawings would not employ these devices. To
emphasize important components and relationships, diagrams usually omit details
that are found in drawings, and maps preserve some aspects of a space, such as rela-
tive distance and orientation, but leave out many others (e.g., lines represent high-
ways, dots stand in for entire towns, and lesser details like telephone poles and stop
signs are usually omitted altogether). For novices of all ages, and especially for
youngsters, perceptual similarity seems to play a supportive role in initially estab-
lishing and then maintaining the mapping relationships between the source and the
potential target. Reasoning with representations can be cognitively demanding,
especially for children, and, as is the case in analogical reasoning, similarity seems
to support the mapping process in modeling.

13.5 Provoking Change: What Develops?

To support developing representational competence, teachers position children in
lines of inquiry where representations are re-used, extended, and expanded in ways
that help make visible new aspects of a natural system. These extensions and inno-
vations may rely less on similarity and more on relationships that are not immedi-
ately available to perception. The first graders in the prairie study were surprised to
see a large, to-scale drawing of prairie plants, illustrating that much of the mass of
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the plants is underground, in their root systems. During a routine maintenance prai-
rie burn conducted by a teacher, the children learned that the root mass prevents the
native plants from being destroyed by fire by supporting the plant’s later regrowth.
To pursue questions about root growth, the students subsequently grew a variety of
seeds in root chambers filled with soils of different composition. Students debated
over ways to record changes in the length of the roots as they grew. Their initial
displays were made with string, which resembles roots and, moreover, can be hung
below a baseline representing ground level. Because these displays looked like
roots, children readily accepted them as representations. But as the roots grew and
students tried to compare the lengths of string, a disadvantage became evident—the
string tended to curl and was difficult to see, even from a moderate distance. As a
result, it did not adequately support the comparison of root lengths across days of
growth. To resolve this problem, students agreed to substitute strips of paper, which
were easier to see and compare, but less directly resembled roots. Moreover, instead
of dangling the strips below a baseline representing ground, students now arranged
them above the line, consistent with an intent to communicate increase in length
and to describe growth by the differences in length over time.

In related studies of plant growth in other classes (Lehrer et al., 2000), students
coordinated drawings and silhouettes created by pressing plants at different points
of growth to interpret change of plant height as a Cartesian graph. The changing
ratios of height to elapsed time made visible an “S-shape” of growth that seemed to
be common across all the plants. As students noted, the S-shape was consistent with
drawings and silhouettes, indicating that plants grew “slowly at first, then much
faster, and slowed down again at the end.” This shape was identified as a common
pattern and in later grades was generalized to other contexts of growth, including
growth of individual organisms (such as hornworms) and populations (e.g., bacte-
ria). As this narrative illustrates, a representation that initially relies on similarity
can be gradually transformed, via analysis, use, and feedback, into a more conven-
tional display that no longer relies on direct resemblance to its referent. Students
gradually augment their preference for similarity as they develop a perceived need
for increased explanatory power and increased ability to look through other sym-
bolic descriptions to see new aspects of a system. For example, conceiving, measur-
ing, and representing intervals on a graph that represents plant growth was provoked
by the question, “What is the same and what is different in the way all our plants are
growing?” Note, too, that the phenomena in question, plant growth, circulates
among the representations, so that children’s appreciation of the characteristics of
growth originates in the network of relations described by these representational
re-descriptions of it (Latour, 1999).

Perhaps because they have a history with representations of all kinds, adults
sometimes underestimate the cognitive work required to grasp why a convention
like a coordinate graph is a reasonable way of representing a concept like plant
growth. Yet representations, even those explicitly taught in school, are not automati-
cally connected in novices’ minds to a history of useful applications. Even when a
representation is familiar, considerable domain-specific knowledge may be required
to support its interpretation in novel contexts. Moreover, youngsters’ initial grasp of
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the overall purposes for representations may be vague. If one’s goal is to learn about
the world, why attend to a representation as a source of information or as a site for
investigation—that is, why rely on a data display, a diagram, or a model—rather
than the actual phenomena? Until they have had repeated opportunities to observe
the conceptual advantages that representations provide, it is little wonder that
youngsters tend to confuse representations with copies or depictions (for purposes
of illustration or artistic expression), as documented by Grosslight et al. (1991).

Youngsters seem especially resistant to omitting information in representations,
even though simplification is required to achieve amplification of the features that
are considered important (Latour, 1990). But this does not necessarily mean that
youngsters cannot distinguish models from copies; what may seem to be a general
preference for copy may actually be a signal that children have not yet grasped what
the model or representation is intended to accomplish.

For example, we observed a different class of first graders using a tub of hard-
ware equipment to construct models that “work like your elbow” (Penner, Giles,
Lehrer, & Schauble, 1997). Although there was considerable variability in the con-
structions that pairs of children produced, none of the initial models actually func-
tioned like an elbow. Instead, all of them were depictive, rather than functional. The
models featured Styrofoam™ balls to depict “the bump where your elbow goes” (as
one child said), along with elaborately constructed “hands” and fingers represented
with Popsicle™ sticks. These initial models seemed to express a concern for reduc-
ing representational ambiguity by making a persuasive case to peers for the repre-
sentational validity of the constructions. When the teacher reminded children that
the goal was to produce models that “worked like” their elbows, a girl pointed out
that elbows, unlike the models in the classroom, bend. This observation instigated a
flurry of revision. The next round of models all included bending “elbows,” but the
models were now constructed with springs or pipe cleaners and rotated through a
full 360-degree range. When challenged, children insisted that their arms also could
move freely. To problematize this solution, a co-teaching researcher duct-taped chil-
dren’s upper arms to their bodies and invited them to try to move their forearms
through a 360-degree trajectory, resulting in the discovery that “our real elbows get
stuck right here!” (e.g., they do not move backward). The final models constructed
by the children all bent, but also included ways to constrain the range of motion. In
closing interviews, a researcher attempted to learn the extent to which children were
aware of this distinction between duplicating and modeling. During the interview,
as one boy proudly showed off his construction, the researcher provoked this dis-
tinction by objecting, “But it doesn’t look like an elbow to me.” The student
explained gently to the researcher (who he clearly considered in need of enlighten-
ment), “Well, it’s only a model.”

This example illustrates two points. First, the goal children initially adopted in
their constructions was to communicate persuasively what their display was
intended to represent. We feel that it would be a mistake to prematurely override that
concern, because it addresses a critical aspect of representational competence,
namely, sense of audience—that is, how others are likely to “read” what one’s rep-
resentation communicates. This is an important objective for early modeling
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instruction, one that requires time and pedagogical attention. It is to be expected that
youngsters might focus on the insight that the interpreter needs to understand what
the representation stands for. Only subsequently does children’s concern shift to
representing less immediately visible aspects, such as function. The second point is
the critical role of model test and revision. Especially when young students’ sense
of modeling is fragile, modeling instruction needs to be pursued within contexts that
support the generation of clear feedback about model fit (and misfit). In this case,
children could easily see whether their constructions adequately reproduced the
motion of their forearms. Young students may not be accustomed to holding their
explanations to account. The ability to test one’s model provides clear feedback
about whether and the extent to which the model works. Opportunities and encour-
agement for students to compare solutions and to revise models in response to feed-
back are arguably as important as having opportunities to engage in the initial stage
of model development.

In these examples, youngsters required sufficient time to apprehend the affor-
dances of representations, to explore the tradeoffs of using different conventions for
representing, and to begin to develop a sense of audience, that is, to appreciate the
range of ways that peers may make meaning from one’s attempts to represent. These
accomplishments can be challenging for any novice who has weak domain knowl-
edge, not just for young children. A novice of any age is often unsure what to
emphasize in a representation and what can be omitted; struggling with these ques-
tions is an integral part of modeling practice. Therefore, we feel that rather than
hurrying students past these uncertainties, teachers should engage students in
addressing them directly. Designing representations, using representations to sup-
port an argument to an audience, and revising representations in response to feed-
back from peers are processes that help students see what a particular representation
is intended to accomplish with a particular audience, and also eventually cumulate
to a more general sense of representational competence.

Developing representational competence is a lifelong task; although it may be an
especially pertinent agenda for children, adult professionals continue to invent and
interpret representational re-descriptions (e.g., Vertesi, 2014). As students develop
their grasp of representational practice, they become increasingly prepared to con-
front more complex challenges that go beyond simply representing events and
objects and center more explicitly on questions about model fit and misfit—espe-
cially, whether and to what extent a model legitimately stands for the phenomenon
it is intended to represent.

13.6 Reflecting on the Nature and Status of Models

As suggested earlier, models represent natural systems that are materially modified
in some way. Thus, they inherently entail indeterminacy in the sense that representa-
tions and material arrangements have an open texture (Hesse, 1962). Other repre-
sentations and configurations are always possible, so both students and scientists
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sometimes struggle to understand whether and how representations and material
arrangements can be taken to support inferences about the modeled phenomenon. In
the following we review two occasions on which upper elementary grade students
encountered uncertainty about the nature and status of models. Considered together,
these events provoke reflection about the characteristics of modeling tasks that may
make modeling more and less challenging.

The first example comes from third graders’ visits to a stream to tabulate its
aquatic organisms. The students observed that crayfish were present in some parts
of the stream but entirely absent in others. They conjectured that perhaps the cray-
fish were clustering in places where they could hide in the substrate from predators.
However, they were unsure how to test this assumption, because the stream was
deep and most of the streambed was inaccessible to observation.

To support investigation, the teacher brought a plastic wading pond to the class-
room, and students used duct tape to mark off four equal-sized quadrants. They then
installed different types of substrate within the quadrants to explore their hypothe-
ses about crayfish preference. These included white rocks, mixed rocks, mixed
rocks with plants, and no substrate at all. The wading pool was filled with stream
water and ten small crayfish were installed. Over the next weeks, students took turns
visiting the pool, once in the morning and once in the afternoon, to count and record
the number of crayfish observed in each quadrant. They initially displayed the
results of the counts by affixing stickers to a circular display sectioned into quad-
rants, like the pool. This initial data display was deliberately designed by the teacher
to capitalize on its similarity to the wading pool model. Once students became
familiar with the data and what it represented, the stickers were replaced by a data
table that more effectively supported cumulating and displaying counts of crayfish
by quadrant over time.

The counts confirmed children’s initial expectations; more crayfish were indeed
observed among the mixed rocks with plants than in any of the other quadrants.
Students took this finding as confirmation of their expectation that the crayfish were
actively hiding in that quadrant because the plants and rocks provided protection.
The teacher, however, asked children whether they could be sure that the crayfish
were not just randomly wandering around, meaning that there was no choosing
going on, but rather, that the results were simply due to chance. To pursue this alter-
native interpretation, the teacher (supported by researchers) introduced a model of
chance, with the intention of persuading children to apply it to the crayfish
context.

The teacher began by asking class members to conduct repeated trials of ten
spins (representing the ten crayfish) with equally partitioned, two-color spinners.
This exercise helped children work through many of the naive conceptions that
frequently surface in investigations with chance devices (Lehrer, Horvath, &
Schauble, 1994; Metz, 1998). For example, many students believed at first that qual-
ities of the spin—to the left vs. to the right or fast vs. slow—would allow them to
systematically control the outcome. By comparing trials run under different condi-
tions, the students eventually concluded that it was impossible to predict the



230 R. Lehrer and L. Schauble

outcome of any particular spin. They also noted that with increasing numbers of
trials, the outcomes came close to 50% in each half.

Once these conceptions were addressed, the teacher shifted to evenly partitioned,
four-color spinners to reflect the four quadrants of the wading pool. Each student
predicted the results of spinning ten trials, ran the spinner, and recorded the out-
comes. The class accumulated the data, displayed it in a pie chart, and observed that
about a fourth of the outcomes occurred in each of the quadrants. Next, the teacher
asked each student to design a unique spinner, using anywhere from 2 to 4 colors,
and to spin 20 times, record the results, and display them in a graph. A follow-up
discussion focused on how the outcomes reflected, but did not precisely copy, the
design of the spinners.

Finally, the teacher felt the class was ready to connect these ideas about chance
back to the original question about the crayfish. To contextualize these ideas, the
teacher sought to highlight the difference between choice and chance by placing a
different snack in each corner of the classroom. She produced a spinner with four
quadrants, each labeled by a small picture: of grapes, crackers, broccoli, and cook-
ies. As each student spun the indicator on the spinner, he or she went to stand in the
corner representing the outcome. The class observed that approximately equal num-
bers of people ended up in each corner. Then the teacher asked students to move to
the corner where she had placed the snack they preferred. As she had planned,
almost all of the children went to the corner representing cookies. These results
were also graphed and displayed, and the two displays, considered together, sup-
ported a lively discussion about the differences between choice and chance.

Having navigated this extended development of ideas about chance and prefer-
ence, the teacher urged students to apply this thinking to the original question about
crayfish. As students inspected their crayfish data once again, the teacher asked
them to reconsider their original conclusion: Did the crayfish end up in certain
quadrants by chance, or were they really actively choosing to go to the mixed rocks
with plants? To her surprise, most students refused to reconsider their initial inter-
pretation. They argued that it was evident that the crayfish preferred mixed rocks
with plants, and the plausibility of their conjectured explanations (e.g., to hide from
predators or to avoid predation by “camouflage” within similarly colored rocks)
seemed to cement those opinions in place and render them impervious to further
review.

In retrospect, there are several features of the chance model that, we believe,
made it difficult for children to accept as a satisfactory model of crayfish behavior.
The first is the well-established difficulty that people of all ages experience when
thinking about chance, including the counterintuitive notion that although no one
outcome can be predicted, structure will nonetheless emerge across a large enough
sample of outcomes. It is not surprising that students initially entertained many of
the naive conceptions about chance that have been documented in previous research
(e.g., Konold & Kazak, 2008; Lehrer et al., 1994; Metz, 1998, 2004). However, their
clear advancement in thinking about chance devices suggests that this is not the
entire explanation. We suspect that another barrier to assuming a modeling perspec-
tive was that children had previously formulated and convinced themselves of a
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plausible reason to support their initial interpretation. There is considerable evi-
dence that plausibility affects reasoning (e.g., Klayman & Ha, 1987; Schauble,
1990). Third, our follow-up interviews with children revealed that they conceived of
animals as agentive and intentional, making it especially counterintuitive to apply a
model of blind chance as an explanation of behavior. Doing so would require a form
of counterfactual reasoning that is critical to experimentation, but challenging.
Finally, the chance model, unlike the representations described earlier, bore an espe-
cially low level of similarity with its target. A spinner simply bears no resemblance
to a crayfish. Hence, preserving the mapping between the model and the target
might have been difficult even if it had not violated students’ conceptions about
animal behavior. However, during interviews conducted with a sample (n = 10) of
children later in the year, participants were asked to consider a hypothetical bird
feeder loaded with both walnuts and peanuts. Children were told that a biologist
wanted to learn which food the birds preferred, so she carefully counted the number
of times crows picked walnuts and the number of times they picked peanuts. After
watching 20 crows, she found that 12 picked walnuts and 8 picked peanuts. We
asked children what they thought of the results, in light of what the biologist wanted
to learn. When asked what they thought of the results, four of the ten students spon-
taneously expressed doubt about what could be inferred about preference on the
basis of the data we described. As one said, “But that’s still not a very big difference.
If it was just by chance, then, well, that was still pretty close.” Another remarked,
“You still wouldn’t be sure, because it was a close tie. And 8 is just 4 less than 12.
It would have to be a few more walnuts to make me sure that it was walnuts and not
peanuts.” Another said: “It (the difference) could be real; it could be just by chance.”
Hence, a minority of the children began to entertain difference in light of chance
variability, perhaps because they did not have firm preconceptions about the food
preferences of crows.

A second occasion when students questioned the status of models occurred as
sixth graders were investigating seasonal change in a local retention pond and its
surrounding shoreline (Lehrer & Schauble, 2017). On both fall and spring visits,
students collected samples of plants and animals in both aquatic and terrestrial con-
texts and recorded their findings to support conclusions about the number and diver-
sity of species living in these locations. Back in their classroom, the sixth graders
developed ecosystem column models to support more controlled testing of factors
that affect the interrelationships between the pond and the plants along the shore.
The ecosystem models were constructed in two connected liter bottles, one model-
ing an aquatic system and the other, a terrestrial system. Pairs of students made
decisions about the substrate, plants, and animals to include in each part of the
system, connected the ecosystem columns, and collected data on outcome variables
of their own selection over time.

Thirteen different models were produced across the classroom. We were inter-
ested in whether students regarded the ecosystem columns as models or instead,
thought of them as simple attempts to duplicate the original pond, albeit in a limited
way. For example, we were unsure whether they expected that a model would vary
if they constructed and ran it again under precisely the same conditions. To find out,
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we asked students: “If you build your eco-column again exactly the way you made
it the first time, do you think it would come out exactly the same?” We were sur-
prised but pleased to learn that the sixth graders expected that the model instantia-
tions would vary; indeed, they appeared untroubled by that possibility. For example,
Carlen replied, “Probably not.” He went on to explain that in the next repetition, one
of the organisms might eat more of the plants, which would produce changes in the
eco-column that were not seen in the previous version. Another student noted that
one could not expect an exact copy because “...it’s nature...you never know what
seed will plant (germinate) faster... cause you can’t control that. You can only con-
trol, like, the number of plants when you first planted it.” Yet a third student sum-
marized, “You have to do everything a couple of times to actually see what would
really happen.” Only one of the seven students interviewed entertained the possibil-
ity that replicating an identical design could produce exactly the same outcomes,
but his belief was expressed only as a hypothetical: “It could.”

When directly asked, “Why did your class make eco-columns?”, most of the
students explained that the models were intended to represent ecological processes
that were operating in the pond, such as, “The elodea was a producer for the fish,”
and, “We, like, questioned interdependent and dependent relationships.” These stu-
dents acknowledged that although the ecosystem model and the pond differed in
significant ways, what bound the two systems were process and relation, not literal
ingredients. Students also proposed that a virtue of the model was to make some
aspect of these ecological processes more visible. “Like, so see how they (fishes)
live on the plants without having to, like, go under the water.” Nonetheless, a minor-
ity (two of the seven) of students seemed to think of the models as copies of the
pond. “We wanna have, like, a little section of the pond that we can’t bring into the
school. So we made one.” These two students expressed concern that the differences
between pond and model might be problematic for the model-status of the columns:
“They kinda work differently, ‘cause it (the model) didn’t have a lot of animals.”
Given their expectation that the models could not be expected to function like the
pond, it is not surprising that they did not seem to grasp that this was the intention
for constructing them. In fact, when asked about the purpose of constructing the
models, these students seemed to find the question confusing. One of them conjec-
tured that the goal might have been to compare the eco-column to the pond to “...
see which one’s better (cleaner).”

Unlike the third graders, the sixth-grade students were more willing to accept
models that violated expectations about perceptual similarity and focused instead
on invisible processes and relationships that they considered more important.
However, even after a year’s work in the actual pond and several weeks in a follow-
up modeling exercise, a couple of students remained unsure about the viability of a
model that did not include all the components found in the original source. These
models made variability of outcomes especially visible, in that several columns
were initially designed with similar components but looked very different by the
end of the semester. This kind of natural variation is often difficult for students to
understand (Lehrer & Schauble, 2004), and it seemed to influence a minority of
students to question the model-status of the system.
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It is possible that the more sophisticated thinking about models that we observed
in the sixth graders is primarily a result of their greater age and reasoning capability.
However, it is also possible that the aquatic models explored by the sixth graders
were better suited to provoke thoughtful consideration of the epistemic status of the
model. The third graders readily dismissed the model of chance as applicable to
crayfish behavior. In spite of their rich experience within both the model world and
the natural world, they rejected the proposed mapping between these two worlds.
Students did not regard as plausible the alternative to their initial conjecture about
crayfishes’ intentional choice of substrate. Doing so would have required them to
entertain as a model a spinner device that did not perceptually resemble its referent,
to engage in counterfactual thinking, and to tolerate a violation of a core assumption
that intention underlies behavior. In contrast, although the sixth graders began by
regarding their aquatic models as small-scale copies of the pond, only a minority of
students retained that perspective at the end of their investigations. This may be
because the variation among the models designed (e.g., students selected different
substrates, animals, plants) invited generalization across the particular “ingredients”
and turned students’ attention to more general functional relationships.

13.7 Conclusion

Careful readers will have noticed a number of correspondences between the
approach described here and the FMC introduced in Chap. 1. Interestingly, these
correspondences focus on key features that signal development. For example, both
approaches note the importance of the transition from an initial emphasis on simi-
larity as a criterion for assessing model fit to a more nuanced concern with theoreti-
cally motivated relations and functions. Second, both programs acknowledge that as
novices become more practiced in modeling, they begin to become aware of and
eventually to apply more principled and general criteria for what counts as an ade-
quate model, criteria that the FMC refers to as meta-modeling knowledge. Third,
both approaches emphasize the importance of model test and model revision as
important mechanisms for supporting learning.

At the same time, there are also some differences. For example, we do not draw
a very clear distinction between representations (or model objects) and models. We
use the term “representational competence” to describe our goals for young children
because we are hesitant to claim that young children grasp the full panoply of
understandings that a professional brings to modeling. On the other hand, we think
of the relationship between representations and models as a fluid continuum, and
there is no clear point on the continuum that delineates the border from one to the
other. Indeed, whether a novice applies meta-modeling knowledge in a given situa-
tion may vary with domain, task, and support. Our collaborating teachers continu-
ally “push the envelope” so that representational competence is always expanding
toward more elaborated forms of modeling that acknowledge multiple models of the
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phenomena under investigation. We have not found it productive to encourage them
to worry about whether “we are there yet.”

Moreover, we have not found it helpful to worry about the distinction between
models “in the head” and model objects “in the world.” We acknowledge, of course,
that models are only models fo someone. However, from a pedagogical perspective
we emphasize that models derive their legitimacy not only from the conceptions of
individuals, but from the collective engagement of a knowledge making and critiqu-
ing community. Moreover, although people’s cognitive representations certainly
influence the external representations they produce, the influence goes both ways:
representations often influence—sometimes in fundamental ways—the conceptions
of the person who originally generated them. Representations are not merely expli-
cations; they are also sometimes the source of invention, especially when they are
hybrids that combine elements from a number of sources (Gooding, 2006).

As we have been arguing, one of the virtues of modeling is that it serves as a
centerpiece for inducting children into productive approximations of the practice of
science. Developing understanding of modeling threads an ensemble of practices
highlighted by the Next Generation Science Standards (NGSS) in the United States.
These standards delineate eight core practices of science, including argumentation,
explanation, and modeling (NGSS Lead States, 2013). Among them, we regard
modeling as occupying a central role, because it involves a dual relation between
representation and material, and between individual and collective—that is, models
are evaluated in light of collective understandings, which hold students accountable
to the quality of evidence (measures, data, nature of investigation) and to anchoring
their individual pursuits to collective endeavor and meaning-making. One aspect of
high quality research questions is that they spur related questions, often raised by
others to whom they are communicated, and high quality evidence is not simply an
overwhelming amount of data, but rather, data constructed in light of the model
proposed. We believe that these understandings are important epistemic and episte-
mological outcomes—epistemic in the sense that students employ models to know,
and epistemological in the sense that students learn about the mechanics of model
invention and revision—the signature practice of science (Nersessian, 2008).
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Chapter 14
Toward an Epistemology of Modeling-
Based Learning in Early Science Education

Loucas T. Louca and Zacharias C. Zacharia

14.1 Introduction

Models and modeling are considered to be integral parts of science learning, pri-
marily because they provide a context in which students can explain and predict
natural phenomena. Externalized through various means, a concrete model could
provide students with a tool that enables them to understand a phenomenon, as well
as to make new predictions concerning this phenomenon (Schwarz et al., 2009;
Sect. A). NRC (2012) categorizes modeling as among the scientific practices that
K-12 students should learn to apply. NRC argues that “models make it possible to
go beyond observables and imagine a world not yet seen” (NRC 2012, p. 50). In
other words, external models and modeling enable learners not only to see but also
to re-see the natural world, becoming tools for scientific reasoning and for envision-
ing (otherwise theoretical) ideas in science.

Recognizing models and the process of modeling as core components of science
education (NGSS Lead States, 2013) suggests two important issues. The first is the
construction and use of external models as ways to represent the function/mecha-
nism underlying natural phenomena at the core of learning in science (Chap. 3).
Second, learning in science entails learning with and about the process of scientific
modeling (Linn, 2003; Chap. 1). Science proceeds through the construction and
refinement of external models of natural phenomena (NRC, 2012), and therefore,
learning science includes developing an understanding of natural phenomena by
constructing models as well as learning the processes of developing and refining
those models (White & Frederiksen, 1998). For the purposes of this chapter, we
refer to the processes of learning through and about modeling as modeling-based
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learning (MBL,; e.g., Louca, Zacharia, & Constantinou, 2011; Louca & Zacharia,
2015; Gilbert & Justi, 2016; Chap. 12), emphasizing the process of constructing
models and, through this construction, learning about phenomena and the process of
modeling itself. We use the term MBL to differentiate this process from model-
based learning, which has been given a totally different meaning by other scholars
[e.g., Gobert & Buckley (2000) defined model-based learning as the construction of
mental models of phenomena]. In this chapter, MBL denotes that it is the process of
modeling itself that we are interested in. Using the term model-based learning could
also be misleading in other ways. For instance, it could denote learning that occurs
only when a model is used as an end product.

MBL has been widely advocated as an approach that can be applied to meaning-
fully engage students in authentic practices of learning of and about science (Louca
etal., 2011; Louca & Zacharia, 2015), and over the years, a number of studies have
verified its effectiveness. However, these studies have focused mostly on high-
school and university students. We know much less about MBL among K-6 stu-
dents, specifically in reference to detailed descriptions of how young students work
with MBL in science. Such information is vital for designing curricula and learning
materials that enable younger students to develop their modeling competence. By
modeling competence, we mean students’ understanding of modeling, models, and
the use of models in science (Upmeier zu Belzen & Kriiger, 2010; Chap. 1). Finally,
by modeling epistemologies, we are referring to students’ views and knowledge of
the models they construct and use through MBL. Their understanding of the nature
of the process of model development through MBL is similar to what Louca, Elby,
Hammer, and Kagey (2004) described in their view of students’ personal episte-
mologies and their effect on students’ learning of science: Students with sophisti-
cated epistemological views use the process of learning more actively, which leads
to a better conceptual understanding of the various physical phenomena.

In this chapter, we describe an investigation of whether an already established
framework for modeling competence (FMC; Chap. 1) captures/describes the mod-
eling competence of young novice modelers. In previous research, young novice
modelers (i.e., K-6 students) engaged in modeling in different ways than older indi-
viduals (Louca & Zacharia, 2015). For this chapter, we analyzed data from young
learners who specifically followed MBL as described by Louca and Zacharia
(2015). The analyses used the FMC as a reference for investigating whether it could
capture the modeling competence of young novice modelers, or if it could not,
whether it could enrich the existing framework to include/accommodate young stu-
dents’ understandings of modeling competence.

14.2 Theoretical Background

MBL has been recognized as a learning approach that could support formal science
learning as early as the pre-school years. MBL has also been highlighted in the most
recent NRC Framework for K-12 Science Education (NRC, 2012). It is noted as one
of the basic scientific practices, and its added value is being argued for across K-12.
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In fact, the authors of this framework highlight the fact that MBL should be applied
as early as possible:

Modeling can begin in the earliest grades, with students’ models progressing from concrete
“pictures” and/or physical scale models (e.g., a toy car) to more abstract representations of
relevant relationships in later grades, such as a diagram representing forces on a particular
object in a system. Young students should be encouraged to devise pictorial and simple
graphical representations of the findings of their investigations and to use these models in
developing their explanations of what occurred (p. 58).

In an MBL context, science learning is accommodated through a recursive model-
ing process in which students are involved in several steps: constructing, using,
evaluating, and revising/reconstructing models that represent physical phenomena
(Lesh & Doerr, 2003; Schwarz et al., 2009). Learning is facilitated by observing the
natural phenomenon or system at work and representing it through a model, which
consists of “elements, relations, operations, and rules governing interactions that are
expressed using external notation systems” (Lesh & Doerr, 2003, p. 10). It should
be noted that learning occurs through both successes and failures. For instance, after
constructing a model to represent a phenomenon, it is often the case that the stu-
dents notice unforeseen effects and implications from the presence or absence of a
particular representational choice, and they proceed with changes, which result in
revising and reconstructing their model. The latter illustrates the recursive nature of
modeling and indicates that MBL is a gradual learning process.

In addition to representing a phenomenon through a series of steps, MBL involves
the development of meta-modeling knowledge (i.e., knowledge about how and why
models are used and what their strengths and limitations are; for more details, see
Schwarz & White, 2005). MBL is a construct that blends the steps of practicing
modeling with meta-knowledge (Nicolaou & Constantinou, 2014; Gilbert & Justi,
2016; Chap. 3). This means that on top of following a series of steps for enacting the
modeling process, learners need to understand the purpose of each of these steps as
well as the characteristics (i.e., understanding the purpose of the elements, relations,
operations, and interactions) of the model.

Looking across the MBL literature, various frameworks exist concerning the
steps that need to be followed to enact modeling (e.g., Louca & Zacharia, 2015;
Hestenes, 1997; Lesh, Hoover, Hole, Metcalf, Krajcik, & Soloway, 2000; Windschitl,
Thompson, & Braaten, 2008). However, there is a significant overlap in several
basic principles across all these frameworks. More or less, all frameworks involve a
construction step and an evaluation step. The differences emerge when the details of
each framework are unearthed. For instance, there are frameworks that support the
idea that modeling is a cyclical process in which the learners go through the same
steps in each modeling cycle (e.g., Constantinou, 1999). On the other hand, other
frameworks depict modeling as a process that spirals; here, learners do not neces-
sarily go through all the steps of the modeling process in each cycle (Louca &
Zacharia, 2015). In addition to the significant overlap in the steps of the modeling
process across the frameworks of the domain, Samarapungavan, Tippins, and Bryan
(2015) argued that all these frameworks also overlap in terms of the way modeling
(a) impacts children’s epistemic learning goals, such that they learn to inquire on
their own, (b) transforms students into producers of knowledge (i.e., inventors of
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models) rather than into consumers of knowledge as traditional approaches usually
do, and (c) blends learning about “content” and “process” together, which enables
students to view and perceive science learning in its correct dimensions.

Finally, the MBL approach falls under the inquiry-based learning approaches.
Through the inquiry prism, MBL could be seen as a fine blend of cognitive (science
concepts and scientific inference processes), epistemic (knowledge validation and
evaluation), and social (understanding the sociocultural norms and practices of sci-
ence) dimensions (for details, see Duschl & Grandy, 2008). According to Windschitl
et al. (2008), model-based inquiry may be able to provide a more epistemically
congruent representation of how science works nowadays. For example, it could
“embody the five epistemic features of scientific knowledge: that it is testable, revis-
able, explanatory, conjectural, and generative” (p. 964).

14.2.1 The MBL “Cycle” of Young Modelers

When engaging in modeling, K-6 modelers follow a different route (Louca et al.,
2011; Louca & Zacharia, 2012, 2015) than the ones described in the general litera-
ture for older modelers (e.g., Krell & Kriiger 2016).! More specifically, the contents
of the various modeling practices/steps differ as well as the sequence in which these
modeling practices occur. Young students’ modeling work initially follows a four-
step MBL cycle (Fig. 14.1). The same steps have been found in other modeling
cycles (e.g., Hestenes, 1997; Krell & Kriiger 2016; Lesh et al., 2000; Windschitl
et al., 2008); however, for K-6 modelers, the level of sophistication is different. For
instance, these students usually start modeling at a superficial level, in which they
represent only parts of the phenomenon without including any aspects of the under-
lying mechanism. Additionally, K-6 students’ modeling begins as a cyclical pro-
cess, but it usually evolves into a spiraling one. The latter implies that not all
modeling steps/practices are followed in consecutive modeling rounds in which the
K-6 modelers aim to improve their models (by modeling rounds, we mean a com-
plete enactment of the four steps of the MBL “cycle”).

The MBL “cycle” begins with young students observing and investigating a
physical phenomenon or part(s) of it. In doing so, the young students start building
a story for the phenomenon. This story is based on observations, prior knowledge,
ideas, and experiences. It begins at a superficial level, but as the modeling pro-
gresses, its level of sophistication gradually increases (e.g., aspects of the phenom-
enon’s underlying mechanism are added). Prior student knowledge, ideas, and
experiences appear to be a significant repository of data and information for stu-
dents engaging in modeling, with K-6 students heavily referring to their experience
during the MBL “cycle”. After K-6 modelers develop a sfory that describes the

' The quotation marks denote that it is not always a cyclical process; it could also turn into a spiral-
ing process as we discuss later in the chapter.
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Fig. 14.1 The modeling-based learning “cycle” (adopted from Louca & Zacharia, 2015)

physical phenomenon under study, they proceed directly to the construction of an
external, concrete model, while skipping the construction of an internal, mental
model. In the case of older learners/modelers, the start of the modeling cycle is
more sophisticated. It involves observation, understanding the purpose of the model,
prior knowledge and experience, and the construction of a mental model (Nersessian,
2008) that can later be translated into an external model (Mahr, 2015).

In the construction step of the MBL “cycle,” K-6 modelers follow two different
practices: planning and development. Planning mostly consists of breaking down
the phenomenon under study into small pieces that can be incorporated into an
external model. In this sense, the process of planning for K-6 modelers is a process
of identifying parts of the phenomenon and treating them separately, rather than
envisioning and treating all of, or at least a number of, the phenomenon’s parts
together. The latter explains why these modelers skip or fail to build mental models
before proceeding with the construction of an external one. Simply, when the K-6
modelers start modeling, they fail to collect the minimum amount of information
needed to put a mental model of the phenomenon together. Previous research (Louca
etal., 2011) has suggested that novice modelers need to start developing an external
model in order to realize that they need to look for the missing components of
the model.

The development of the model looks like the “writing and debugging” process of
formal programming. The young modelers write their story (see above) and identify
the components of the model described in this story, and then they proceed to con-
struct a model. They talk about their model, revise their story and proceed with
small changes, talk about the model some more, and make additional small changes
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until they feel that this representation matches their story. This back-and-forth pro-
cess is not a formal evaluation of the constructed model but rather a process of
reaching the representation/model they agreed to construct in their story through a
process of trial-and-error (Chap. 13). During this step, students actually “invent” the
physical objects (e.g., ball), the physical processes (e.g., moving the ball), and the
physical entities (e.g., velocity, acceleration) comprising the phenomenon (e.g., free
fall of objects). Invent means finding ways to represent these aspects in the models
that are under construction; for example, finding a way to represent velocity. Older
modelers follow a more sophisticated modeling approach right from the beginning
in which the necessary model objects, processes, and entities are usually present,
due to prior knowledge or observations (Krell & Kriiger 2016). Furthermore, the
internal and external models they construct have some sort of an underlying mecha-
nism right from the beginning of the modeling process (e.g., older students usually
know and use mathematical formulas that are related to the phenomenon). When
older students feel that they have constructed a satisfactory model, they move
toward a process of formal evaluation (e.g., Hestenes, 1997). For K-6 modelers, this
process does not begin automatically; rather, the teacher needs to initiate it (Loucas
et al., 2011). After a formal evaluation is in place, the process of model evaluation
usually takes two major forms. First, learners use their model to see whether it can
explain the data they collected or the experiences they recalled or used as a starting
point for the model’s construction. Second, they evaluate their model in terms of
logic; that is, whether the model represents a plausible mechanism that can account
for what is observed. For example, K-6 students start by comparing their model to
the actual phenomenon and by examining whether their model represents and simu-
lates the phenomenon under study (usually on the surface; e.g., for free fall, K-6
modelers will be happy to see their object fall to the ground. No issues of velocity
or acceleration will be considered at this point, unless the teacher points them out).
Finally, over the years, we have found limited data where novice modelers deploy
or decontextualize their model into a new situation or phenomenon in an effort to
evaluate its explanatory power, as suggested by Constantinou (1999).

Another major difference between the modeling “cycle” and other modeling
cycles (e.g., Krell & Kriiger 2016) is that any revisions made to the constructed
model by K-6 modelers in any subsequent modeling cycle occur within the investi-
gation (i.e., during the formulation of the story) and construction steps. In this sense,
revision becomes an epistemological or a meta-modeling process (Papaevripidou
et al., 2009; Schwarz et al., 2009) in which students decide which route is more
appropriate to follow to revise their model (i.e., students stop following a sequential
modeling procedure and pick the modeling step that needs to be revisited, that is, the
investigation or the construction step, in order to revise their model).

To sum up, the MBL “cycle” begins as a cycle and gradually evolves into a spi-
ral. In this context, K-6 students skip certain steps of the modeling process as the
previous modeling rounds are enacted. (Louca et al. 2011; Louca & Zacharia, 2012,
2015) suggested that during the first round of modeling, novice modelers usually
identify the physical objects and focus on obtaining a model that looks like the phe-
nomenon they have observed in real life. Only after this, during the second modeling
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round, can they identify and represent the physical behaviors of the identified
objects, thus moving from how their model looks to how it functions, which in fact
represents a shift from an ontological to an epistemological perspective of model-
ing. In the subsequent consecutive modeling rounds, novice modelers can progress
to identifying, characterizing, and representing physical entities, which usually con-
sist of concepts represented as variables.

Finally, data from previous studies (Louca et al., 2011; Louca & Zacharia, 2012,
2015) have not shown that novice modelers engage in solid thought experiments
during modeling (Krell & Kriiger 2016). In addition, novice modelers have not been
found to use the resulting models to formulate hypotheses that they later test through
experimentation in the real world. The latter prevents K-6 students from under-
standing how the model and experiential world connect and how the model can be
applied.

14.2.2 MBL in K-6 Science Education

Research focusing on the K-6 age range has shown that students can engage in the
process of modeling (e.g., Acher, Arca, & Sanmarti, 2007; Forbes, Zangori, &
Schwarz, 2015; Manz, 2012; Schwarz et al., 2009). For example, Schwarz et al.
(2009) showed that K-6 modelers are able to enact the steps involved in the model-
ing process, namely, constructing, using, evaluating, and revising/reconstructing
models to represent physical phenomena. The modeling-based cycle’s hands-on and
minds-on nature is a good fit for science learning at such young ages (Louca &
Zacharia, 2015; Samarapungavan, Tippins, & Bryan, 2015; Zangori & Forbes, 2016).

According to the literature in this domain, models serve as sense-making tools
that provide bridges for these students between their conceptual understanding,
their observations, and the underlying scientific theory (Coll & Lajium, 2011;
Gilbert, 2004). Given this, K-6 students could develop models that represent their
understanding of a phenomenon or system and then use this model to engage in
scientific reasoning and to form explanations for how and why the phenomenon or
system works (Forbes et al., 2015; Schwarz et al., 2009; Verhoeff, Waarlo, &
Boersma, 2008).

In a study of classroom discourse during MBL (Louca, Zacharia, et al., 2011),
we described three distinct types of discourse (modeling frames) that learners
engaged in: (a) (an initial) phenomenological description, (b) operationalization of
the physical system’s story, and (c) construction of algorithms. By modeling frames,
we mean the different ways in which students understand the learning process that
is taking place and how they participate in the process. All these findings suggest
that the students who engage in MBL by following the same modeling practices
may be understood as being engaged in different modeling frames. In other words,
they engage in modeling with different purposes, different end goals, and different
combinations of modeling practices.
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In a different MBL study (Louca & Zacharia, 2015), a number of modeling prac-
tices that young students tend to follow were identified, suggesting that novice mod-
elers appear to enact modeling in a different manner than more advanced modelers.
For instance, we have argued that the revision phase of MBL is an epistemological
procedure, and any revisions of the constructed model arising during a particular
iteration of modeling occur within the investigation and construction phases.
Additionally, the decomposition of the phenomenon under study into smaller parts
happens within the constructing the model phase of the modeling process and not
during the investigating phase (Louca & Zacharia, 2015).

These findings suggest that when students are engaged in MBL, even when they
follow the same modeling practices, they might engage in modeling with different
purposes, different end goals, and different combinations of modeling practices. In
earlier work (Louca & Zacharia, 2008, 2012), it was suggested that student model-
ing may take several different forms, depending on how students frame their work:
the process may become technical (with respect to the code underlying their pro-
gramming decisions) or conceptual (with respect to the way causal agents such as
velocity are represented through code). It can also become procedural (by describ-
ing how something happens through time) or causal (by describing how an agent
affects a physical process).

A different line of research has investigated students’ understanding of models
and modeling in science (Chap. 1). The most important contribution of this frame-
work is that it has identified a number of model-related issues that can be used to
describe students’ understanding of models and modeling in science. Equally as
important, the framework’s differentiation of the three different levels of student
understanding proposes a differentiation between the descriptive, explanatory, and
predictive natures of students’ understanding of the use and function of models in
science. There may be other types of differentiation that can be applied and could be
valuable (e.g., the functional nature of models, that is, models that represent how a
phenomenon is caused or functions, instead of simply describing the phenomenon).
However, this distinction and the ability to differentiate between students’ under-
standing of models and their use is valuable.

Given the particular ways in which K-6 students engage in modeling, the goal of
the study was to investigate their understanding of models and their use in
application. Thus, we examined how fifth graders” MBL experience influenced their
modeling competence concerning the five described aspects (Fig. 14.2). In line with
work on student epistemologies in science (e.g., Louca et al., 2004), and in an effort
to account for and describe the ways students see and use models during science
learning, we analyzed data that supported the ways in which students work in
authentic classroom contexts as described by MBL (Louca & Zacharia, 2012, 2015;
Gilbert & Justi, 2016). The idea was to enrich an existing FMC to include/accom-
modate young students’ understanding of models and modeling.
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Aspects and Levels of student understanding
modeling
competence Level 1 Level 2 Level 3

1.Nature of models
2 .Multiple models

Limited view on Perspective on the Perceiving a
3.Purpose of models only the model- relation between the model as a
object model and the original scientific idea

4.Testing models

5.Changing models

Fig. 14.2 The framework for modeling competence (cf. Fig. 1.3)

Physical phenomena (units) studied Student group 1 Student group 2 Student group 3
1. Accelerated motion down an inclined plane X
2. Free fall X X X
3. Water cycle X X
4. Diffusion of solid substances in water X
5. Projectile motion X X

Fig. 14.3 Physical phenomena studied

14.3 Methods, Data Sources, and Analyses

14.3.1 Study Context

This study involved three groups of fifth-grade students in two public metropolitan
elementary schools in Cyprus (a total of 48 students working in groups of 2 or 3
students). Students in both classes met with the same teacher once a week for 80 min
for a total of 7 months. Following a case study approach (Yin, 1994), different
physical phenomena with each class of students were treated as a different case. For
this study, data from nine cases (three student classes x three topics) were used in
order to describe in detail the process of developing models for physical phenomena
(Fig. 14.3). All students had access to a variety of modeling media (computer-based
programming environments, paper-and-pencil, three-dimensional materials) to con-
struct models for three similar and two different physical phenomena (a total of five
phenomena for the entire study; Fig. 14.3). The duration of the study for each group
ranged from 3 to 5 weeks.
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14.3.2 Data Sources

Whereas studies that have investigated students’ understanding of models and mod-
eling have collected data from student interviews and questionnaires, in our study,
we investigated students’ understanding using discourse and artifact data, in an
effort to inform research about findings from alternative data sources. Our effort
focused on identifying elements related to the five aspects of models in FMC
(Fig. 14.2).

Transcripts from videotaped conversations from all the case studies served as the
primary source of data. A total of 1151 min of student conversations were analyzed.
To triangulate the findings, student-constructed models collected at the end of each
student meeting session were analyzed.

14.3.3 Data Analysis

Following previous research, the analyses of student discourse and student-
constructed models focused on the prime constituents/players of models in physical
phenomena (Louca et al., 2011), which include: physical objects, physical entities,
and physical processes. As the first step of the analysis, Louca and Zacharia, (2012)
coding scheme for discourse and artifact data was used. As presented in Fig. 14.4,
the discourse coding scheme differentiates between the discussion of physical
objects, physical entities, and physical processes amongst students, while providing
the different ways that these can be characterized. The discussion of physical objects
is usually about two different things: (a) the description of the story of the physical
objects or physical system under study and (b) the description students’ experiences
in support of these stories. Then, descriptions of physical processes and physical
entities included three different ways students talked about them (conceptually,
quantitatively, and operationally).

Student-constructed models were analyzed using an artifact analysis adopted
from another study (Louca, Zacharia, Michael, & Constantinou, 2011). Codes from
this analysis included the ways in which students represented different elements in
their models: physical objects (characters), physical entities (variables), physical
processes (procedures), and physical interactions. Figure 14.5 presents the codes
used for the artifact analysis. The findings from this analysis were added to timeline
graphs, aligning the analysis and timing of the construction of each model with the
graphs so that these could support the initial data.

After all discourse and artifact data were coded, the discourse data were used to
develop nine separate timeline graphs, one per case study, to present the sequence
of student conversation as characterized by our analysis. Coded utterances were
displayed in timeline graphs to reveal the temporal interrelationships of the coded
statements. For each case, one graph was developed. Then, based on previous work
(Louca & Zacharia, 2015), the timeline graphs were structured on the basis of the
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Coding Categories Code Description
Description of the story of ~ Students talked about the overall story of a physical system
a physical object or a or a physical object. This usually involved descriptions about
physical system what would happen to the overall physical system, without

any reference to the mechanism that was actually causing the
overall phenomenon or the behavior of the object.

Description of Students used experiences from the physical world to support
experiences/data in their answers or ideas in the conversation.

support of the story of the

physical system

Description of physical Students described a physical process (e.g., change in
processes ... position, change in velocity) ...

... conceptually ... qualitatively, without any reference to the mechanism that

was actually responsible for causing the changes in the
physical process.

... quantitatively ... by using numerical examples. No reference was made
about the mechanism that was actually responsible for
causing the changes in the physical process.

... operationally defined ... by describing a series of actions that would result in the
physical process.

Description of physical Students described a physical entity (e.g., velocity,

entities ... acceleration) ...

... conceptually ... qualitatively, without any reference to the mechanism that
was actually responsible for causing changes in the physical
entity.

... quantitatively ... by using numerical examples. No reference was made to

the mechanism that was actually responsible for causing
changes in the physical entity.

... operationally defined ... by describing a series of actions that would result in the
physical entity (or the changes in the physical entity).

Fig. 14.4 Codes used to analyze modeling practices, adopted from Louca et al. (2011)

Category Codes

1. Representation of  1.1. Physical objects internal to the physical system

physical objects 1.2. Physical objects external to the physical system

2. Representation of  2.1. No representation of physical entities

object _ 2.2. Represented with a non-variable numerical value
characteristics
(physical entities) 2.3. Represented with both a variable & a non-variable

numerical value
2.4. Represented with a variable

3. Representation of  3.1. Non-causal
object behaviors 3.2 Semi-causal
(physical processes)

3.3. Causal

Fig. 14.5 Codes used for the analysis of student-constructed models adopted from Louca et al.
(2011)
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MBL “cycle” iterations that students engaged in during the study. Each time stu-
dents went through a modeling “cycle” and they were about to begin a new one, we
viewed this as an MBL “cycle” iteration.

Based on these data, nine case studies from the MBL “cycle” were developed,
including transcript excerpts and examples of student-constructed models. During
this step, descriptions of the context of each round of modeling in each case study
were added, with the goal of having a detailed account for each case study to the
largest possible extent. The description of context included a description of stu-
dents’ overall goals during the MBL “cycle.” The idea of modeling frames from
Louca and Zacharia, (2012) was used to describe this context: Modeling frame I:
(Initial) Phenomenological description; Modeling frame II: Operationalization of
the story of the physical system; and Modeling frame III: Construction of algorithms.

In the last step of the analysis, each of the nine case studies were revised, trying
to apply the three levels from the FMC for each round, focusing on: (1) the nature
of the models, (2) the existence of multiple models, (3) the purpose of the models,
(4) the process of testing models, and (5) the process of changing models. Students’
discourse and the models they developed in each round were described separately
for each aspect of the framework. For this, the transcript was not coded line-by-line,
but rather, a description was given for the timeline section (round of modeling) of
each of the case studies.

14.4 Findings

14.4.1 Nature of Models

Both analyses (discourse and artifact) focused on elements of models that students
included either in the models they constructed or in the models they discussed dur-
ing their modeling group work. Physical objects were addressed in student conver-
sations (and presented in student-constructed models) from modeling round 1 of the
students’ work (for all nine sub-cases with 3 rounds of modeling), appearing to
suggest that the development of models first requires students to address the need to
represent the “players” involved in the phenomenon (physical objects) before mov-
ing on to the rest of the model’s properties. This finding was verified by the artifact
analysis of the models of all student groups in all sub-cases (Fig. 14.6).

However, physical processes (including interactions) and physical entities were
found to be context dependent. A discourse analysis revealed that physical pro-
cesses and physical entities were discussed in most of the student groups during
round 1 of modeling only at the conceptual and quantitative levels, whereas discus-
sions about operationalizing them appeared only in modeling rounds 2 and 3. This
is also supported by the artifact data analysis, which indicated that the physical
processes and the physical entities appeared to be non-causal in the models in most
cases and were derived as early as round 1; physical processes, however, appeared
in the models as a mixture of semi-causal and causal representations in both rounds
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Modeling-based
learning Round 1

Modeling-based
learning Round 2

Modeling-based
learning Round 3

Student work overall ...

Students
conceptualize models
as phenomenological
descriptions of the
story of the physical
object(s)

Students focus on
operationalizing the
descriptions of
physical entities

Students focus on
representing
relationships
between physical
entities in a physical
system (i.e., defining
physical processes)

Discourse Analysis

Description of the story of a
physical object or a
physical system

Description of
experiences/data in support
of the story of the physical
system

Description of physical Conceptual and Operationally Mo_stly
o ) operationally
processes ... quantitative defined .
defined

Description of physical Conceptual and Mot_stly I Mci.Stly I

entities ... quantitative operationaily operationaily
defined defined

Artifact Analysis

Re_presentation of physical y v y

objects

Representation of object

characteristics (physical Non-causal Semi-causal Causal

entities)

Repregentatlon .Of object Semi-causal & Semi-causal &

behaviors (physical Non-causal

evaluation)

causal causal
processes)
Framework for Modeling Competence
Nature of models (limited Level | Level Il Level Il & limited
level IIl) level Il
Multiple models (no level Level | & level Il
iy (only durlng model Level Il Level Il
evaluation)

Purpose of models (limited Level | Level Il Level Il & limited
level IIl) level lll

Level | & level I
Testing models (no level lll) | (only during model Level Il Level Il

Changing models (no level
11D}

Level | & level Il
(only during model
evaluation)

Level | & level Il

Level | & level Il

Fig. 14.6 Summary of findings

2 and 3. On the other hand, physical entities appeared in student models in semi-
causal forms only in round 2 and in causal forms only in round 3. Interestingly, all
of the abovementioned findings were confirmed in all student groups and in all dif-
ferent phenomena studied, independent of the number of previously modeled

phenomena.
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These findings suggest that usually modeling round 1 of student work is charac-
terized by a process of developing models as phenomenological descriptions of the
phenomena under study. Previously, this discourse was characterized as modeling
frame I (Louca & Zacharia, 2012). Working within modeling frame I, students
described the story of the overall physical system and/or the story of the individual
physical objects involved in the phenomenon under study. These stories were
described as a temporal sequence of “scenes” that captured the phenomenon, with-
out dealing with the individual objects’ behaviors that resulted in the overall phe-
nomenon. Similarly, students did not talk about any of the necessary components of
the scientific model or how the phenomenon took place. Everyday experiences were
used as reality checks to support students’ ideas about what would happen in the
phenomenon under study. All these fit with level I of the aspect of the nature of the
model in the FMC (Fig. 14.2), thus suggesting that students develop models that
are, fo the greatest possible extent, copies of the reality (phenomenon) they study.

By contrast, the data suggest that modeling rounds 2 and 3 reflect students’
understanding of the nature of models at level II (Fig. 14.2), with students’ focus at
the end of modeling round 1 on improving the extent to which their model is good
for developing idealized representations of the phenomena under study. Further, in
subsequent rounds of modeling, there were some limited indications of level III,
where students’ efforts were focused on developing a representation of the phenom-
enon that would cause (through the relationships between physical processes and
physical entities) the phenomenon instead of simply depicting the phenomenon.

14.4.2 Purpose of Models

In different rounds of modeling, the discourse data suggest that students seemed to
view, use, and/or visualize the models they constructed differently. Adopting the
terminology from earlier work in modeling (Louca & Zacharia, 2012), during mod-
eling round 1, students conceptualized their models so the models would act as
phenomenological descriptions of the phenomenon under study, simply describing
the story of the overall physical system and/or the story of the individual physical
objects involved in the phenomenon under study. This was also the case when, in
subsequent rounds of modeling, students had discussions about a new phenomenon
or the new features that they wanted to add to their models. An artifact analysis sug-
gested that these discussions led to the development of descriptive models of physi-
cal phenomena that simply provided scenes from the phenomenon in a temporal
sequence without any reference to the causal mechanism underlying the phenomenon.

In modeling round 2, the students’ purpose seemed to focus on the description of
the story of the physical entities and included the objects’ characteristics (i.e., veloc-
ity and acceleration) and the objects’ behaviors (i.e., accelerated motion) in an effort
to operationalize the story of the physical system. This discussion led to the con-
struction of models of physical phenomena that would have both descriptive and
causal features. This view of the purpose of the models and the modeling process
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seemed to occur in the process of translating the story of the physical system into
programmable code so that models of the phenomenon could be developed.

In modeling round 3, students identified and investigated the relationships
between physical entities. The fact that their models needed to have this property
motivated students to develop a construction-of-algorithms view of the model con-
struction process, helping them to operationally define both the physical entities and
the physical processes. This was done in a process of translating descriptive ideas
about the phenomenon into operationally defined causal representations of relation-
ships between different components of the phenomenon.

In terms of the FMC, the data showed that students in the study appeared to
progress across different levels of understanding with respect to the purposes of the
models they constructed. Students in all nine cases started at level I and progressed
to level II, despite the fact that they had prior experience with the MBL “cycle.”
Moreover, the study revealed that data showing students progressing to level III, in
which students used the models they constructed to predict something about the
phenomenon under study, were not consistent. Conversations about level III
occurred only in cases 3 and 4 (water cycle and diffusion). During the evaluation
stages, students brought into the conversation similar phenomena in order to evalu-
ate the accuracy of the model under evaluation. For instance, in the case of diffusion
(the phenomenon studied was the diffusion of a drop of red food coloring in a bea-
ker of water), students used their experience with the dissolution of sugar in water
to test whether their model was accurate enough to predict this phenomenon. In this
sense, similarly to the identification of level I and level 11, the data suggested that the
activation of more advanced levels seems to be context dependent. However, this
dependency seems to differ: To move from level I to level II, the dependency seems
to be the modeling round the students are in and, thus, the context or content of their
actual modeling work. In all the cases, in the beginning of their work with a new
model or phenomenon, students started with level I, and in subsequent rounds, they
had some conversations that fell into level II. For level III, there seemed to be an
additional layer of context dependency, seemingly related to the type of phenome-
non under study. Kinematics phenomena (cases 1, 2, and 5) did not activate or
“spark” level III conversations related to the purpose of models.

14.4.3 Multiple Models

In terms of the notion of the existence and usefulness of multiple different models
representing the same phenomenon, the analysis suggested that prior to modeling
round 2, students did not discuss this. As noted above, during modeling round 1,
students focused on obtaining a model that works (Louca & Zacharia, 2008), acting
as a phenomenological description of the phenomenon under study (Louca &
Zacharia, 2012). The fact that modeling round 1 ended with an evaluation of the first
model they constructed (Louca, Zacharia, Michael et al., 2011) seemed to work as
a context in which students adopted and discussed the idea that it is possible to have
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multiple different models that represent the phenomenon in different ways, along
with limitations and advantages. The discourse data from student modeling conver-
sations suggested that this idea remained active for the rest of the modeling unit (for
all remaining rounds) but disappeared again during the first round of the next phe-
nomenon modeled, possibly suggesting a contextual relationship with the type of
student work—particularly with the modeling rounds—along with students’ notions
of the purpose of the model.

During modeling round I, students seemed to view and talk about differences
between multiple models of the same phenomenon as differences between the mod-
els themselves and not as differences between alternative representations of differ-
ent phenomena. This depicts level I. However, the process or step of evaluating the
models they constructed seemed to help students see differences in their models as
alternative ways of representing different parts of the phenomenon under study,
which is depicted in level II. Nevertheless, none of the data showed that students
viewed models as tools for making predictions about the phenomenon under study,
although this might be related to the role of the teachers and how they approached
modeling in their science teaching.

14.4.4 Testing and Changing Models

Only after modeling round 1 did students start talking about testing, editing, and
making changes to their models. In round 1, students focused on obtaining a model
that showed reality, and their main concern was to make their models look like the
real phenomenon. Once activated, the idea of revising and testing their models
remained active for the rest of the modeling unit but disappeared again during the
first round of the next phenomenon they were modeling.

Students did not have any conversations that reflected level III, which includes
the view of models as theoretical tools that can be used to make predictions about
aspects of the phenomenon under study. Given that the rest of the findings were
related to other aspects of the FMC, it is still unclear whether this finding was due
to the students’ lack of knowledge, modeling experiences, or abilities. Rather, it
might be related to the role of the teacher and the data collection period, where the
emphasis was placed primarily on students’ development of models for the phe-
nomenon and not the use of models as tools for investigating and learning about
phenomena. Therefore, the FMC might serve as an instructional guide for teachers
and researchers in preparing or designing lesson plans for MBL in science.

Further, most student work in modeling round 1 reflected level I because students
emphasized the testing or changing of a model itself. However, level II appeared in
modeling rounds 1 and 2, with no apparent pattern regarding when students tested
and changed models after they compared their models with the phenomenon
under study.
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14.5 Discussion and Conclusions

In this chapter, findings from applying the FMC to K-6 modelers were presented.
Specifically, the purpose was to investigate fifth-graders’ understanding of models
and modeling during MBL. Adopting a discourse-based perspective instead of
directly asking students for their understanding in interviews and questionnaires,
students’ modeling work was analyzed to identify the levels on which these stu-
dents’ understanding of models and modeling could be located within the various
aspects of the framework.

One of the main themes that runs across all the findings is that, overall, there was
not substantial evidence to show that the students could reach level III with respect
to any of the five elements that were investigated. This could suggest several things.
It is possible that the FMC accounts for an understanding of models and modeling
in older students or in students across a wide spectrum of ages, while suggesting
that for K-6 students, it might be reasonable to expect that they might not reach level
III. In this sense, some understanding or abilities related to modeling processes such
as using models as tools to predict natural phenomena do not develop until later
ages. Of course, this needs to be investigated in more detail.

Nevertheless, throughout the various aspects, students sometimes worked at
level I and sometimes at level II. At first glance, there did not seem to be a develop-
mental pattern to this in the sense that the same students in one modeling unit started
working at level I, then moved to level II, and then, in the next modeling unit (which
took place 2—-3 weeks after the end of the first unit), once again started working at
level I. This last part is in line with the theoretical idea of resources by Hammer and
colleagues (Hammer, 2000; Hammer & Elby, 2002, 2003; Louca et al., 2004) by
which students may simultaneously hold an understanding of a particular idea at
different levels, only activating one level at a time on the basis of the context.

Primarily derived from physics education research, the idea of modeling
resources is used to identify student knowledge, abilities, or reasoning skills in rela-
tion to various modeling tasks. Instead of seeing the absence of a particular level as
a need to help students develop the modeling abilities they lack, it might be more
productive to view this as a need to help students develop more reliable access to the
modeling resources they might already have and might be context-dependent
(Gilbert & Justi, 2016; Krell, Upmeier zu Belzen, & Kriiger, 2013; Chap. 13).

For example, as presented in the findings, the model evaluation tasks adminis-
tered at the end of round 1 of MBL seemed to activate the notion that it is possible
to have multiple different models for the same phenomenon, each one with its own
advantages and disadvantages. This idea remained alive for the rest of the modeling
unit, but it disappeared when a new modeling unit began until students again reached
the evaluation point of their first models.

For instance, students’ views of the nature of models as theoretical reconstruc-
tions of the phenomenon (level III) seemed to be in sync with students identifying
and investigating the relationships between physical entities. For instance, a causal
model in which physical entities and physical processes are operationally defined
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suggests that students likely viewed the process as developing a theoretical recon-
struction of the phenomenon that included the mechanism that underlies/causes the
phenomenon. In this study, students were not explicitly asked to reflect on those
issues and articulate their understanding of the nature of the models they had devel-
oped. Overall, while the data from this study did not indicate that students had an
understanding at level III within a predictive frame, it was possible to see some level
IIT understanding (as in the case of the nature of models) in some of the aspects of
the FMC (Griinkorn et al., 2014).

The context-dependencies of modeling resources (Krell et al., 2013) also deserve
to be highlighted. The context of creating computer-based programs that could cre-
ate general models of the phenomenon under study was vital for leading students to
invent and define physical entities in the form of program variables. They would
then use these in the program rules, which would include interactions between
physical objects, their behaviors, and characteristics.

Given all this, we contend that instead of seeing the absence of particular levels
as an indicator that there is a need to help students develop the modeling abilities
they lack, it might be more productive to view this as a need to help students develop
more reliable access to modeling resources they already have but might be context-
dependent. This approach has different implications for MBL and instruction and
may shape research on modeling competences in different ways. Further investiga-
tion of this issue is of course needed, particularly focusing on how novice modelers
can be supported to access these resources in a better, more reliable manner.

If we start sketching a framework for modeling resources, there is at least another
important relevant implication. The role of the teacher as a possible activator of dif-
ferent modeling resources needs to be considered (Samarapungavan, Tippins, &
Bryan, 2015; Zangori & Forbes, 2016). As previously identified (Louca & Zacharia,
2012), there are instances in MBL with novice modelers where the teacher needs to
push student thinking in a particular direction (i.e., toward a specific modeling step),
especially when students’ prior experience with the modeling process is limited.
This is relevant to the findings here because it is possible that the absence of level
IIT is related to the way the teacher enacted the MBL “cycle” or to his goals for each
modeling unit with students.

A second but related implication is that the FMC might be used productively as
a guide for teachers throughout MBL in science (Fleige, Seegers, Upmeier zu
Belzen, & Kriiger, 2012). In this sense, in addition to the designing of modeling
units or learning sequences, this framework could help teachers identify and respond
to students’ modeling difficulties during teaching and learning, thus providing
teachers with a productive tool for helping students reach level III with respect to
various aspects of the framework.

Finally, the data from this study included only student work and conversations
through MBL in science. Of course this is a limitation of the study, creating the need
for a more thorough examination of MBL across other disciplines. However, as we
have argued elsewhere (Hammer & Louca, 2008), different ways of investigating
the same phenomenon may reveal different aspects or pictures of reality, suggesting
that a detailed investigation might need to consider a number of different research
methods.
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Chapter 15
Supporting Primary Students’ Developing
Modeling Competence for Water Systems

Cory T. Forbes, Kim Lange-Schubert, Florian Boschl, and Tina Vo

15.1 Introduction

The last half-century has seen significant and increasing attention paid to the role of
processes and practices that mimic those of science in the teaching and learning of
science in K-12 classroom settings. From an emphasis on ‘science as inquiry’ in the
United States and Germany (Duit, GropengieBer, & Stdudel, 2007; KMK, 2004;
Mayer, 2007; National Research Council [NRC], 2000) as knowledge construction
to the current focus on ‘scientific practices’ in the Next Generation Science
Standards (NGSS Lead States, 2013) or ‘scientific processes’ in the Perspectives
Framework for General Studies in Germany (GDSU, 2013), the importance of
‘doing science’ has been and remains at the core of science education reform efforts.
While perspectives vary on the exact nature of these practice-oriented dimensions
of science learning, they generally encompass a variety of scientific practices in
which students should engage to learn about natural phenomena. These include con-
ducting investigations, generating and organizing data, and formulating, communi-
cating, and engaging in argumentation around evidence-based explanations. A core
practice that spans all of these scientific meaning-making processes is scientific
modeling, which involves developing and using abstracted representations or
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theoretical reconstructions of natural phenomena to engage in sense-making about
underlying mechanisms for observable phenomena. While arguably underempha-
sized in science learning environments historically, scientific modeling has more
recently been identified as a core practice in many scientific disciplines. As a result,
it is also increasingly foregrounded as a core component of science teaching and
learning, particularly in disciplinary contexts focused on complex, often large-scale
system processes.

A significant body of work on scientific modeling has emerged over the years
(Gilbert & Justi, 2016; Krell, Reinisch, & Kriiger, 2015; Passmore, Stewart, &
Cartier, 2009; Schwarz et al., 2009), including work on primary science teaching
and learning (e.g., Acher, Arcd, & Sanmarti, 2007; Lehrer & Schauble, 2012; Louca
& Zacharia, 2015; Manz, 2012). However, while scientific modeling is becoming an
increasingly crucial curricular and pedagogical dimension of science learning envi-
ronments, there is a continuing need for both theoretical development and empirical
research on scientific modeling. This is particularly important as a means of provid-
ing teachers with theoretically-grounded and research-based curricula, instructional
strategies, and assessments that both help foster and account for students’ model-
based reasoning about natural systems. Moreover, in considering the entire K-12
continuum, perhaps nowhere greater is the need for robust insights into and
approaches to scientific modeling than in the elementary, or primary grades. Despite
an emphasis on scientific modeling in NGSS and other international science stan-
dards, reviews of literature (Gelman & Kalish, 2006; Metz, 1995) observe that
developmental constraints are commonly cited as a barrier to engaging early learn-
ers in robust model-based science teaching and learning.

In addressing this need, we believe the concept of competence has great potential
in providing a holistic, robust conceptual and analytical framework for both foster-
ing and studying scientific modeling in science learning environments, including
those for early learners. A competence-based perspective on scientific modeling
leverages insights gained from prior and current theoretical and empirical work on
scientific modeling in science classrooms to provide an overarching framework that
defines both cognitive and practice-based dimensions of modeling practice, as well
as disciplinary content. The goal of this chapter, then, is to put forward an integrated
framework for scientific modeling based upon research and development within a
specific disciplinary domain — water systems — that is grounded in our ongoing col-
laborative research efforts with primary students (Forbes, Zangori, & Schwarz,
2015; Lange-Schubert, Schubert, Boschl, & Forbes, 2016; Vo, Forbes, Zangori, &
Schwarz, 2015; Zangori, Vo, Forbes, & Schwarz, 2017). This three-dimensional
framework emphasizes three elements — modeling practices, knowledge about mod-
els and modeling, and disciplinary concepts — and integrates these into target ‘learn-
ing performances’ that define modeling competence. Of particular importance, here
are the epistemic dimensions of modeling competence, or what students should
know about scientific models and modeling and how these dimensions play out in
their modeling practices when learning about domain-specific natural phenomena.
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To illustrate specific competences in this framework, we begin to draw upon data
recently collected from primary students in Germany through purposefully designed,
model-based cognitive tasks. While preliminary, these findings begin to provide a
foundation upon which to begin identifying ‘levels’ of competences or learning
performances, help clarify underlying theoretical constructs, and provide points of
discussion for theorizing and measuring modeling competence across the K-12 con-
tinuum. As such, this work has the potential to inform broader efforts to support
model-based teaching and learning in science classrooms, as well as aid in science
education research and the evaluation of model-based curricular and instructional
interventions.

15.2 Theoretical Background

15.2.1 What Is Scientific Modeling?

The chapters in this book provide a robust description of scientific modeling that
reflects a wide variety of perspectives and emphases across grade levels and disci-
plinary domains. In synthesizing these robust descriptions, we identify a key set of
features that are essential to the practice of using models scientifically. First, such
models can include a host of representations, many of which are already very famil-
iar to students and teachers, including diagrams, physical structures, computer-
based simulations and visualizations, and even whole-group role plays. Each of
these is meant to represent some aspect of the natural world and, as such, are by
default abstracted representations or theoretical reconstructions of the world.
However, second, representation or reconstruction alone does not make a model
scientific. Rather, it is what students do with models that is critical. To engage in
scientific modeling, students must use models to pose questions and hypothesize,
design investigations, interpret observations and data, explain phenomena, and
communicate about phenomena. Third, models are pliable entities, meaning they
should evolve over time as students evaluate their utility and modify them iteratively
as part of their use to engage with the natural world (Chap. 1). Harré’s (1970) notion
of ‘projective convention’ emphasizes that the nature of an entity as a model is
entirely dependent on its use in relation to the world. This is a reciprocal relation-
ship, one in which the model reflects some version of lived experience, but also in
which the world is observed and interpreted through the lens of the model. As such,
models can and should function as both representations and sense-making tools by
an individual. To that end, we define scientific modeling as the use of abstracted
(Chap. 17), multi-modal representations or theoretical reconstructions of systems,
not exact recreations, used within communities to illustrate, explain, and predict
system-specific phenomena.
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15.2.2 Why Focus on Water Systems?

Water is a topic that spans disciplinary domains and is connected to virtually every-
thing in the K-12 science curriculum. For early learners, beginning to develop
‘water literacy’ is critical not only to form a foundation for lifelong science learning
(NRC, 2007), but also to begin developing the capacity for informed decision-
making about water-related global issues and challenges (ESLI, 2009). Earth’s
water cycle is a large, complex system with many component parts, but one that
learners experience in various forms on a daily basis. As in many other countries,
students, including primary students, in the United States of America and Germany,
should build knowledge about the hydrosphere and its interactions with other Earth
systems (GDSU, 2013; NGSS Lead States, 2013). By the time students leave pri-
mary school, they should understand “that a system is a group of related parts that
make up a whole and can carry out functions its individual parts cannot” and be able
to describe both components and processes of Earth systems (NGSS Lead States,
2013, pg. 85). However, early learners often articulate alternative ideas about water
systems (Dickerson, Penick, Dawkins, & Van Sickle, 2007; Forbes et al., 2015;
Gunckel, Covitt, Salina, & Anderson, 2012; Zangori et al., 2017), partly because
some elements of the water cycle are challenging to observe (i.e., water vapor,
groundwater, etc.). Research has shown they tend to emphasize the parts of the
water cycle rather than its processes and virtually ignore key elements of the water
cycle, such as subsurface groundwater, human dimensions of water systems and
explanatory parameters like gravity or energy. For primary students to learn about
the water cycle — a model in itself, since water moves on a global scale that cannot
be observed directly — and the importance of water systems in everyday life, they
require opportunities to visualize and make sense of water systems and their often
invisible fundamental components and processes. They do so through multiple and
varied representations that foreground particular dimensions of these systems as
target phenomena for observation and investigation.

15.2.3 A Framework for Modeling Competence

To be competent with scientific modeling, students should develop abilities to use
models in ways that mirror science to reason about natural phenomena. This general
view of modeling competence is supported by standards in the United States and
Germany (GDSU, 2013; NGSS Lead States, 2013), both of which emphasize stu-
dents’ conceptual understanding of disciplinary concepts and practices of science.
But what does this competence look like? According to Weinert (2001), who has
significantly influenced the scientific discussion on competence, competence is a
domain-specific disposition for problem solving in variable situations. Adapted to
the field of science, the GDSU (2013) frames science competence as discipline-
specific content knowledge and scientific practices coming together to solve science



15 Supporting Primary Students’ Developing Modeling Competence for Water Systems 261

based problems in the real world. As Klieme, Hartig, and Rauch (2008) observes,
competences can only be “conceived as resulting from learning processes where the
individual interacts with his or her environment” (pg. 7). Consistent with Harré’s
(1970) notion of ‘projective convention’, modeling competence must be defined by
and developed through relational interactions between the learner, the model, and
the real-world phenomenon.

While there is certainly a cognitive dimension of competence (Chap. 1), we draw
upon both Klieme et al. (2008) and Harré (1970), as well as situated and activity-based
perspectives on learning and expertise (e.g., Engestrom & Sannino, 2010), to fore-
ground the practice-based dimensions of scientific modeling as integrated elements
of a holistic perspective on modeling competence. Competence cannot be defined
solely by ‘knowledge of” scientific models and modeling, though this is a critical
aspect. Students’ knowledge is intertwined with what they do, or the ways in which
they use models to engage with and make sense of natural phenomena. Knowledge
is embodied in practices in which knowing is meaningful. This perspective on
knowledge and practice is consistent with different models of modeling competence
(e.g., Gilbert & Justi, 2016; Nicolaou & Constantinou, 2014; Schwarz et al., 2009;
Upmeier zu Belzen & Kriiger, 2010). What we highlight is that ‘content’ plays
another crucial dimension in modeling competence. As Krell and colleagues (2015)
argue, context dependencies or discipline-specificities of students’ and teachers’
understanding of science, scientific knowledge, and scientific inquiry are frequently
discussed in science education. According to their summary of the existing studies,
it has been shown that students and teachers do not possess a stable understanding
about science, scientific knowledge, and scientific inquiry, which adds evidence to
our theoretical framework that proposes context as a unique dimension in modeling
competence which should be assessed accordingly.

Over the past 5 years, our team has collaborated to design model-based interven-
tions and investigate model-based teaching and learning in primary science learning
environments with a specific focus on water systems (Forbes et al., 2015; Lange-
Schubert et al., 2016; Vo et al., 2015; Zangori et al., 2017). Our work has been heav-
ily influenced by international colleagues, many of whom have contributed chapters
to this book. This work has been grounded in an evolving conceptual framework
informed by theory and developed through empirical research. In particular, the
framework relies on similar theoretical assumptions about scientific models and
modeling as that of Upmeier zu Belzen and Kriiger (2010), with its focus on the
nature and purpose of models. The integrated nature of modeling competence has
been a core assumption of our work, which has, from its beginning, revolved around
a three-dimensional framework involving crucial dimensions: disciplinary con-
cepts, epistemic features, and modeling practices (Fig. 15.1). At the intersection of
these core elements lie learning performances, consistent with earlier work by
Krajcik and colleagues (Krajcik, McNeill, & Reiser, 2007) and now with contempo-
rary science standards (GDSU, 2013; NGSS Lead States, 2013). These learning
performances define observable outcomes for students in terms of performances
through which their conceptual knowledge is made evident. Learning performances
for students’ model-based reasoning about water systems, as well as the broader,
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Modeling Practices
Construct/Revise ‘ Use Evaluate
Nature of Models (A model is...)
Evidence- Learner constructs or revises Learner uses a model to Learner evaluates a model
based a model that incorporates incorporate new evidence about | based on the evidence provided
evidence about a phenomenon | a phenomenon about a phenomenon
Appropriately Learner constructs or revises Learner uses a model that is Learner evaluates the
detailed/ a model that is appropriately appropriately detailed/complex | appropriateness of the
complex detailed/complex to represent | to describe a phenomenon complexity of a model

a phenomenon

pertaining to a phenomenon

Generalizable

Learner constructs or revises
a model that is generalizable
to/from a phenomenon

Learner uses a model to make a
generalization about a specific
phenomenon

Learner evaluates the
generalizability of a model of a
phenomenon

Purpose of Models (A model is for...)

about a phenomenon

Predict/ Learner constructs or revises Learner uses a model to predict | Learner evaluates a models
hypothesize a model that aids in making and hypothesize about a ability to predict and
predictions or hypothesizing phenomenon hypothesize about a

phenomenon

Explain
(whole/ part)

Epistemic Considerations

Learner constructs or revises
a model that aids in
explaining some or all of a
phenomenon

Learner uses a model to explain
some or all of a phenomenon

Learner evaluates a models
explanation of a phenomenon

a model to generate new
information/ideas about a

generate new information/ideas
abouta phenomenon

Organize Learner constructs or revises Learner uses a model to Learner evaluates a models
a model to organize their organize their ideas about a organization of a phenomenon
ideas about a phenomenon phenomenon

Generate Learner constructs or revises Learner uses a model to Learner evaluates a model to

generate new information/ideas
abouta phenomenon

phenomenon

Fig. 15.1 Learning performance framework for students’ model-based reasoning about water
systems

holistic framework in which they are situated, have provided the structure through
which we have designed and cultivated curriculum, pedagogy, and student learning
opportunities in both the United States and Germany. They provide an important
tool through which to design curriculum, instruction, and classroom learning expe-
riences for students, as well as constructs upon which to study and evaluate ques-
tions about model-based teaching and learning. As such, they are a foundation for
and infused throughout all aspects of our research and development efforts.

The learning performances in Fig. 15.1 are defined by three dimensions. First, in
the framework, disciplinary concepts are represented by references to ‘a phenome-
non’ in each of the individual learning performances. ‘A phenomenon’ is a place-
holder for a variety of scientific concepts to which this framework could theoretically
apply. In our work, the big idea foregrounded is water is matter that, when heated
and cooled, changes form and circulates through the Earth’s geosphere, biosphere,
and atmosphere. This big idea is derived from a core conception in Earth Science
that all geosystems are the result of energy flow and mass cycling (AAAS, 2007;
ESLI, 2009; GDSU, 2013). To understand energy flow and mass cycling in hydro-
logic systems, students must develop robust understanding of the hydrologic cycle,
thermodynamics, and properties of substrates (air, soil, biomaterial), as well as geo-
spatial abilities (AAAS, 2007). The three target concepts underlying this big idea
are (1) water exists in different forms below, at, and above the Earth’s surface
(Concept 1); (2) water on Earth is in motion and cycles at a global scale (Concept
2); and (3) the cyclical movement of water on Earth shapes and impacts the geo-
sphere (Concept 3).
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The second dimension focuses on the practices of modeling in which students
engage, or what students ‘do’ with and to models. A variety of instructional models
have been proposed for scientific modeling in classroom settings (e.g., Kenyon,
Schwarz, & Hug, 2008; Passmore et al., 2009; Schwarz et al., 2009). These prac-
tices include opportunities to develop models and use them to make predictions,
formulate questions, design and conduct investigations, explain phenomena, and
communicate and justify ideas. Over time, students should also evaluate their mod-
els to understand how their ideas fit into a bigger picture and revise them accord-
ingly to match their developing understanding. Over long-term learning sequences,
students should engage in these practices iteratively to study and investigate natural
phenomena of interest.

Finally, a third dimension focuses on the epistemic dimensions of models and
modeling. To reason productively with models, students must attend to epistemic
features that guide and give meaning to their work. We identify these epistemic
features as core elements of “what counts as valued and warranted scientific knowl-
edge” (Sandoval & Reiser, 2004, p. 348) generated through the use of models to
engage with and explore particular disciplinary concepts (represented by the two
other dimensions). Drawing from theory and research in the field, including our
prior work (Forbes et al., 2015; Lange-Schubert et al., 2016; Vo et al., 2015; Zangori
etal., 2017), we identify epistemic features that underlie students’ scientific claims
(Fig. 15.1). While each epistemic dimension represents a component of an effective
model-based explanation, students’ explanations should exhibit strong evidence of
each epistemic dimension. Together, these seven features (Fig. 15.1) comprise epis-
temic components of mechanism-based explanations for water-related phenomena.

However, as with all theoretical constructs, fundamental ideas underlying each
of these three dimensions continue to evolve through empirical study. While model-
ing practices and disciplinary concepts have remained fairly constant in our work
over the past 5 years, many questions remain about core epistemic dimensions of
these learning performances. What are key aspects of models and modeling that
make them scientific? What levels of conceptual understanding do primary students
show and what level should students have about them? How do they manifest them-
selves in certain modeling practices in which students engage to investigate natural
phenomena, in this case, water-related concepts? A primary objective of this work
is to help clarify epistemic dimensions of primary students’ model-based reasoning
about water systems and to use the empirical work reported in this chapter to shed
first light on the question of the ‘status quo’ of primary students’ modeling
competence.

15.3 Methods: Student Assessment Task Development

To generate evidence of primary students’ modeling competence, we used Evidence
Centered Design (ECD; Mislevy, Steinberg, & Almond, 2003) to guide and support
our development of model-centered cognitive tasks for students. ECD allows for the
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design of assessment tasks which link observations in what students do or say to
suggestions of what they understand or know. Guided by our theoretical framework
(Fig. 15.1) as a series of claims, we developed tasks for students that would provide
opportunities for them to express their knowledge or general understanding on the
topic. Each cell in Fig. 15.1 represents a discrete claim about students’ model-based
learning about water systems. Cognitive tasks were designed to elicit evidence of
these claims. For example, students were assigned the task of evaluating three dif-
ferent water cycle models, comparing and contrasting features they valued. This
task provided an opportunity for students to acknowledge the generalizability of a
model and note how well a model explains hydrological phenomena. Prompts were
also written into the task to ensure students were provided space to engage with
each claim. Additionally, interview questions also probed students thinking.
Researchers developed multiple cognitive tasks and iteratively refined those tasks to
encompass every facet of the framework. Once a series of representative tasks were
developed, other researchers on the project separately reviewed the tasks to ensure
that cohesion and representation of the learning performance framework (Fig. 15.1)
were appropriately represented. The tasks were embedded within a semi-structured
interview protocol (Merriam, 2009) focused on eliciting students’ ideas. Once the
tasks and interview protocol were developed, piloting focused on refining and clar-
ify the task-based assessment and interview questions. The pilot involved students
between the ages of 6 and 10 (n = 8). These students were purposefully sampled
(Patton, 2001) to represent a range above and below third grade students, our
intended audience for the modeling tasks. By using this group to pilot the tasks, we
were also able to ensure the tasks were aligned with our framework, adapt the lan-
guage to be more accessible to students of that age range, and develop additional
interview questions and prompts that allowed students better opportunities to dis-
play evidence of the learning performances.

The final set of cognitive tasks included students evaluating multiple water sys-
tems models, data, and evidence before revising a model to be more in line with
their conceptualizations. It also provided opportunities for students to use and asso-
ciate physical representations with diagrammatic models while discussing similari-
ties and differences. Semi-structured interview questions were parsed through the
tasks, asking students to reflect on their actions and decisions. The content focus
ranged across the water cycle, highlighting key components in-line with national
and international reform standards and documents (e.g. condensation, evaporation,
precipitation, water movement, water storage, groundwater, runoff).

15.3.1 Context and Participants

The study was situated within three third-grade classrooms in a single urban, inter-
national school in Germany, working with students ages 7-9 to explore how they
use models and modeling practices to engage in reasoning and thinking about water-
related phenomena (n = 48). These students were purposefully chosen (Patton,
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2001) due to their school’s focus on teaching about water in the second and third
grades allowing students to have familiarity and some foundational knowledge of
the science content being investigated.

15.3.2 Data Collection and Analysis

Using the finalized cognitive tasks and interview protocol, we collected student-
developed artifacts (e.g., students’ evaluations and ranking of model types, where
and how they would include data and evidence into a model) along with students’
explanatory statements about their ideas and conceptualizations of models and
modeling. Combined, the average completion time for the student tasks and inter-
views was approximately 20 min in total.

For analysis, students’ task explanations and semi-structured interviews were
audio recorded and transcribed with assigned pseudonyms (indicated by ) for the
purpose of this research. These transcriptions were uploaded to a qualitative analy-
sis tool (MAXQDA) and coded using a priori codes focused on modeling practices
and epistemological considerations as outlined in the framework. Twenty percent of
students’ transcriptions were double-coded, with the rest evenly divided among two
authors and coded to completion. Once students’ ideas were appropriately allocated
within different sections of the framework, we conducted code queries of the inter-
sections between modeling practices and epistemological considerations; openly
coding to begin deriving various levels of students’ modeling competence. This was
done to provide boundaries to the data being analyzed. Qualitative analysis was an
iterative process focused on data reduction and verification bounded by the previ-
ously mentioned framework.

15.4 Results

Our data analysis resulted in the identification of learning performances reflecting
primary students’ competence levels around models and modeling of the water
cycle. Here, we present empirical data to illustrate examples of students’ model-
based reasoning about water for two different learning performances presented in
Fig. 15.1. Additionally, we unpack this data into potential levels of students’ perfor-
mance for each. These results serve as illustrative examples, with a range of perfor-
mances observed, of primary students’ modeling competence for water systems
using the framework in Fig. 15.1.

Example 1 — The intersection of “appropriately detailed/complex models (epis-
temic considerations)” and “evaluation (modeling practices)” (Fig. 15.1).
Inherently, scientific models possess different levels of complexity, typically deter-
mined by the models’ intent or intended audience. Within our framework, we
acknowledge the importance of modeling complexity and attribute this feature to
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the ‘nature of models,” an aspect of modeling that allows students to understand
how models are generally used, across various science concepts. Evaluation,
grouped with modeling practices, is another important skill primary students are
expected to learn. Being able to evaluate the accuracy or appropriateness of a model
is important towards accounting for differing ideas and negotiating towards
consensus. When looking at the intersection of “appropriately detailed/complex
models (epistemic considerations)” and “model evaluation (modeling practices)”
within the context of the water cycle, we found varying levels of sophistication with
which students evaluated models for their complexity. Primary students used differ-
ing types of heuristics to evaluate the complex nature of water cycle models
(Fig. 15.2). As highlighted in this example, and recurrent in other learning perfor-
mances, a level 3 understanding reflects the upper anchor of students’ knowledge,

Example 1

Learning performance levels for students* consideration for “appropriately detailed/complex
models (epistemic considerations)”, “evaluation (modeling practices)”, and water-related
concepts

Level Description Student examples
Students look specifically at the number of
1 concrete elements represented -
labels/words/numbers

“This one has lots of words.”
“It has all the names of things.”

Students look at both concrete and abstract It has more labels and it has more

2 . . . like this one has, like those

elements and sometimes interpret meaning . >
signs[symbols].

Students look at the abstract elements of the ~ “We are seeing what is happening,

3 model including how they are related to the how [water] moves.” “These arrows
concrete elements, discussing how those mean the stuff is moving into the
elements are connected. clouds...”

Example 2

Learning performance levels for students® consideration for “explain (whole/part)(epistemic
considerations)”, “revision (modeling practices)”, and water-related concepts

Level Description Student examples
“Maybe underneath some water, so
you see it can go through the ground.”

Students’ revisions focused on specific parts
of a phenomenon, adding (isolated) concrete

1 . “[adds label] Because you don’t know
elements (e.g. drawings, labels, words, S 7
. what this is and you think it could be
numbers) to expand explanations e
the water or sunlight.
Students’ revisions loosely connected “[That arrow] could be where the rain
) concrete and abstract components expanding ~ goes and then could make a line, so
and/or connecting specific explanations in then would be like a river that went
isolation down.”

“The black lines mean where the gas
mostly goes up. And the yellow
means, just, that it’s a specific gas.”
“Because if you don’t know, then you
don’t know the whole theme of this
model, the whole point.”

Students’ revisions considered both abstract
and concrete components; expanding and/or

3 connecting to provide or strengthen a more
mechanistic or holistic explanation of a
phenomenon

Fig. 15.2 Examples of levels for student learning performances from framework in Fig. 15.1
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derived from student interview and task data. Levels 1 and 2, signify a less sophis-
ticated idea, where critical aspects of the upper anchor are missing. While not
overtly included, a level O exists where there is no evidence of students’ knowledge
or understanding, typically represented by students indicating: “I don’t know.”
When investigating how students were evaluating the complexity of water cycle
models, initial criteria were topic relevance (e.g., focused on water) and
acknowledging model components. Within the models we used, words or labels
often represented more concrete components of the water cycle (e.g., precipitation,
condensation, runoff) while arrows and lines depicted more abstract components.
Students with a level 1 understanding often focused on the number of labels present.
Variance within level 1 included if students did or did not describe the meaning of
the vocabulary. Josephinex commented that a water cycle model was best “because
there are many labels,” however when prompted to elaborate further about the
‘many labels’ she was not able. Some students who also fell into this category could
define some but not all of the vocabulary on which they based their choice. A level
2 understanding was different, in that students noticed and commented on the more
abstract ideas within the model. While these students also struggled with defining
some of the terms used within a scientific model of the water cycle, they recognized
that the complexity of a model is also reliant on the different symbols used (e.g.,
arrows, dotted lines). Level 2 students acknowledge some abstractions within the
model, but often vaguely, and were undecided about how they were connected. Rax
pointed out “you can see that water is coming in the air, but you don’t really know
how it happens or something.” Ras is acknowledging that water movement in the
form of evaporation is occurring in the model but when prompted did not connect
evaporation to an abstract mechanism (e.g., the sun), hidden construct (e.g., water
vapor) or a concrete component (e.g., clouds). Therefore, the ability for students to
recognize abstractions and/or consider a model more holistically became the upper
anchor when evaluating the complexity of a model. A level 3 understanding occurred
when students ascribed meaning to the abstract elements of the model. Students did
so in two ways, either by recognizing the purpose of the abstract elements (e.g.,
water storage, heat transfer) or acknowledging how the abstract elements connected
the concrete components (e.g., water movement underground, water transformation
from liquid to gas). Lukes explained “I can tell because of the arrows going up and
down, up and down. I can tell it’s rainy here. Then [the water] goes down on the
river, and then it gets sucked back into the clouds.” Luke* was able to trace the path
of the water using the arrows in the model, connecting multiple areas of water stor-
age. It should be noted the distribution of students who articulated a level 3 under-
standing when evaluating different water cycle models’ complexity was limited.
Example 2 — The intersection of “explain (whole/part) (epistemic consider-
ations)” and “model construction/revision (modeling practices)” (Fig. 15.1). A
salient perspective about scientific models is their usage as visual media and repre-
sentations to adequately explain complex systems or natural phenomena. Within our
framework, we attribute the explanatory power of models to the epistemic consider-
ation category of ‘purpose of models.” This category encompasses different aspects
of why models are used in authentic scientific practices. This epistemic idea
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becomes particularly powerful for primary students when paired with the modeling
practice of construct/revise. The ability to construct/revise a model is necessary to
accommodate or communicate a new findings or ideas. For this particular example
within our learning performance framework, we focused on how students can revise
previously established models to form better explanations about water.

Similar to example 1, the analysis of the student data also revealed diverging
levels of primary student articulation, when focusing on the specific intersection of
models’ explanatory power and model revision of the water cycle (Fig. 15.2).
Example 2 parallels other performances, having level 3 represented the high anchor,
and level 1 and 2 characterize differing levels of complexity and missing significant
elements of the final rank. Similarly to example 1, most students were able to speak
to varying degrees about how revising a model would create a better explanation,
and the levels developed here highlight how students were directing their attention
and the sophistication of their ideas.

Students who expressed level 1 understandings of models discussed simply add-
ing more labels to the water cycle model. Many expressed that having more clearly
labeled elements would improve the explanatory power by expanding the vocabu-
lary base of the model and highlighting more features. Asked for a reason what they
would change in the model to ‘make the model better,” Jon* answered in a way that
mirrored many of the other level 1 responses, telling that “I would put [...] lot of
labels just like there. Just that I would put, for example, a sentence or words here or
here or here that explains what it’s showing in there.” Level 2 performances focused
not only expanding parts of the model through revision, but these students also
looked to connecting pieces of the water cycle model as well. This indicates a high
level of complexity; students recognize that by connecting different components of
the water cycle they can show a process, extending the explanatory power through
connecting ideas. Interestingly, this level of connection occurred in isolation, focus-
ing on a single sequence of events, Jen* who was adamant in drawing a line between
a mountain and a lake in one model, claiming that if she “wouldn’t have drawn this
line, they [other people] wouldn’t know what the mountain has to do and why there
is a lake”. This student clearly recognized that the run-off water from the mountains
feeds into the lake, connecting those components, yet did not continue this train of
thought, further connecting this to other processes of the water cycle, like lake water
infiltrating the ground, although she talked about underground water movement
later on. The final and most sophisticated level of primary students’ understanding
of revision to impact the explanatory and illustrative purpose of a model focuses
more holistically. The few students with a level 3 understanding made larger,
broader changes to the model. Brix used color or dotted lines to indicate movement
of water across the entire model so that it “would show like water [...] steaming up
[forming yellow gas he added] and the black lines mean where the gas mostly goes
up. And the yellow [coloring] means, just, that it’s a specific gas. It [...] has rain
after [refers to condensation label], runs down the mountain, and goes into the lake
[...]. Another student highlighted the sun’s impact on the water system in her model
by drawing more rays, and one added a key to explain the more abstract features of
the model. Students exhibiting a level 3 understanding were better able to expand
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and connect different features of their model to create stronger explanations for
underlying processes of water systems.

15.4.1 Summary

The examples presented in the previous sections illustrate the complex ways in
which students reasoned about water systems using models and engaging in model-
ing practices within the bounds of the framework presented in Fig. 15.1. Within
individual learning performances, we were able to identify discernable levels of
reasoning that, considered separately or collectively, help define students’ overall
modeling competence for water systems. For these two learning performances, as
shown in Fig. 15.2, students interacted with models in ways that ranged from less
sophisticated (referring to concrete — often isolated — palpable elements, such as
words and labels) to more sophisticated, abstracted reasoning with models in ways
that reflected their practice-based and epistemic nature and purpose.

15.5 Discussion, Implications, and Conclusion

Scientific modeling is a powerful sense-making practice that can support students’
learning across disciplinary domains (Gilbert & Justi, 2016; Schwarz et al., 2009;
Upmeier zu Belzen & Kriiger, 2010). Existing as both a representation of students’
ideas and a tool for sensemaking/reasoning about new data, a model can serve as a
crucial link between the student and the natural world. Calls from international sci-
ence education reform support the use of more authentic scientific practices in pri-
mary classrooms, including scientific modeling (AAAS, 2007; ESLI, 2009; GDSU,
2013; NGSS Lead States, 2013). This study provides evidence of primary students’
modeling competence within a disciplinary focus on water systems. To that end, we
presented the design and empirical grounding of a learning performance frame-
work focused on primary students’ competences about models and modeling. The
focus on water systems provides a familiar disciplinary context through which to
help support students to engage in scientific modeling. This study informs a larger
body of literature focused on scientific modeling in K-12 science classrooms (Krell
et al., 2015; Nicolaou & Constantinou, 2014; Passmore et al., 2009), including
scientific modeling in primary classroom contexts (Acher et al., 2007; Lehrer &
Schauble, 2012; Louca & Zacharia, 2015; Manz, 2012). It also builds upon our own
line of prior and current collaborative research and development efforts to better
support and study primary students’ model-based reasoning about water systems
(Forbes et al., 2015; Lange-Schubert et al., 2016; Vo et al., 2015; Zangori et al.,
2017). We specifically focus on describing how primary students are engaging in
scientific modeling as defined by our three-dimensional learning performances
framework in Fig. 15.1.



270 C. T. Forbes et al.

Results from this work yield two important insights into primary students’ mod-
eling competence about water systems. First, while each dimension of the learning
performances framework was represented (modeling practices, epistemic consider-
ations, and disciplinary concepts), water-related concepts were the only dimension
of each learning performance that was consistently reflected in student data.
Although students consistently acknowledged water as important, they often had
incomplete or incorrect ideas about it, which was consistent with literature on stu-
dents’ learning about water and water systems (Dickerson et al., 2007; Forbes et al.,
2015; Gunckel et al., 2012; Zangori et al., 2017). Some evidence exists to indicate
primary students seemed to require a familiar context as a foundation on which an
advanced conceptualization of modeling could be framed. However, further investi-
gations into that claim must be conducted focusing on how accurate students’ sci-
ence ideas are and if that accuracy impacts students’ modeling competence.
Additionally, primary students struggled to discuss scientific modeling outside the
scope of the disciplinary context of water systems, even when probed during inter-
views. This is consistent with literature which suggests that while primary students
are capable of modeling within particular disciplinary domains, they struggle and
need support extending modeling past familiar ideas and across contexts (Acher
et al., 2007; Lehrer & Schauble, 2012; Louca & Zacharia, 2015; Manz, 2012).
Future research could investigate the impact of students modeling competence on
their reasoning about familiar and unfamiliar scientific concepts.

Second, despite using ECD (Mislevy et al., 2003) to guide the development of
our task-based assessments for all 21 learning performances in Fig. 15.1, only 15 of
the learning performances were meaningfully represented with all three dimensions
in the student data. As noted previously, although primary students in this study
generally attended to the range of targeted disciplinary concepts associated with
water systems, they did not always exhibit knowledge about all modeling practices
or epistemic considerations. While 15 features represent a majority of the facets that
comprise our conceptual framework, it also demonstrates a lack of evidence for 6
specific areas — the intersections (1) use and evidence-based, (2) use and appropri-
ately detailed/complex, (3) construction/revision and predict/hypothesize, (4) evalu-
ation and predict/hypothesize, (5) construction/revision and organize, (6) evaluation
and generate. It should be noted that all practices and considerations were repre-
sented, simply not at the same time. For example, students’ data accounted for mul-
tiple instances of ‘using’ a model to ‘predict/hypothesize.” Students were asked to
use a water cycle model to make a prediction. Answers included “[the model] helps
predict the evaporation from the lakes and rivers,” “maybe [the model] shows the
temperature helping get [water] up into the sky? Like, predicts something about
how the water moves underground.” These student quotes provide insight into how
students conceptualize the use of models to predict water movement. However,
when students were asked to revise a water cycle model with new information to
make it more predictive of given water phenomena, all students in the study opted
out of the question or discussed a different facet of the framework. Thus, no mean-
ingful information focused on students’ ability to revise the predictive purpose of a
model was observed. Interestingly, no single practice or epistemic feature was rep-
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resented disproportionately in the group of learning performances for which no evi-
dence was observed. These ‘missing’ dimensions merit further study, not only with
primary students but across the K-16 continuum, to fully explore a learning
performance-based learning progression for model-based reasoning about water
systems.

This research has multiple implications for the design of primary science learn-
ing environments and assessment of students’ modeling competence. First, when
thinking about supporting and providing opportunities to develop primary students’
modeling competence, this research identifies potential areas of engagement and
topics in need of additional assistance. Our framework and associated tasks identi-
fied that some primary students can think more holistically across the water cycle
using scientific models engaging in multiple dimensions and sophisticated ways.
Educational supports that provide opportunities for all students to recognize and
engage with multi-dimensional perspectives on modeling are necessary to help fur-
ther students’ scientific sense-making and reasoning (NRC, 2007; NGSS Lead
States, 2013). Second, when thinking about assessing students’ modeling compe-
tence, we see direct implications for primary classrooms. Creating and providing
teachers’ tools to quickly and efficiently assess students’ modeling competence and
epistemologies and would allow for more tailored appropriate student support
(Krajcik et al., 2007; Sandoval & Reiser, 2004). However, in this vein, it is impor-
tant to acknowledge the limits of our modeling tasks, as they failed to elicit evidence
of 6 out of the 21 learning performances. This dearth of information could indicate
a flaw in the task-based assessment, a lack of saturation within our population, or
potentially indicate areas of particular difficulty for primary age students engaging
in multiple dimensions of scientific modeling.

The work presented here lays the foundation for our continuing collaborative
research efforts focused on investigating primary students’ modeling competence.
More research and tools need to be developed to help support teachers’ and stu-
dents’ engagement in scientific modeling at the primary level. Ongoing testing and
refinement of our task-based assessment will provide better and more clear mea-
sures of primary students’ understandings and conceptualizations around both mod-
eling and disciplinary concepts. Driving this research and refinement are multiple
questions about primary students’ use of scientific models across different content
domains, types of models, and within different modeling practices and epistemic
considerations. For example, while the focus of our work is on model-based teach-
ing and learning about water-related concepts, how does the learning performances
framework in Fig. 15.1 apply to other scientific concepts? If primary students are
capable of engaging in all of the learning performances, are there some that prove
to be more foundational to children’s understanding and conceptualization around
the dimensions of scientific modeling and domain-specific content than others?
Moreover, how will the transfer and adoption of the interview protocol and embed-
ded task-based assessment to other primary school science content areas impact the
learning performances levels? There also remain questions about teachers” knowl-
edge and pedagogical reasoning within the learning performances framework who,
if they are to create supporting learning environments to foster students’ modeling
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competence, must be prepared and supported themselves to do so. The need for
continued work in this area is evident and therefore remains a major aim of this
ongoing collaboration.
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Chapter 16
Designing Technology Environments
to Support System Modeling Competence

Tom Bielik, Lynn Stephens, Dan Damelin, and Joseph S. Krajcik

16.1 Introduction

The modeling practice, which includes the elements of constructing, using, evaluat-
ing and revising models, has always been a central practice used by scientists and
has recently gained more prominence in science classrooms. In parallel, the promi-
nence of systems thinking and system modeling has grown in science education as
students are expected to investigate complex systems to make sense of phenomena
(National Research Council [NRC], 2012). Since technologically advanced model-
ing tools have become more widely used in STEM education, the question arises as
to how these tools influence learning and how they can be used to probe theories
about learning through modeling. However, the reverse may also be asked: how do
theories of modeling influence the development of digital modeling tools? Our prior
experiences and understandings of scientific modeling, its importance in the devel-
opment of many areas of science, and our belief in the educational value of system
modeling in particular inspired us to develop a modeling tool that could provide a
better onramp to system thinking. In turn, classroom use of the modeling tool pro-
vided us with a new and detailed view into student modeling practices and
challenges.

We begin with a brief overview of the theoretical framework related to the devel-
opment of system modeling tools, then describe the tool itself and several aspects of
system modeling competence that it is designed to support. The chapter is concluded
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by discussing how the aspects of system modeling competence correspond with the
ideas of modeling competence presented in this book.

16.2 A Framework for System Modeling Competence

The Next Generation Science Standards (NGSS Lead States, 2013), a set of interna-
tionally benchmarked standards for science education widely used in the United
States, defines the modeling practice at the secondary school level as developing,
revising, using, and evaluating models to predict and explain phenomena (Appendix
F, p. 6). Lehrer and Schauble (2015) point out that many philosophers and research-
ers have identified modeling as the signature practice of science, and that the other
seven science and engineering practices of the NGSS are “deployed in the goal of
constructing, revising, critiquing, and contesting models of the natural world”
(p. 1241). Furthermore, the modeling practice is viewed as critical for advance-
ments in science knowledge and critical for students to make sense of phenomena
and share their ideas (Harrison & Treagust, 2000; Passmore, Gouvea, & Giere,
2014; Schwarz et al., 2009). Engaging learners in constructing, using, evaluating
and revising models is key in helping them build useable knowledge (Pellegrino &
Hilton, 2012) that can explain and predict phenomena and solve problems.

An important part of modeling stressed by A Framework for K-12 Science
Education (NRC, 2012) is the ability to generate models. Schwarz et al. (2009)
maintain that it is crucial to involve learners in the construction of models rather
than primarily working with models provided by teachers or scientific authorities,
and that by doing so students can articulate their own understanding. Clement
(2000, 2008) argues for the importance of having students construct explanatory
models, but found that most students did not do this without appropriate support. In
the Schwarz et al. (2009) study, with the right supports, elementary and middle
school students were able to develop a more sophisticated view of modeling, con-
struct models that included explanatory mechanisms, and use these models to make
predictions about closely related phenomena. However, students face several chal-
lenges when constructing and using models and have few opportunities to engage in
this practice (Harrison & Treagust, 2000; Schwarz et al., 2009). Engaging in the
modeling practice often means thinking about phenomena from a system perspec-
tive, commonly referred to as ‘systems thinking.” Systems thinking encompasses
the cognitive processes involved in understanding and working with complex sys-
tems. It includes consideration of the system boundaries, components of the system,
interactions between components in the system and between different systems, and
that systems have emergent properties based on the behavior of the system (Passmore
etal., 2014). Models are tools that represent the investigated system and can support
students in figuring out how complex systems behave and predict the outcome of
changes in complex systems (Yoon et al., 2015). As described in A Framework for
K-12 Science Education (NRC, 2012), “An explicit model of a system under study
can be a useful tool not only for gaining understanding of the system but also for
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conveying it to others. Models of a system can range in complexity from lists and
simple sketches to detailed computer simulations or functioning prototypes. Models
can be valuable in predicting a system’s behaviors or in diagnosing problems or
failures in its functioning, regardless of what type of system is being examined”
(pp. 91-92). The basic structure of a system model is essentially a network of causal
links. Systems thinking is challenging for students. The dynamic nature of these
models and difficulties people have with causal reasoning interfere with the ability
to design and predict the outcomes of complex system models (Zimmerman, 2007;
Chinn & Brewer, 2001). We may be able to conceptualize each component of the
model, but ‘running’ the entire model in our heads is nearly impossible. The out-
comes of complex system models can be counterintuitive and it is difficult to know
a priori which components of the system will have significant impact. The difficul-
ties of understanding complex systems are well documented. Engaging in the mod-
eling practice through system modeling can provide a support to help students
develop a systems thinking perspective (Booth Sweeney & Sterman, 2000, 2007,
Dorner, 1980, 1996, Fretz et al., 2002; Hmelo-Silver & Pfeffer, 2004; Jacobson &
Wilensky, 2006).

Students can engage in modeling in a number of different ways. Commonly this
occurs through the construction of some physical representation, illustration, or
model diagram (Krajcik & Merritt, 2012). It also occurs through the exploration of
simulations designed and produced by others (Rutten, Van Joolingen, & Van Der
Veen, 2012). However, it is uncommon for students to create their own testable
models from scratch. These are usually manifested as computational models, and
require significant expertise in either computer programming, writing mathematical
equations, or both. Our challenge was to make the construction, testing, sharing,
and revising of computational models accessible to many more students by over-
coming these barriers. By opening up the full range of engagement in the modeling
practice, growth in student modeling practices and the possibility of achieving com-
petence in modeling that would not be otherwise possible is within reach.

A framework for system modeling competence should encompass key features
of how students build, evaluate, use, and revise models. We have identified four
aspects of system modeling competence that appear to be necessary in order for
students to construct system models useful for understanding natural phenomena:

1. Defining the boundaries of the system by including components in the model
that are relevant to the phenomenon under investigation.

2. Determining appropriate relationships between components in the model.

. Using evidence and reasoning to build, evaluate, use, and revise models.

4. Interpreting the behavior of a model to determine its usefulness in explaining
and making predictions about phenomena.

(O8]

The first two aspects of the framework for system modeling competence encom-
pass the most common challenges we have observed regarding students building
models (Damelin, 2017). These relate primarily to model structure and provide
insight into students’ system thinking and causal reasoning. The third aspect stems
from the question that always arises after a student has defined a relationship
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between components in a model: ‘How do I know this relationship is right?,” To
answer that question students can compare the output of a model to validating data
sources such as publicly available datasets, results from their own experiments,
teacher demonstrations, and readings. The fourth aspect comes from how models
are used in the real world to explain and make predictions about phenomena or to
solve a problem. All four aspects of the framework for system modeling compe-
tence are important for students to engage in when designing, testing, and revising
models, and when building their understanding of the purpose and nature of models.
In this chapter we provide a description of the four aspects of system modeling
competence, and illustrate them with several examples from students’ models
developed in a high school curricular unit.

16.3 Development of the Modeling Tool

As part of a U.S. National Science Foundation funded project,! we developed a
modeling tool called SageModeler and embedded it in an environment that would
allow the model output to be compared with external validating data sources. Our
hypothesis was that an iterative approach to model construction that uses real-world
data and experiences as evidence for the relationships between components of the
model would result in students creating models they could use to explain and make
predictions about the phenomenon under study.

SageModeler,” a free, web-based tool, is designed to support students, beginning
in middle school, to engage in systems thinking. SageModeler was inspired by a
previously designed modeling tool, Model-it (Metcalf-Jackson, Krajcik, & Soloway,
2000). It facilitates the diagramming of a system and makes it possible to calculate
and visualize model output without requiring students to write equations or code.
Several scaffolds were built into the software to achieve these goals (Damelin,
Krajcik, MclIntyre, & Bielik, 2017).

Students begin by dragging images that represent model components to the can-
vas and linking them together to represent a relationship between those compo-
nents. This initial system diagram provides an opportunity for students to make their
first choices about what should be included within the boundaries of the system and
to indicate how the causal chains will direct model behavior. At this point the model
diagram is a visual representation of a student’s systems thinking. This feature of
the software supports students in engaging in aspect 1 above, defining the boundar-
ies of the system.

'This material is based upon work supported by the National Science Foundation under Grant Nos.
1417900 and 1417809. Any opinions, findings, and conclusions or recommendations expressed in
this material are those of the author(s) and do not necessarily reflect the views of the National
Science Foundation.

2SageModeler can be freely accessed at https://learn.concord.org/building-models
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In order for the system diagram to become a runnable model, each component is
treated as a variable that can be calculated by the modeling engine. The next step is
to define each relationship link in the model such that the impact of one variable on
each of the other variables to which it is linked can be calculated. In order to do this
without requiring coding or writing equations, students construct a verbal description
of how one variable affects another. For example, in a model of gas properties, stu-
dents could use the relationship inspector to construct a sentence such as the follow-
ing: An increase in Volume causes Pressure to [decrease] by [about the same]
(Fig. 16.1). The underlined parts of that sentence are defined using drop-down menus,
and the resulting relationship is also depicted by a graph showing a visual representa-
tion of this relationship. Defining relationships with words helps students overcome
the mathematical obstacles typically associated with creating computational models,
and allows them to focus on a conceptual understanding of the relationships between
variables (Stephens & Ke, 2017). This feature of the software engages students in
aspect 2, resulting in a model that represents an instantiation of the student’s thinking
about the workings of some phenomenon that can now be tested.

Once a system includes variables and relationships between those variables, the
model can be run, generating tables and graphs that provide feedback on the behav-
ior of the model. To simplify comparing model output with other data sources,
SageModeler is embedded in CODAP, the Common Online Data Analysis Platform
(Finzer & Damelin, 2016). CODAP is an intuitive graphing and data analysis plat-
form that takes the outputs generated by the system model, as well as any other data
source—from published data sets to results of computational models or student
physical experiments—and combines them into a single analytic environment.

Fig. 16.1 Defining a An increase in Volume
relationship between two

variables in SageModeler causes Pressure
using the relationship

. . . to | decrease %
mspector: an imcrease n

volume causes pressure to by about the same 2
[decrease] by [about the
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=
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7]
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Fig. 16.2 Initial model created by one student pair. The red arrows indicate positive relationships
(i.e., as one variable increases, so will the other). The thickness of the arrow represents how much
of an effect one variable has on another: a thin arrow indicates a small effect, a thick arrow indi-
cates a large effect, a gradually thickening arrow indicates a change by ‘more and more’

Students use the feedback from the visualizations in CODAP to inform iterative
cycles of creating, testing, and evaluating their models. Here students engage in
aspects 3 and 4, using model output in comparison with an external data set to vali-
date choices made about model components and relationships, resulting in a work-
ing model that can be used to explain and make predictions about the phenomenon
under study.

To discuss the aspects of system modeling competence in the context of a model
created with SageModeler, we use the initial and final models created by a pair of
high school students engaged in a chemistry unit about the emergent properties of
gases. The phenomenon that was the focus of the unit was framed for students in the
following way:

It was the end of a long work day on the railway. It was a cooler day and a chilled rain was
falling from the sky. A few of the workers were given the task of steam cleaning one of the
67,000 pound, half inch thick steel tankers. When they were done, they sealed up the tanker
and went home. Not long after they left, disaster struck, and the steel-walled tanker col-
lapsed in on itself. So, how can something that can’t be seen crush a 67,000-pound oil
tanker made of half inch steel 3

The driving question of the unit was, ‘How can something that can’t be seen
crush a 67,000 Ib. oil tanker made of half inch steel?’

The initial model created by one pair of students is shown in Fig. 16.2.

Below we expand upon each aspect of system modeling competence, illustrating
them with examples from student models in Figs. 16.2 and 16.3.

3Chemistry unit lead author Erin Cothran, a teacher at Hudson High School, in Hudson, MA.
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Fig. 16.3 Final model from the same student pair in Fig. 16.2, after 3 weeks of classroom activi-
ties and four model revisions. The red arrows indicate positive relationships (as one variable
increases, so does the other), and the blue arrows indicate negative relationship (as one variable
increases, the other decreases). The thickness of the arrow represents how much of an effect one
variable has on another

16.4 Results

16.4.1 Define Boundaries of a System by Choosing
Components in the Model That Are Relevant
to the Phenomenon Under Investigation

When constructing a model of some phenomenon it is important that the model is
expansive enough to include all the relevant components and relationships to pro-
duce appropriate behaviors, but not so expansive that it complicates the model, hin-
dering understanding of the system. This aspect can manifest itself in two ways.

(a) Distinguishing between objects and variables

In order for a system model created using the modeling tool to generate data,
each component of the model must be a variable that represents a measurable quan-
tity or quality, something that can be defined on a low-to-high scale. Many students,
especially in early iterations of their models, include objects or other components
that have no inherent measurement scale. One scaffold that was designed in the
modeling tool to support students in this aspect was the text in the relationship box
used to define the effect between the variables (Fig. 16.1). When defining these
relationships, students are asked to choose the appropriate semi-quantitative effect
(about the same, a little, a lot, etc.). If students did not label the variable appropri-
ately as a measurable variable, the sentence will not make sense (for example, ‘an
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increase in composition of air causes temperature change to increase.” What does it
mean to increase the composition of air? The strangeness of this sentence should
indicate to the student that the label of the composition of air variable should be
changed to something measurable, or in this case removed if it is not relevant to the
model behavior, as these students realized themselves in a later iteration of this
model (Fig. 16.3).

(b) Choosing relevant variables through consideration of appropriate scope and
significance of effect

There are two questions of scope regarding variable relevance: Is the variable
related to the phenomenon being modeled, and if so, is the level of detail implied by
the variable appropriate for the questions being asked of the model? The first ques-
tion is easier for students to address, and may be supported by asking whether, if we
removed that variable, the model would still explain the phenomenon. However,
early in the development of a model, before the components of the system and their
effects are well understood, decisions about which components to include can be
challenging. The second question, regarding the level of detail a model should
include, tends to be harder to define. It would be inappropriate for every model to
drill down to the level of atomic or subatomic interactions, while some models do
require this level of detail. Because of this, the scope of variables to include is
related not only to the phenomenon being modeled, but also to the features of the
phenomenon that are important to understand. In the case of emergent properties of
gases, a molecular-level understanding, while not absolutely necessary, provides a
richer and more widely applicable model.

Even when variables are all clearly within an appropriate boundary of the system
being modeled and are at an appropriate level of detail, some variables will have a
greater effect than others. Variables can be related to the phenomenon but have so
little effect on the model output as to be insignificant. Including these variables only
complicates the model and obstructs exploration of the salient features. In Fig. 16.2
the variable Elevation is included and linked to Air pressure (Inside and Outside).
While it is scientifically correct that elevation will affect air pressure, the effect will
be insignificant on a model of this phenomenon, which occurs under typical atmo-
spheric conditions.

16.4.2 Determine Appropriate Causal and Correlational
Relationships Between Components in the Model

Defining the interactions and relationships between elements in the model is critical
for developing a good scientific model. These relationships will determine the out-
come of the model. When using modeling tools, this aspect can manifest itself in
two ways:
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(a) Defining logically correct and scientifically accurate relationships to represent
interactions between variables
There are several ways a link between two variables could be incorrect:

@

(ii)

(iii)

There may be no relationship between variable A and variable B. While A
and B may covary, a change in one may not be the cause of a change in the
other. While linking these two variables together in a model might produce
expected outcomes, there would be no rationale for making a causal chain
by linking these two variables together.

There is a relationship, but the way the relationship is defined doesn’t match
the real-world behavior of the interaction between variable A and variable
B. For example, some students correctly predicted that an increase in (exter-
nal) pressure would decrease the volume of a gas (assuming the container
can change size), but they defined a directly proportional relationship rather
than an inversely proportional one.

The direction of causality is reversed from the correct orientation. It was not
uncommon for one or more relationships in a causal chain to be reversed.

An example of this aspect can be seen in how the pair of students reversed the
linkage between air pressure and temperature from their initial model (Fig. 16.2) to
their final model (Fig. 16.3). In the phenomenon explored in this unit temperature

affects

the air pressure rather than the other way around, and students recognized

this during their model building and testing iterations. These students also changed
the relationship between air pressure and likelihood of implosion from positive to
negative, as they realized that an increase in pressure inside the tanker will decrease
the chance of the tanker implosion.

(b) Defining direct relationships between variables
This is one of the most complicated tasks for students when constructing
models. There are two considerations related to the directness of relationships:

®

(i)

Large gaps in the causal chain. For example, linking temperature and pres-
sure might be acceptable if a model is describing what happens at a macro-
scopic level. However, if the expectation is for a molecular-level explanation,
one could argue that other variables should come between temperature and
pressure. Perhaps temperature -> molecular kinetic energy -> speed of mol-
ecules -> number and strength of molecule collisions -> pressure might be
more appropriate.

Inclusion of indirect relationships between variables. Often students will
show one variable having an effect on two or more other variables in the
model. It is not typical that one variable truly has a direct effect on many
others; even more unlikely to be accurate is when a variable is connected to
both the beginning of a causal chain and to later parts of the same chain of
linked variables.

Identifying large gaps, b(i), overlaps with the issue of defining system boundar-
ies, because defining a relationship in this way results in missing relevant variables.
Identifying indirect relationships, b(ii), is the greater challenge for students.
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In Fig. 16.3, the variable Volume of Air in Tanker is linked in two ways to the
Implosion variable. There are several issues with this, one of which has to do with
appropriate labeling of variables. During various model iterations the students
attached different meaning to the Volume of Air variable. At one point it was meant
to refer to the amount of air molecules, and at other points as referring to the volume
of the tanker. Though they had not untangled all of these issues by the end of the
unit, they did consider it problematic that Volume affected Implosion via two differ-
ent causal chains in their model. One of them noted in an interview that the link that
did not include Air Pressure was not necessary and that they planned to remove it.

16.4.3 Using Evidence and Reasoning to Build, Evaluate,
and Revise Models

A well-designed model, which has explanatory and predictive power regarding real-
world phenomena, should use evidence to justify which variables are included and
how the relationships are defined. Evidence for the inclusion of individual model
components can be in the form of collected empirical data or from external data
sources, and should be supported by reasoning based on scientific principles.

For example, at the beginning of the properties of gases curricular unit, students
were introduced to a phenomenon and driving question and asked to construct an
initial model that they thought would help answer the driving question. Because
they had not had much experience beyond observing the phenomenon, most of the
relationships and some of the variables they used in their initial models were specu-
lative, based on prior knowledge or intuitions about how to define the relationships.
As the unit progressed, students conducted experiments, explored simulations, and
discussed articles that gave them a foundation on which to defend their choices for
specific relationships they had defined. We often observed students modifying those
relationships and adding and deleting variables soon after engaging with these vali-
dating data sources.

16.4.4 Interpreting the Behavior of the Model to Determine Its
Usefulness in Explaining and Generating Predictions
About the Phenomena

One of the goals was to create a tool and associated curriculum that would support
students in experiencing the modeling practice similar to the way in which scientists
engage in modeling and system thinking. Thus, this aspect of system modeling
competence is related to students’ ability to use models in much the way scientists
do. Achieving this aspect of competence means that not only have students created
a testable model, but that they also understand how to run it and can make
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visualizations of the output, compare the model behavior with expected real-world
behavior, make predictions related to similar events, and use it to answer the unit’s
driving question about the core phenomenon being modeled.

Although the students in the emergent properties of gas unit considered the valid-
ity of individual relationships between directly-connected pairs of variables in their
models, they showed less competence in considering the behavior of their models as
a whole as a predictor of the investigated phenomena. For example, the pair of stu-
dents who produced the model shown in Fig. 16.3 did not appear to notice that their
model gave two different predictions for the effect of temperature on implosion.
Their final model showed both a positive relationship between temperature and
pressure and a negative relationship between those same two variables. Situations
like this could exist in which two different causal pathways exist, or a feedback loop
might cause an oscillating effect. However, two different predictions for the effect
of a single variable usually indicates a problem with the model. These students con-
structed graphs of the relationships between different pairs of variables in their
model, but did not consider the overall behavior of the model as feedback that could
have helped them detect, diagnose, and resolve problems, in this case, arising from
inconsistency in the way they were thinking about the variable Volume of Air in
Tanker.

16.5 Discussion

In the examples provided above, students encountered some challenges with causal
reasoning similar to those described by Jonassen and Ionas (2008), Schauble (1996),
and Koslowski and Masnick (2002). These challenges were most apparent when
students were asked to provide evidence and justifications for the variables and
relationships defined in their models and to explain how their model addressed the
driving question in the unit. However, students’ model-based explanations improved
after each model revision, indicating that the technology-rich modeling environ-
ment and curricular materials offered support to students in developing their causal
reasoning.

In line with the goals of scientific modeling practice (NRC, 2012; Schwarz et al.,
2009), this chapter provided examples of how students utilized a modeling tool to
construct, use, evaluate, and revise their own models. Iterative cycles of model test-
ing and revision stand at the heart of the modeling practice (Lehrer & Schauble,
2006; Magnani, Nersessian, & Thagard, 1999). Students iteratively revised their
models to explain the phenomenon under investigation by honing the boundaries of
the system and improving relationships between the variables in their models. This
process is recommended by Schwarz et al., (2009) and aligns with the modeling
cycle presented in Chap. 2 of this book and described by Krell, Upmeier zu Belzen,
and Kriiger (2014), in which students move between the experimental world and the
model world. Our evidence supports the notion that students require repeated appro-
priate opportunities to use validating data sources to develop, test, evaluate and
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revise their models in the pursuit of gains in this competence. Students were able to
take the ideas they learned in their real-world investigations and incorporate them,
with the support of the teacher and their peers, into their computational models.
Although we saw improvements with each iteration, the examples in this chapter
indicate that it was not easy for students to build towards all four aspects of system
modeling competence discussed here. Most students made progress toward them,
showing the greatest gains in aspects 1 and 2 related to model structure, but results
suggest that progress toward aspects 3 and 4 would have benefited from more
explicit connections to validating data sources and more explicit support to use the
models to make predictions about specific phenomena.

The impetus for developing a modeling tool for students was to support them in
engaging in developing, using, testing and revising models—key aspects of the
modeling practice. The focus was primarily on the more general aspects (aspects 3
and 4) articulated in the framework for system modeling competence. This informed
how we designed the tool to support sense-making with models through compara-
tive data analysis and ease of model construction. We provided scaffolds to encour-
age student articulation of evidence for defining particular relationships and
designed tools for sharing models and supporting peer review. These features scaf-
folded students in their growth toward aspect 3—using evidence and reasoning to
build, evaluate, use, and revise models. We also built the tool to utilize an existing
data analytic environment, which was designed for student visualization of data and
facilitated the comparison of data across multiple data sources. This feature of the
tool design supports student growth in aspect 4—interpreting the behavior of a
model to determine its usefulness in explaining and making predictions about
phenomena.

At the same time that the framework for system modeling competence was
informing the design of the modeling tool, the experience with students during the
tool development influenced the development of the framework for system model-
ing competence. Aspects 1 and 2 primarily grew out of challenges we observed
students encountering when building system models. Some of these were antici-
pated, such as the need to include only measurable variables as model components,
but other barriers toward student generation of useful models proved to be signifi-
cant obstacles. In particular, the issues students encountered in causal reasoning and
graph literacy spawned many discussions about how to address these issues both
through software scaffolds, such as the design of the relationship inspector
(Fig. 16.1), to pedagogical scaffolds, which included teacher materials to support
targeted discussions around these issues and easy ways for the teacher to project
student models for discussion.

The framework for modeling competence (FMC; Chap. 1) arose in a different
context from ours, but connections can be drawn between the two approaches.
Grosslight, Unger, Jay, and Smith (1991) defined three general levels of model
understanding. In level I, students consider models as mere copies of reality. In level
I, students still consider models as copies of reality, but start to understand that
models can be used for different purposes and focus on certain features of the target
reality. In level III, students perceive models as representational tools for develop-
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ing and testing ideas, and understand that the role of the modeler and the models can
change as the understanding develops. Based on these levels, Krell, Upmeier zu
Belzen, and Kriiger (2014) developed the FMC. According to their model, three
levels of understanding were suggested for each of five modeling aspects (Chap. 1).
Levels I and II in this framework consider models as descriptions of reality, while
level III considers models as predictive research tools for testing different hypoth-
esis (Krell et al., 2014; Krell & Kriiger, 2016; Krell, Reinisch, & Kriiger, 2015).

We suggest that students with level III modeling competence would perform at a
high level on the four aspects of system modeling competence. This would be
expected from students with level III competence in testing and changing models,
because it is necessary for students to consider the four aspects described in this
chapter—choosing the relevant components of the system, determining the appro-
priate causal relationships between components, using evidence to support the
model, and interpreting the behavior of the model—to successfully test and change
their models. When considering the aspect purpose of models, students who under-
stand the predictive power of the model (level IIT) should be more competent in the
aspect of interpreting the behavior of the model, as the output of the simulation
should be used for predicting real-world behavior of the system being modeled. It is
important to emphasize that the four system modeling aspects described in this
chapter are not defined as levels, but as ideas about what students need to know and
be able to do.

We hold views on the aspect nature of models somewhat different from those
presented in Chap. 2. We believe that the explanatory power of a model is just as
important as the predictive power of it. A good model that provides a complete and
appropriate explanation of the investigated phenomena is just as meaningful for
students’ learning as a model that is used to test hypotheses and predict changes in
the system.

16.6 Conclusions

Modeling and system thinking play an important role in supporting students in
developing useable knowledge of science (Pellegrino & Hilton, 2012).
Technologically advanced learning tools such as the modeling tool described in this
chapter hold a potential to support students’ engagement in the modeling practice
and provide an environment for demonstrating competence in modeling, systems
thinking, and causal reasoning (Fishman, Marx, Blumenfeld, Krajcik, & Soloway,
2004; Quintana et al., 2004; Wagh, Cook-Whitt, & Wilensky, 2017; Yoon et al.,
2015). However, as others have found (e.g., Fretz et al., 2002), students face sub-
stantial challenges when learning to engage in modeling, systems thinking, and
causal reasoning. We believe that modeling tools that engage students in the process
of understanding phenomena through constructing, testing, evaluating, and revising
models increase students’ competence related to the four aspects of system model-
ing competence described in this chapter.
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We have described the development of an online computational modeling tool,
discussed four key aspects that are part of a the framework for system modeling
competence, and illustrated them with examples of competence from students’
models in a high school unit using the modeling tool. We believe that building
toward these four important aspects of system modeling competence provides a way
to evaluate whether students are productively engaged in the modeling practice.
This articulation of the framework for system modeling competence can also pro-
vide guidance for designers considering the creation of tools, curricula, and teacher
supports that will encourage student growth related to systems and system
modeling.
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Chapter 17
Learning Abstraction as a Modeling
Competence

Jonathan T. Shemwell and Daniel K. Capps

17.1 Introduction

A challenge for modeling instruction is that students tend to think of models as lit-
eral interpretations of their referents, what Grosslight, Unger, Jay, and Smith (1991)
called “copies of reality” (p. 817). Literal interpretation runs counter to authentic
modeling and thus stands in the way of modeling competence. The authors first
encountered literal interpretation when piloting a novel approach to modeling fea-
tured in the present chapter, which is called synthesis modeling (Capps & Shemwell,
2016). The approach had two phases. In the initial phase, pre-synthesis, students
used data and other information to construct and evaluate a pair of conceptual mod-
els, one for each of two ways that deserts form. In the second, synthesis phase,
students drew on the models from the first phase to generate, or synthesize, an
omnibus “general model” of desert formation. When this technique was piloted in
classrooms, students thought very differently about their synthesized, general mod-
els than their pre-synthesis models. In particular, they viewed the pre-synthesis
models as straightforward descriptions of “what happens,” whereas they saw the
general model as a transformation on these phenomena, conveying more essential
information about them. In other words, they thought of their general model as a
model, while their pre-synthesis models were closer to literal interpretations.

Our explanation for the contrast in student thinking just described began with the
recognition that synthesis modeling was an abstraction process, which can be
described as seeking the underlying structure from two scenarios that contain it
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(Catrambone & Holyoak, 1989; Gick & Holyoak, 1980, 1983). Such processes,
which have been extensively studied in the field of analogical learning, enable learn-
ers to think of their resulting ideas as being abstracted or pulled away from their
sources (Gentner, 2010; Gick & Holyoak, 1980). Putatively then, the students in our
study had learned that their general models were abstractions, and it was on this
basis that they thought of them as models and not literal interpretations. This expla-
nation indicates a possible omission in the modeling literature. Namely, there is
wide agreement that models are fundamentally abstractions (Crawford, 2016;
Morrison & Morgan, 1999), yet no authors have explicitly proposed that students
should learn this essential fact (e.g., National Research Council, 2007; Passmore,
Gouvea, & Giere, 2014). In Capps and Shemwell (2016), the authors pointed out
this omission in the context of a study of student learning through synthesis
modeling.

Extending from Capps and Shemwell (2016), the thesis of the present chapter is
that thinking of models as abstractions can be of service in assessment, specifically
as an aspect of modeling competence. According to Klieme, Hartig, & Rouch
(2008), three requirements define competence as a unique form of educational
objective. First, and most importantly, competence underlies authentic performance
in a domain (Klieme et al., 2008). Second, and related to this, competence depends
on transferable knowledge, meaning knowledge that can be applied under transfor-
mation to novel scenarios. Third, competence is separable from general intellectual
capacity, making it responsive to focused instruction. In what follows, we show that
thinking of models as abstractions meets each of Kleime et al.’s requirements while
also defining a key understanding within modeling practice. In conjunction, a modi-
fication is proposed to the framework for modeling competence (FMC, Chap. 1)
such that thinking of models as abstractions occupies a more salient position.

17.2 Theoretical Background

17.2.1 Models as Abstractions

An abstraction is an idea that is removed, or pulled away, from its source (Merriam-
Webster, 2015). While on its own this definition may not seem to say much, when
applied to models it can be very informative. Nersessian (2008) succinctly defined
models as organized units of representations that mimic the structure of their refer-
ents. Within her definition, mimicking structure translates to extracting key infor-
mation. It also denotes a degree of transformation on that information such that a
model’s structure differs in appearance from that of its referents (i.e., mimicking;
not reflecting). This transformational aspect of models is crucial: models are meant
to represent essential information distinct from surface details (Schwarz et al.,
2009). Under the Merriam-Webster definition, Nersessian’s concept of mimicking
structure becomes abstracting structure, which is to say pulling structure away
from source phenomena. We prefer this phrasing because it renders the requisite
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transformation more active and explicit. Meanwhile, philosophers of science seem
well settled on the point that models are abstractions in the sense presented
here. For example, Morrison and Morgan (1999) defined models as “a kind of
rendering—a partial representation that either abstracts from, or translates into
another form” (p. 27).

Modeling researchers in science education have broadly acknowledged that
models are abstractions (Gilbert & Justi, 2016; Gobert & Buckley, 2000; Schwarz
et al., 2009; Treagust, Chittleborough, & Mamiala, 2002). However, these same
researchers have not referred explicitly to abstraction when defining models for
educational audiences. For example, Passmore et al. (2014) defined models as “enti-
ties that represent some aspects of a phenomenon to some degree” (p. 1176).
Similarly, Justi and Gilbert (2003) defined a sophisticated notion of a model as
being “a representation of a part of something” (p. 1375). And, writing for a broad
audience, National Research Council (2007) described models as “deliberate sim-
plifications™ (p. 152). Taken as a body, these authors almost seem to avoid the term
abstraction. Speculatively, this is because abstraction seems like a vague and enig-
matic idea, less useful for practitioners than more familiar terms like simplification.
By contrast, the view advanced here is that abstraction, or particularly, abstraction
of structure, provides a more useful instructional-level definition of what models are
than existing, colloquial definitions of models. Specifically, in the concept of pull-
ing structure away from a phenomenon, abstraction succinctly defines how a model
corresponds to its referent, namely with fidelity to key information, but under trans-
formation. Existing verbiage like accurate, but not exact reflections, or deliberate
simplifications are less precise and thus less informative in denoting this relation-
ship. Further, the concept of abstraction also indicates the essential modeling pro-
cess, which is to pull structure away from a source or sources and make this structure
explicit.

17.2.2 Models as Literal Interpretations

As outlined in the introduction, students commonly generate model-like representa-
tions without thinking of them as models (Mahr, 2011). Instead, they think of them
as veridical approximations of their referents, what the present chapter refers to as
literal interpretations, what others call copies of reality (Grosslight et al., 1991), and
still others describe as replications of the original (Krell, Upmeier zu Belzen, &
Kriiger, 2014; Upmeier zu Belzen & Kriiger, 2010). To the authors of Grosslight
et al. (1991) and their Piagetan-minded contemporaries, Ryan and Aikenhead
(1992), literal interpretation was difficult to eradicate because it stemmed from a
global disposition to think in literal terms. Later scholars have not necessarily taken
this view, but collectively, they have showed literal interpretation to be a strong
tendency among novice modelers, not only among learners (Gogolin & Kriiger,
2017; Harrison & Treagust, 1996; Ingham & Gilbert, 1991; Krell, Reinisch, &
Kriiger, 2015), but also their teachers (Dogan & Abd-El-Khalick, 2008; Lin &
Chen, 2002; van Driel & Verloop, 1999).
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17.2.3 Literal Interpretation and Modeling Competence

Given that novices are prone to thinking of models as literal interpretations, it would
be useful to frame an instructional objective, perhaps a competence, around learning
a truer conception of what models are. Unfortunately, there is a vacancy of precise
ideas in the modeling literature about what this truer conception would be. As
already pointed out, when writing for educational audiences, researchers have
largely resorted to vague terminology to define what students should think that
models are (Justi & Gilbert, 2003; National Research Council, 2007; Passmore
et al., 2014). Another trend has been to avoid (or perhaps neglect) attempting such
definitions. This trend is evident in studies of innovations designed to counteract
literal interpretation (Harrison & Treagust, 1996, 2000; Lin & Chen 2002; Sarri &
Viiri, 2003). As a body, authors of these studies have pointed out many ways of
teaching against literal interpretation, meaning what models are not. But, they have
not explicitly defined or attempted to teach conceptions of what models are that
would make them not literal interpretations. For example, Harrison and Treagust
(2000) combatted literal interpretation by having students work with multiple mod-
els of the same phenomenon (see also Lin & Chen, 2002). They reasoned that if
students could see that all of the models differed from each other, they would know
that no one of them could be a literal interpretation. However, the instruction did not
include the further step of helping students learn characteristics of their models that
discriminated them from literal interpretations.

Despite the literature’s reluctance to define what students should learn what
models are, Upmeier zu Belzen and Kriiger (2010), make good strides in outlining
a competence that opposes literal interpretation. The authors present a framework
with three levels of student thinking about how a model should relate to its referent.
At the lowest level, students do not consider this relationship, so their thinking
defaults to literal interpretation. At the middle level, students think of models as
approximate or idealized representations of known phenomena. At the highest level,
students think of models as conjectural tools with which to investigate unknown
phenomena. Reasoning pragmatically, the authors’ FMC comprises ideas about
models that are both ontological (i.e., what models are) and epistemological (i.e.,
the purpose and validity of models). Considering first the ontological aspect of the
framework, this seems to be limited by the underlying literature’s vacancy of defini-
tion as described above. Specifically, the middle level provides scant information
about the relationship between models and their referents because it reflects the lit-
erature’s use of colloquial terminology to define what models are (Justi & Gilbert,
2003; National Research Council, 2007; Passmore et al., 2014). Meanwhile, the
highest level does not have a strong ontological component. Instead, it emphasizes
models’ conjectural role in knowledge generation, an epistemological characteris-
tic. On this latter point, additional information is available in the framework’s most
overtly ontological dimension, which the authors call nature of models (Fig. 1.3).
Here the highest level of competence describes thinking that models are “theoretical
constructions.” This phrasing can be taken to have both ontological and
epistemological meaning. Epistemologically, it includes the idea that theories are
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conjectural, as models must be. However, the term theory also refers to general
ideas developed from particular instances. Thus, the authors also touch upon the
ontological dimension of modeling competence described and exemplified herein,
abstraction. This subject is discussed at the conclusion of the chapter.

17.2.4 Abstraction as a Competence

In response to the existing limitations on defining what students should learn that
models are, which in turn limit the FMC, the proposal advanced here is that students
should learn that models are abstractions. Extending from this starting point, the
thesis of the present chapter is that thinking of models as abstractions is a useful
dimension of modeling competence, potentially to be overlayed on the FMC. This
thesis incorporates the proposal that thinking of models as abstractions can meet
three distinct requirements of a competence as defined by Klieme et al. (2008).
Considering these requirements in detail, the first, and most prominent is that com-
petence, by definition, underlies authentic performance in a domain. For authentic
performance in modeling, the obvious detractor is thinking that models should be
literal interpretations. Accordingly, an important question relating to this chapter’s
thesis is how effectively thinking of models as abstractions counteracts thinking of
them as literal interpretations, thus providing crucial support for authentic modeling
practice. This question helps frame the first of three research questions to be
addressed herein. It is stated as how precisely thinking of models as abstractions
runs counter to thinking of them as of literal interpretations.

A second research question stems from the requirement that competence be
domain-specific and thus learnable through focused instruction (Klieme et al.,
2008). Necessary to the present chapter’s thesis, then, is the possibility of making
visible progress in thinking of models as abstractions over a few lessons, or perhaps
a few weeks, on what should be called an instructional timescale. This requirement
is no small hurdle. The capacity for abstract thinking has long been associated with
fluid intelligence (Meer, Stein, & Geertsma, 1955). Thus it seems reasonable to
suspect that learning to think of models as abstractions would progress slowly, fol-
lowing the development of general intellectual capacity through inculturation and
schooling (Martinez, 2015). However, researchers in analogical learning have
shown that people can learn to think abstractly about scenarios in a short period of
time (Catrambone & Holyoak, 1989; Gentner, 2010; Gick & Holyoak, 1980, 1983;
Loewenstein, 2017). And, of course, the synthesis modeling featured in the present
chapter utilizes the analogical learning approach. Perhaps then, growth in thinking
that models are abstractions is achievable on an instructional timescale using tech-
niques like synthesis. Whether this is so is the second research question for the
present chapter.

As a third question, Klieme et al. (2008) explained that competence is more than
learned procedures or skills that can be performed when they are called for. Rather,
it is the capacity to meet a range of real-world demands, akin to adaptive expertise
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(Hatano & Inagaki, 1984). Consequently, it would be of limited value to ask whether
students can think about models as abstractions within a single context. The ques-
tion, rather, is whether their thinking can be transferable to novel modeling scenar-
ios. This is the third research question for the present chapter.

In sum, the viability of the present chapter’s thesis rests on the answers to three
research questions:

1. How precisely does thinking of models as abstractions run counter to literal
interpretation?

2. Can this thinking be learned on an instructional time scale?

3. Can it transfer to new modeling contexts?

To answer these questions, evidence is presented of students learning to think of
models as abstractions in the context of synthesis modeling. It consists primarily of
claims to student thinking about model abstraction as indicated by responses to
assessment items before and after instruction. This information is supplemented
with data from transcribed think-aloud interviews of students as they worked the
items.

17.3 Method

As a brief overview, Capps and Shemwell (2016) used a pretest-posttest control-
group study to investigate learning about model abstraction among early high school
students. The study featured a synthesis approach to modeling desert formation as
introduced at the outset of the present chapter and described below. Identical pre-
and posttests included three items related to student knowledge of model abstrac-
tion, plus several more items addressing domain content. In the treatment condition,
175 students, taught by three teachers,' took the pretest, engaged in a unit that
included synthesis modeling, and then took the posttest. In the control group, 49
students taught by three other teachers took the same pre- and posttests surrounding
subject matter unrelated to the synthesis modeling unit. The control group served
the limited but important purpose of checking for the possibility of increasing scores
by taking the test twice (i.e., a testing effect). As an auxiliary component of the
study, 12 students reworked items on the posttest while thinking aloud.

17.3.1 Synthesis Modeling

Figure 17.1 illustrates the synthesis modeling process, featuring a model constructed
by a small group of students in the Capps and Shemwell (2016) study. The students
were modeling the air and moisture patterns by which deserts form. They synthesized
a general model of desert formation (right), drawn from two source models (left)

'These were the students’ normal classroom teachers. However, they were particularly well pre-
pared to teach via synthesis modeling, as they had helped to develop the approach.
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Fig. 17.1 Students drew on two component models (left) to synthesize a general model (right)

that they had developed over the previous several days of the unit. Zooming in on
the figure, the source model at top left represents rain shadow deserts, in which air
loses moisture as it rises over a mountain range before descending dry over a desert
region. The source model at bottom left represents trade wind deserts, in which air
loses moisture as it ascends in the equatorial region and moves poleward, eventually
descending dry near the mid latitudes (30°N and 30°S). The synthesized general
model at the right abstracts the underlying structure of both of these phenomena. It
shows that wet air rises, moisture precipitates out, and the resulting dry air moves
and descends upon a new location. Importantly, the general model does not reflect
either source model directly; nor is it a simple intersection of their shared features.
Instead, it provides transformation on the sources, extracting a structure that is
transferable to either of them.

17.3.2 Instructional Procedure

Since one of the research questions is about the time scale of learning, it is impor-
tant to know that students synthesized their general models in approximately one
50-min period of instruction. They did this in small groups using whiteboards.
Overall, the period included two intensive periods of model generation of about
15 min each. These were followed by teacher-facilitated whole group presentations
and questioning.
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17.3.3 Test of Knowledge of Model Abstraction

Of the three modeling items featured on the pre- and posttests, two were designed
to measure knowledge of model abstraction. The more elaborate of these is shown
in Fig. 17.2. It is called the abstracting item, so named because it measured stu-
dents’ ability to abstract when constructing a model. Its prompt gave an image of an
igloo and referred to it as a specific model for a house. It then asked students to use
words and/or pictures to construct a general model for a house (i.e., dwelling) by
thinking of other kinds of houses they knew of. Students earned a correct score
when they generated a model that abstracted a dwelling away from an igloo and
other typical instantiations of dwellings, most commonly wood frame houses
(Fig. 17.2, bottom right and left). Additionally, the item had three features designed
to discriminate thinking of models as abstractions compared to reiterating ideas or
facts learned from synthesis instruction. First, as shown at the top of Fig. 17.2, an
example accompanied the item. It depicted a “general model” of a sports ball that
was constructed from several specific sports balls. Given this example, performance
did not depend crucially on decoding the phrase “general model” in order to know
abstraction was needed. Rather, students had to recognize the example as an instance
of abstraction, namely representing essential structure apart from surface features.
Second, the modeling context was novel (i.e., a dwelling rather than desert forma-
tion). This meant that students could not “get around” abstraction by recalling an
abstract model they had learned during instruction. Rather, they had to transfer their
notion of abstraction to this new context. Third, the students were not given two

Make a General Model Example Responses
Example Correct
Specific models for sports balls General model for sports balls
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different sources from which to abstract, as in synthesis, but one source. Therefore,
they could not answer the item by repeating the synthesis procedure.

The second modeling item was much simpler. In the present chapter it is called
it the instantiation item.? It prompted students to explain the advantages of a general
model over a specific model. A correct score had to meet two requirements. One
was to state that a general model should represent a range of situations. The second
was to indicate that these situations were diverse (i.e., not identical). As an example,
a student giving a correct response said, “A general model would be more specific
because it covers a wide variety of different examples instead of just specific ones.”
Thus, the item discriminated students who thought of general models as instantiable
on situations without outward resemblance to each other, and by implication, with-
out outward resemblance to the model.

The third modeling item, which is called the synthesis modeling item, did not
measure knowledge of abstraction but rather how disposed students were to draw on
the synthesis model (i.e., the model at the right on Fig. 17.1) as an explanation of
desert formation. The item consisted of a simple, open-ended question, asking, in
general, how deserts form. The item was scored categorically, according to whether
students explained desert formation using the synthesis model or, instead, they
explained it using either (or both) of the component models.

17.3.4 Think-Alouds

In the think-aloud component of the study, 12 students, chosen at convenience,
reworked the abstracting and instantiation items while thinking aloud in the pres-
ence of a researcher. This occurred about 2 weeks after the students had completed
the posttest for the main study. The purpose of the think-alouds was to understand
how students thought about model abstraction as they worked the items. The proto-
col was structured so that students would “verbalize their thoughts rather than
describe or explain them” (Ericsson & Simon, 1998, p. 181). To begin each inter-
view, a researcher modeled the think-aloud process with an arithmetic problem and
then asked the student to practice thinking aloud on a similar problem. Then, the
student thought aloud while generating written answers to the two items. The
researcher stood by taking notes and reminded students to think-aloud if they fell
silent. Each think-aloud was recorded and transcribed. Those accompanying correct
responses were analyzed for how the participant thought about model abstraction.

2In Capps and Shemwell (2016) this item is called the transferability item because it reflected
students’ understanding that models transfer to their referents (under transformation), as distinct
from translating to them (without transformation).
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17.4 Results

17.4.1 Test Scores

In the synthesis model group, scores on the three modeling items increased measur-
ably from pretest to posttest. There was no increase in control group scores, making
a testing effect unlikely. Concentrating on the synthesis group, for the abstracting
item, pretest scores showed 58% of students answering incorrectly, meaning they
did not abstract any of the features of a dwelling, compared to 42% of students who
abstracted at least some features. Among these latter, only 6% abstracted all the
features in their model, as in the example at the bottom right of Fig. 17.2. On the
posttest, the distribution flipped, with 59% of students abstracting at least some
features, and 41% of students not abstracting. Further, the proportion of students
abstracting all features tripled, to 19%. For the instantiating item, the increase in
scores was larger, with students going from 7% correct at pretest to 42% at posttest.
As detailed by Capps and Shemwell (2016), the increases for both items were sta-
tistically significant.

Considering the consistency of responses between items, students who were cor-
rect on the instantiation item were about as likely as incorrect students to abstract at
least some features on their dwelling model (48% versus 52%). However, they were
nearly three times as likely to abstractall features (30% versus 11%). Correspondingly,
students who were incorrect on the instantiation item were three times more likely
to abstract no features on the abstracting item. Thus, a similar knowledge base
seemed to support performance on both items.

Scores on the synthesis modeling item also went up. Unsurprisingly, no students
explained desert formation in terms of the synthesis model at pretest. At posttest,
35% did so, signifying that they had internalized the synthesis model to a greater
degree than the majority of students, whose explanations featured one or both of the
pre-synthesis models. More important was the relationship between internalizing the
synthesis model and learning about abstraction. For abstracting, students who inter-
nalized the synthesis model were more likely to have correct scores on the abstract-
ing item, 72% versus 49%. Further, they were much more likely to abstract all
features on the item, 32% versus 9%. For instantiation, students who internalized the
synthesis model were twice as likely to have correct scores on the instantiation item,
64% to 29%. Taken together, these results suggest that learning the synthesis model,
which presumably happened when students engaged in synthesis to construct this
model, was the source of students’ learning to think of models as abstractions.

17.4.2 Think-Aloud Interviews

For the think-aloud analysis, at issue was how students thought about model
abstraction when answering either the abstracting or instantiating item correctly.
For the abstracting item, 7 of 12 students had correct written responses. Their verbal
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outputs indicated two related patterns of thinking about abstraction. One, evident in
three students’ utterances, centered on reduction to essentials:

Student 1. If you really strip it all down, what you have got.

Student 2. A house is something that you can live in comfortably with a roof and an
entrance and sides, and a good model for that would be something pretty
generic for a house.

Student 3. A general model can’t show like, specific features or else it becomes a
specific model, and it’s describing a specific, like a situation or event so,
I guess we should just keep it basic.

Parenthetically, it is notable that student 3 added the additional idea of avoiding
specific features, which also surfaced for the instantiating item. Meanwhile, a com-
mon characteristic of these three utterances was a descriptive notion of what it
means for a model to be abstract (e.g., generic). Such ideas were absent in the
remaining four students’ interviews. Their thinking about abstraction resided at the
level of particular model features, revolving around the need for versatility when
representing characteristics like the shape of a house, or key elements such as walls,
roof, and door:

Student 4. It [the house] could be any shape.

Student 5.1 can do the general shape of the house and, [drawing] that’s kind of
general.

Student 6. There is a solid shell on the outside of the house, to protect from weather,
the elements, like rain or anything.

Student 7. A house has to have a place to enter, which is the same for every house.

As all four utterances show, these students thought in terms of the need for model
features to cover a range of situations. However, unlike the first three students, who
verbalized a quality of models that provided for versatility, namely stripped down,
basic, and generic, students in the second group left their ideas implicit.

The think-aloud results for the instantiation item were less informative, partly
due to the misfortune of having only 4 of 12 students give correct responses to the
item. Compounding this problem was a procedural error for two of the four stu-
dents in which the researcher did not ensure that the students generated the written
responses necessary to the think-aloud process. This left only two students who
both answered the item correctly and had valid protocols. However, the verbaliza-
tions for both students showed thinking that was consistent with that of the
abstracting item. Specifically, both students stressed that general models must rep-
resent classes of phenomena. The first spoke of this as genre: “It’s not as, particu-
lar. It can explain a certain genre of situations instead of just one.” The second
spoke of variety: “It covers a wide variety of things, rather than just having one
specific model.” Thus, both emphasized that general models cannot be constrained
by any one situation, echoing student 3’s idea that a general model can’t show
specific features. More generally, their thinking was commensurate with the idea
that general models must be abstracted away from their sources.
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17.5 Discussion

17.5.1 Abstraction Versus Literal Interpretation

The first research question, how precisely thinking of models as abstractions runs
counter to literal interpretation, is most directly answered using the think-aloud
results. For the abstracting item, the more articulate students verbalized reducing
the given instance, an igloo, to its essentials, which they conceived in terms of strip-
ping it down or keeping it generic or basic. Less articulate students indicated that
model features needed to be generic, but they did not express this idea descriptively.
Both results pushed precisely in the opposite direction of literal interpretation,
which would have students focus on a given instance and try to capture as many of
its particular features possible (Grosslight et al., 1991; Tasquier, Levrini, & Dillon,
2016). And, while results from the complementary instantiation item were thin,
those that were available also directly opposed literal interpretation, stressing that a
model cannot be confined by specific instances that it might represent.

The quantitative test results for the abstracting and instantiation items also show
that student thinking about models was opposite that of literal interpretation, par-
ticularly in light of how these items were coded. To score well on the abstracting
item, students had to avoid the inclusion of details that would limit the model to
particular instances. At posttest, 19% of students did this for all of the features of
their model. Thus, they purposefully constructed a model that would not reflect its
source at a surface level. In the same vein, another 41% abstracted at least some
features in their model. For the instantiating item at posttest, a similar percentage of
students, 42%, indicated that a general model must apply to a diverse set of refer-
ents, implying that no one referent would resemble the model on the surface. Again,
this way of thinking is antithetical to literal interpretation, wherein a model is meant
to correspond to a given referent in all of its particulars (Grosslight et al., 1991).

17.5.2 Timescale of Learning

The reported gains from pre- to posttest also bear on the second research question,
which was whether model abstraction could be learned on a timescale of a few les-
sons, meeting the learnability requirement for competence (Klieme et al., 2008).
This requirement was, indeed met, as students made measurable gains in thinking of
models as abstractions, apparently as a result of a single 50-min period of instruc-
tion. As a possible objection to this claim, the pretest was given before all instruc-
tion began, and it took students several lessons to construct the two component
models of desert formation prior to synthesis. Thus, students could have learned
about model abstraction steadily through the course of the unit and not during the
synthesis period. However, there was no reasonable opportunity for them to do so.
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Further, there was a clear relationship between learning the synthesis model and
performing well on the two abstracting items, suggesting that the synthesis lesson
was the source of learning about abstraction. Moreover, even if significant learning
did occur prior to synthesis, the whole unit took fewer than ten lessons to complete,
which is still very much an instructional time scale. Withal, the evidence shows that
learning to think of models as abstractions does not depend exclusively on the slow
process of building the general capacity for abstract thinking (Martinez, 2015).

17.5.3 Transfer

The third research question was whether students could transfer thinking of models
as abstractions to new contexts. The answer is yes, as shown by performance on the
abstracting item. Students who synthesized a “general” desert formation model
transferred their idea of abstraction to a novel modeling situation, that of a dwelling.
Further, the item did not call for model synthesis by combining two or more sources,
which would have been transfer of a learned procedure (Bassok & Holyoak, 1989).
Rather, it required students to abstract from a single instance of a phenomenon by
thinking of other similar instances, thus transferring the underlying structure of
synthesis.

Transfer may be prompted or spontaneous (Schwartz, Varma, & Martin, 2008).
Quite obviously, the abstracting item measured prompted transfer, since the item
told students that they should abstract, which it framed as making a “more general”
model (Fig. 17.2). This fact limits the interpretation of model abstraction as a com-
petence. Authentic performance depends on recognizing when knowledge is appli-
cable, meaning that students should not need strong cues to realize that they should
abstract when constructing models. On the other hand, the ability to abstract on cue
is definite progress toward competence. For instance, if students who had attained
this ability were to drift into literal interpretation during modeling instruction, a cue
or signal to abstract could get them back on track. In the present study, one cue to
abstract was the term “general model,” which was used in the synthesis process and
maintained in the item prompts. This scenario raises the question of whether a “gen-
eral” model should set apart as a distinct type. In answer, while the so-called general
model would be patently abstract, and manifestly intended to represent a phenom-
ena under transformation, all models are abstractions to one degree or another
(Morrison & Morgan, 1999). Thus, while the term “general” might be useful as a
scaffold to cue abstraction, or perhaps to signal a high degree of abstraction, its use
should fade as students come to realize that any model can be classified as general.

As a final thought on transferability, the abstracting item did not measure a robust
type of transfer. Indeed, the item was designed to be maximally sensitive to learn-
ing, so it made transfer as easy as possible. Obviously, most modeling scenarios
would not do this. Further, the instantiation of a model in the item, a dwelling, was
a very limited one. A dwelling is essentially an object, while many scientific models
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represent processes (Bokulich, 2011). Thus, the item did not show transfer for
anything like a broad range of modeling situations. Acknowledging these limita-
tions, transfer was nevertheless observed, and as the result of a very short period of
modeling instruction. Thus, it seems reasonable to hope for other forms of transfer
that would be needed for authentic modeling practice, especially given a longer
program of teaching.

17.6 Conclusion

To conclude, thinking of models as abstractions is a good candidate for inclusion
under the aspect, nature of models, in FMC (Chap. 1). There are four reasons why.
First, abstraction neatly denotes functional awareness of perhaps the most funda-
mental characteristic of models, namely that they are representations that pull struc-
ture away from that of their referents. Second, and concomitantly, thinking of
models as abstractions runs directly counter to the ubiquitous, mistaken idea that
models should be literal interpretations. Third, this way of thinking can transfer to
novel modeling scenarios. Fourth, and finally, it is a way of thinking that is readily
learnable via focused instruction.

Applied to current views of competence, our proposal suggests a modification to
the initial aspect of the FMC. This aspect, which is described as nature of models
(Fig. 1.3), sorts students’ conceptions of models into three levels: copies (level I);
idealized representations (level II); and theoretical constructions (level III). The
suggested modification would put these levels on a unipolar scale indicating the
degree to which students think of models as abstractions. Speculatively, the middle
level of this scale could be denoted by thinking implicitly that models are abstrac-
tions, indicating a preference for abstraction but without the ability to describe or
justify this idea. Such a level would fit the finding that some students in the present
chapter readily thought about how to abstract features of a model but without having
descriptive ideas of what it meant to abstract. By contrast, higher levels could be
defined by the presence of descriptive notions of abstraction. Meanwhile, the lowest
level would indicate the absence of thinking in terms of abstraction.

The switch to an abstraction scale would improve the nature of models aspect of
the FMC in two ways. First, the term abstraction would carry more and better infor-
mation about the relationship between a model and its referent than does the exist-
ing terminology. Here the reference is not just to the terminology found in the FMC
(Chap. 1), but also to the broader modeling literature (Justi & Gilbert, 2003; National
Research Council, 2007; Passmore et al., 2014). Second, thinking of models as
abstractions would provide for a more clearly unidimensional assessment construct.
By contrast, in the FMC, it is not clear whether the upper two levels, idealized
representations and theoretical constructions, lie along a single dimension of
measurement. To explain, while “idealized representations” is clearly ontological,
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“theoretical constructions” seems to incorporate the epistemological idea that models
are conjectural. In the suggested formulation, this epistemological component
would be shifted to another dimension of the framework.

At a more general level, the present chapter argues for an ontological dimension
of competence separate from epistemological considerations. Admittedly, such a
separation may or may not rest on a secure philosophical foundation (Mahr, 2011).
Nevertheless, pragmatically speaking, it would allow assessment frameworks to
more squarely address the crucial issue of what students should think that models
are. Moreover, it seems possible to define at least one aspect of the nature of models,
namely abstraction, that is useful enough to warrant a separate ontological dimen-
sion. Indeed, this dimension may be exactly what is needed if students are to surpass
the literal interpretation hurdle and thus progress toward authentic modeling
practice.
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Attainments and Challenges



Chapter 18 )
Attainments and Challenges for Research  sie
on Modeling Competence

Jan van Driel, Dirk Kriiger, and Annette Upmeier zu Belzen

An understanding of the nature of models and model building is
an integral component of science literacy.
S.W. Gilbert (1991, p. 78)

18.1 Introduction

Models rank among the main products of science, and models are constructed and
applied in research in all scientific disciplines (Gilbert, Boulter, & Elmer, 2000;
Gilbert & Justi, 2016; Harrison & Treagust, 2000). If we want students to “learn
science in a way that reflects how science actually works” (NRC, 1996, p. 214), the
role of models and modeling should be central in science education, from the early
years into higher education.

To develop students’ modeling competence, we need to distinguish between the
major overarching goals of science education. Hodson (2014) argued that these
include:

* Learning science—acquiring and developing conceptual and theoretical
knowledge.

e Learning about science—developing an understanding of the characteristics of sci-
entific inquiry, the role and status of the knowledge it generates (...)
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* Doing science—engaging in and developing expertise in scientific inquiry and
problem-solving. (Hodson, 2014, p. 2537)

Referring to Chap. 1, in which the idea for the book is tied in with previous
research, and the terms model and modeling are defined on the basis of a literature
review, we discuss how these goals are related to modeling competence. Related to
learning science, we emphasize the medial function of models in imparting and
acquiring knowledge. We explain that models are themselves products of science
activity and thus tools for teaching and reflecting on the nature of the natural sci-
ences (learning about science). Finally, we argue that, related to doing science, it is
important that students are engaged in the process of modeling: constructing and
testing their own models, or applying and reconstructing existing models, to develop
skills on the basis of authentic modeling experiences.

To achieve these goals, it is important that teachers, textbook authors, science
education researchers, and curriculum developers are aware of how models are
actually developed and used by present-day scientists in their research endeavors.
However, textbooks for secondary science education often present models as static
facts or as final versions of scientific knowledge. The possible limitations of a model
or the way in which a particular model was developed are seldom addressed.
Moreover, textbooks rarely include modeling assignments that engage students in
actively constructing or testing models (Erduran, 2001). Research on teacher knowl-
edge in the domain of models and modeling in science has indicated that many sci-
ence teachers have limited knowledge about the nature of models and the act of
modeling (e.g., Borrmann, Reinhardt, Krell, & Kriiger, 2014; Krell & Kriiger, 2016;
Van Driel & Verloop, 2002).

The present book provides an overview of recent international research on the
teaching and learning of models and modeling in science, with a focus on modeling
competence. The different sections of the book address the abovementioned issues.
Section A focuses on the nature of models and modeling in science and how teach-
ing and learning in this domain can be aligned with authentic scientific practices.
Section B describes five studies on ways to assess modeling competence, while
teachers’ knowledge and strategies are central in Section C. Finally, Section D pres-
ents the findings of five studies on the development of students’ modeling compe-
tence. This final chapter reviews the major contributions of this book to the
research-based literature on models and modeling in science education and addresses
some of the challenges and implications for further research and development.

18.2 Attainments: What Have We Learned?

Central in this volume is the framework for modeling competence (FMC), which is
introduced and explained in Chap. 1. Competences have been defined in various
ways in the literature. In this volume, we have adopted the view that competences
include knowledge and skills that manifest themselves during performance.
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Competences are not personal qualities but are learnable, and their development is
related to specific domains and contexts. The FMC includes five aspects, each of
which can be performed at three levels of increasing (theoretical) sophistication.
Only level III meets all the abovementioned goals because, at this level, models are
seen and used as research tools, whereas levels I and II focus on the medial role of
models. In subsequent chapters, authors have referred to this framework, used it, or
applied it, and some have suggested amendments or further refinements.

On the basis of a philosophical analysis, Aduriz-Bravo (Chap. 2) concluded that
the FMC implies that school science would be analogous to scientists’ science and
that it allows students to work in ways that mirror those of scientists. Schwartz
(Chap. 4) related modeling competence to the nature of science (NOS), demonstrat-
ing that one cannot be seen in isolation of the other: Understanding how scientists
generate and develop knowledge requires insights into the epistemic nature of mod-
els and modeling. In other words, an understanding of NOS is implied in the FMC,
although it is not explicitly stated. The author argued that a “requisite for under-
standing NOS and exhibiting level III of modeling competence involves acknowl-
edging that a scientific model is not an exact replica of reality but a representation
that serves to explain features and relationships that the scientists find curious and
significant with respect to their questions” (p. 19). The chapter concluded with
implications for the design of education, enabling science learning that closely
reflects “how science actually works.” The authentic practices of scientists were
France’s (Chap. 5) focus, whereby she described two detailed cases that demon-
strate how models and modeling are front and center in these practices. The author
argued that students’ modeling competence will benefit from experiencing the
messiness, creativity, and complexity of authentic modeling processes. These chap-
ters are consistent with the framework proposed by Van der Valk, Van Driel, and De
Vos (2007), which consists of a set of common features of models as recognized by
practicing scientists. The framework of these authors focuses on the nature, pur-
pose, and functions of models and recognizes the role of creativity.

Some of the subsequent chapters focused on ways to assess the modeling com-
petence of both students and teachers or others. Taken together, these chapters dem-
onstrate the need to develop multi-method approaches to capture the abovementioned
complexity of modeling practices. In combination with verbal data (e.g., collected
through interviews, think-aloud protocols), visual data can provide insights into
what gets noticed during the act of modeling. Ubben, Salisbury, and Daniel (Chap.
6) described the affordances of eye-tracking technology in the context of assessing
and researching modeling competence. Mathesius and Krell (Chap. 7) reviewed
more traditional, “closed-ended” writing tasks that are used to assess the under-
standing of models and modeling in science, concluding that most existing instru-
ments fail to capture the multidimensional nature of modeling competence in a valid
manner. Applying the FMC, Schouten, Van Joolingen, and Leenaars (Chap. 8) stud-
ied the effects of drawing-based modeling, supported by a digital tool, on students’
modeling competence. They reported that, although students’ gains were limited,
the models and reasoning logs created by students provided valuable insight into
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students’ development of modeling competence and are thus appropriate instru-
ments for assessing students’ modeling competence.

Crawford and Flanagan (Chap. 10) focused on teachers’ modeling competence
in the context of the broader goal of developing scientific literacy among their stu-
dents. They concluded that programs for teacher learning are needed to provide
sustained and meaningful experiences concerning all aspects of models and model-
ing. Such programs contribute to the development of teachers’ modeling compe-
tence, which, in turn, will serve to foster their students’ critical thinking skills and
scientific literacy. In the next chapter (Chap. 11), Ke and Schwarz illustrated how
teachers can be supported to meaningfully engage their students in modeling and,
by addressing epistemic considerations, scaffold them in developing their modeling
competence. Crucially, the authors argued, teachers need to understand and enact
productive interactions with their students. Campbell, McKenna, An, and Rodiguez
(Chap. 12) also focused on meaningful student-teacher interactions. These authors
explored how teachers might use “redirection” (Lineback, 2015) as a responsive
methodological construct in an MLF environment. The authors demonstrated that
when appropriate curricular and pedagogical frameworks are connected, a consis-
tent focus on modeling can help a teacher place students’ ideas in the foreground,
scrutinize students’ ideas, and use different forms of responsive instruction. As a
result of this, students’ modeling competence might flourish.

Other chapters described promising strategies for developing students’ modeling
competence. Krell and Hergert (Chap. 9), for instance, showed how an instructional
sequence involving a black box could facilitate modeling practices. The approach
encourages students to make their modeling activities explicit, thus fostering their
meta-modeling knowledge. Louca and Zacharia (Chap. 14) used the FMC as a ref-
erence for capturing the development of the modeling competence of elementary
school students who participated in a modeling-based learning environment. The
authors drew attention to the role of the teacher who might use the FMC as a guide
for pushing students’ thinking in a particular direction. Thus, the FMC can provide
teachers with a productive tool for scaffolding students to reach level III of the
aspects of the framework. Similarly, Forbes and Schubert-Lange (Chap. 15) dis-
cussed the FMC as a tool that teachers can use to capture, assess, and support ele-
mentary school students’ modeling competence. They described a study that laid
the foundation for continuing collaborative research, aimed at supporting 3rd grade
students’ modeling competence in a particular domain (i.e., water systems). One of
their conclusions was that if teachers are going to create supportive learning envi-
ronments to foster students’ modeling competence, they cannot actually make this
happen unless they are prepared and supported. Bielik, Stephens, Damelin, and
Krajcik (Chap. 16) focused on system modeling competence. The authors reported
on an online computational modeling tool that can support students’ modeling prac-
tices and systems thinking in the context of a high school chemistry unit. They
proposed a framework of four key aspects of system modeling competence that is
consistent with the FMC and extends this by incorporating the notion of systems
thinking.
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18.3 Challenges: Proposed Adaptations or Extensions
of the FMC

The FMC was hypothesized as an initial competence model in the field of models
and modeling. In accordance with Koeppen, Hartig, Klieme, and Leutner (2008), it
refers to the cognitive facet of competence, whereas motivational components are
not included. The FMC is conceptualized as comprising the abilities needed to
engage in modeling practices (Doing science, see above) as well as knowledge of
models (Learning science) and the modeling process in science (Learning about
science). Although the FMC does not refer explicitly to meta-modeling knowledge
(Schwarz & White, 2005), the focus on the understanding of models and modeling
processes is meant in the sense of meta-modeling knowledge (cf. Krell & Kriiger,
2017). This was recognized by Constantinou, Nicolaou, and Papaevripidou (Chap.
3) who described the modeling-based learning framework (MLF). These authors
argued that modeling competence includes the abilities to practice modeling and
demonstrate meta-modeling knowledge, “which refers to developing an understand-
ing of the nature of models and an appreciation of the purpose of scientific model-
ing” (p. 8) in addition to having metacognitive knowledge about the modeling
process.

Building on their prior work, Ke and Schwarz (Chap. 11) used the Epistemologies-
in-Practices (EIP) framework, which focuses on the nature and purpose of models.
Comparing this framework with the FMC, the authors noted that both frameworks
share a focus on using models as sense-making tools to explain and predict phenom-
ena. However, they concluded that the two frameworks have different perspectives:
While the EIP framework is situated in specific modeling settings and practices,
“the FMC points to individuals’ general understanding about models (e.g., nature of
models and multiple models) and the process of modeling (e.g., testing and chang-
ing models) assuming they can be applied to different modeling contexts” (p. 19).
This idea is consistent with the view that the FMC is content-free (Chap. 1). Ke and
Schwarz (Chap. 11) explicitly used the term explain as a scientific activity in their
EIP framework. By contrast, in the FMC, the term explain (level II) can be generally
understood as a pedagogical as well as a research activity (Rocksén, 2016). On level
II, explaining is used in a pedagogical sense, and it refers to making something
understandable for somebody, for example, by describing or clarifying known rela-
tionships and correlations between the variables that are part of the phenomenon
under investigation. In a scientific context, however, scientific explanations are put
forth to answer three questions: What do we know? Why does it happen? How do
we know? (Rocksén, 2016). First, if the term explain is used in a biological context,
explanation refers to a proximate causation, which explicates a biological function
in terms of physiological or environmental influences. In this case, explaining is
related to how something happens. Second, an explanation ultimately refers to a
cause, which explicates traits in terms of evolution. In this case, explaining is related
to how something happened. Because these two scientific meanings of explanation
share hypothetical components, they would be located on level IIT of the FMC.
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Lehrer and Schauble (Chap. 13) have worked with elementary students for many
years, inventing, testing, and revising models as important mechanisms that can
support learning in ways that are largely consistent with the FMC. However, these
authors prefer the term “representational competence” to describe their goals for
young children. They see the relationship between representations and models as a
fluid continuum, aiming to expand representational competence “toward more
elaborated forms of modeling that acknowledge multiple models of the phenomena
under investigation” (p. 24).

Capps and Shemwell (Chap. 17) focused on the notion of thinking of models as
abstractions. They proposed a modification to the FMC such that thinking about
models as abstractions is recognized as a key element under the aspect of the “nature
of models” and is given a more prominent position in the framework. They argued
that the term abstraction reflects the most fundamental characteristic of models, that
is, “they are representations that pull structure away from that of their referents”
(p. 11). Therefore, they explained that they prefer the term abstraction over the ter-
minology in the FMC. The same authors also challenged the two upper levels of the
aspect of the “nature of models” in the FMC, that is, idealized representations (level
II) and theoretical reconstructions (level III), arguing that it is unclear whether these
levels “lie along a single dimension of measurement. To explain, while ‘idealized
representations’ is clearly ontological, ‘theoretical constructions’ seems to incorpo-
rate the epistemological idea that models are conjectural. In the suggested formula-
tion, this epistemological component would be shifted to another dimension of the
framework™ (p. 12). However, level III entails epistemological perspectives across
all aspects of the FMC.

18.4 Ideas for Future Research

This book focuses on a competence-based approach to models and modeling in sci-
ence education, the underlying approach referring to competence models, which are
prominent in German-speaking countries (Blomeke, Gustafsson, & Shavelson,
2015; Klieme, Hartig, & Rauch, 2008; Chap. 1). However, alternative approaches
are well established (e.g., Chaps. 3 and 14), for example, based on the notion of
learning progressions, which is prevalent in the United States (Lehrer & Schauble,
2015; Schwarz, Reiser, Achér, Kenyon, & Fortus, 2012; Chaps. 4 and 11) or the use
of rubrics (Andrade, 2000; Burke, 2006). Rubrics entail indicators of a given com-
petence in terms of descriptions of different states. While the competence-based
approach was initially grounded in theory, learning progressions for scientific mod-
eling (e.g., Schwarz et al., 2009) are also based on empirical findings on student
thinking and learning. This leads to the question of which conceptual aspects of
such models might be similar or different. The fact that different approaches have
been developed under different conditions such as cultural backgrounds, national
curricula, and standards as well as different school systems shows the need for inter-
national discussions.
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Upmeier zu Belzen, Alonzo, Krell, and Kriiger (2019) started working to address
parts of this question by comparing learning progressions and competence models
in the field of models and modeling by applying the criteria: kinds of models, model
structure, application to teaching and learning, and evaluation through research. The
authors concluded that differences in the origins and original purposes led to differ-
ent emphases in research efforts. Learning progressions are grounded in empirical
findings on student thinking and learning and have resulted in strong hypotheses on
how to foster students’ modeling competence. Competence models, often structured
into aspects and levels, are theoretically grounded; and evaluation efforts tend to
focus on the empirical investigation of the structure of the model. However, in order
to reflect on the purposes of such research, it might be helpful to think about what
researchers working with these different approaches can learn from each other.

As several options for the assessment of competences are executed in this book,
we are able to describe student performance at single time points with regard to
special aspects of theoretical models by descriptive data. To date, these studies have
focused on demonstrating that each cell of the FMC describes a distinct separable
part of students’ modeling competence (Krell, Upmeier zu Belzen, & Kriiger, 2016).
But still, Mathesius and Krell (Chap. 7) concluded that, “clearly more research is
necessary to develop and evaluate scales and questionnaires for the assessment of
the different aspects of modeling competence” (p. 14). Future research should
therefore focus on the development and use of instruments that are designed for
assessing modeling competence, for example, in large-scale longitudinal studies
and for diagnosing individual student learning (Gogolin & Kriiger, 2018). In addi-
tion, causal explanations for the observations of students’ modeling competence are
still lacking, and thus, we recommend controlled experimental studies with pre- and
post-tests on the conditions of competence development. This could be done with
different assessment methods, also including assessments of performance
(Shavelson, 2013). Performance-based assessment might also be a relevant source
of evidence for validating performed competences.

In the context of assessment efforts, validation becomes more and more impor-
tant in terms of the interpretation of test scores with regard to theory. To date, objec-
tivity and reliability are considered in most studies using assessment instruments
(Chap. 7), but different sources of validity evidence have not been investigated as
much: test content, response processes, internal structure, relations-to-other-
variables, and consequences of testing (AERA, APA, & NCME, 2014).

Constantinou, Nicolaou, and Papaevripidou (Chap. 3) contended that in the
MLF, modeling practices and meta-knowledge are equally important, “while the
FMC refers only to learners’ cognitive reflections about models and modeling”
(p. 13). They concluded that further research is needed to investigate and clarify the
role of reflection and metacognition in modeling practices, in both the contexts of
scientific work and science learning. Similarly, Krell and Hergert (Chap. 9) ques-
tioned the relationship between meta-modeling knowledge and modeling processes.
The authors challenged the common assumption of a positive relationship, that is,
that meta-modeling knowledge guides the practice of modeling (e.g. Schwarz et al.,
2009), and they argued that future research is needed to provide empirical evidence
to support or reject this assumption.
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Based on approaches from a specialist perspective, the classification of models
and modeling processes from a student perspective should also be investigated
(Krell, Upmeier zu Belzen, & Kriiger, 2014a; Meisert, 2008). This should avoid the
development of plain ontological categories (cf. Ritchey, 2012) and include the
classification of modeling processes besides the classification of models themselves
(e.g. modeling pedagogies: Campbell et al., 2015; Campbell et al., 2013).

There are repeated indications that what students think about models and model-
ing depends on the respective model (Krell, 2013; Krell, Upmeier zu Belzen, &
Kriiger, 2014b) and the relevant discipline (e.g., biology, chemistry, or physics;
Krell & Kriiger, 2017; Krell, Reinisch, & Kriiger, 2015). It is necessary to examine
the extent to which the specific context can be systematically measured as a
“difficulty-generating task characteristic” (Hartig & Frey, 2012; Prenzel, Hauller,
Rost, & Senkbeil, 2002) and how this influences the completion of the tasks (Krell
et al., 2014b). It is necessary to clarify how specialized knowledge, the knowledge
of certain models, and the meta-knowledge of models are related to problems.
Related to this, Forbes and Schubert-Lange (Chap. 15) called for future research to
investigate the impact of students’ modeling competence on their reasoning about
familiar and unfamiliar scientific concepts. In conclusion, we recommend that
future research focus on students’ use of scientific models across different content
domains and types of models as well as within different modeling practices and
epistemic considerations.

Several chapters (i.e., Chaps. 11, 12, 14, and 15) demonstrated how the FMC can
provide teachers with a tool for capturing and supporting their students’ modeling
competence. These chapters concluded that teachers need to be prepared and sup-
ported in order to be able to create supportive learning environments that actually
foster students’ modeling competence. Specifically, this requires teachers to under-
stand and enact meaningful interactions with their students (Chaps. 11 and 12).
Specific learning resources and programs are needed to assist teachers in developing
this expertise. Research is necessary to investigate the efficacy of such programs.
Ke and Schwarz (Chap. 11) concluded that there is still a lot “to be learned about
how to meaningfully engage students in scientific modeling and how to support
teachers in doing so. Understanding the interactions of teaching and learning along
with supporting teachers to enact these productive interactions will be critical to
advancing the field” (p. 24).

18.5 Conclusion

This book opened with a statement about the increased recognition of models and
modeling as a core practice of scientific work and, consequently, of the importance
of engaging students in an authentic modeling practice as a key element of their sci-
ence education. The research presented in this book spanned a wide range in terms
of theoretical and methodological perspectives as well as the contexts and settings
of the authors. Despite this variety, there seemed to be a consensus about the idea
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that, ranging from students’ early years to the university level, if science education
in the twenty-first century aims to provide students with up-to-date scientific experi-
ences, a central role should be played by learning scientific models, learning to
model, and learning about models and modeling. This book brings together a num-
ber of approaches and perspectives that are geared toward providing such learning
opportunities and reports on research evidence for the effectiveness of some of these
approaches. The FMC, as shown in this book, can play a prominent role in this con-
text. It can be used to design curriculum materials and teaching-learning sequences
for students as well as (pre-service) teachers. In addition, it can be used as an ana-
lytical framework for the assessment of students” modeling competence and teach-
ers at a particular time or to monitor the development of these competences over
time. As became apparent in this book, the FMC can be used productively alongside
other perspectives and approaches. Through its use in a variety of contexts, the FMC
itself is in need of further development. Suggestions for future research that can
inform this development include instruments and procedures for assessing model-
ing competence, the relationships between meta-modeling and meta-cognitive
knowledge and modeling practices, and longitudinal research on the development
of students’ modeling competence over time.
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