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Abstract: A poorly elaborated learner’s understanding of models has been reported to be one of
the major sources for learning difficulties in the quantum domain. To be able to provide physics
education in schools with evidence as to how this problem can be tackled, a deeper theoretical
understanding of the structure of learners” mental models in quantum physics seems essential. In
this respect, previous research has proposed two dimensions in learners” mental models in the
atomic hull context, labelled Fidelity of Gestalt and Functional Fidelity. In this article, we investigate
whether this proposed two-factorial structure can be transferred to quantum concepts beyond the
atomic hull context. To approach this, we surveyed the structure of students” mental models in the
context of photons’ properties and behavior. We conducted a questionnaire study: 170 secondary
school students completed a survey instrument adapted from the literature. Using exploratory factor
analysis, the two factors Fidelity of Gestalt and Functional Fidelity to describe the students” mental
models could be replicated for the photon context. We provide a selection of results from physics
education literature to reveal that our two-factor framework to describe the students’ mental models
seems to be a promising endeavor in the landscape of science education research in general.

Keywords: mental models; empirical investigation; quantum physics; cognitive structure

1. Introduction

Learning quantum physics is hard because quantum physics is counterintuitive. A re-
linquishment of classical physics models is regarded as the key towards learners’ conceptual
understanding of quantum physics [1]. However, after learning classical physics concepts
throughout introductory physics courses, a transition to quantum thinking is challenging
for many students [2,3]. As a result, “the overlapping/mix-up of the conceptual frame-
works of classical physics (CP) and QM” ([4], p. 257) may be observed: students are
numerously stuck to their (naive-) realist views [5] or classic-mechanistic mental models [6],
although quantum physics formalism does not enable space-time description of quantum
phenomena. Possible origins for student difficulties in the quantum physics context have
been summarized in Ref. [7]: for example, the authors point out that students—amongst
others—blend mathematical formalism and physical reality, or that they have problems
in understanding “the limitations of language to explain and express QP phenomena,
concepts, and objects” ([7], p. 4).

Kalkanis et al. [4] regard learners” lack of model understanding as one of the sources
of students difficulties in general and of students’ classical-mechanistic mental models
in particular when it comes to quantum concepts. Since quantum physics is “a prime
example for the need for model descriptions” ([8], p. 2), learners are confronted with
diverse abstract models in introductory courses on quantum mechanics. According to
Ubben and Heusler [9], these models are often misunderstood by learners “as upscaled or
downscaled exact representations of the ‘real thing”” (p. 1350). Hence, classical-mechanistic
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mental models on quantum concepts mirror the students’ difficulties in model-reality
differentiation in general [10] and in quantum physics in particular [11].

Similar problems arise in the context of atomic physics: In their study on learners’ men-
tal models of the atomic hull. Ubben and Heusler [9] collected data from 3108 participants
using a questionnaire consisting of fifteen four-point Likert scale items (strongly agree to
strongly disagree) adapted from the literature. From the participants’ ratings, the authors
uncovered the underlying psychometric structure of mental models of the atomic hull
using exploratory factor analysis: they found that the participants” mental models of the
atomic hull could be characterized by two dimensions, namely the Fidelity of Gestalt and
Functional Fidelity, respectively.

The dimension Fidelity of Gestalt. ..

1. ...describes that one can understand their mental models “as exact visual representa-
tions of phenomena or exact depictions of how things look” ([9], p. 1356), and
2. ...”how much the mental models’ gestalt is perceived as accurate” ([9], p. 1360).

On the other hand, the dimension Functional Fidelity. ..

1.  ...describes that one can understand their mental models as “appropriate descriptions
of how phenomena work” ([9], p. 1356) and
2. ..."how much the mental models’ underlying abstract functionality [...] is perceived

as accurate” ([9], p. 1360).

By combining these two empirically extracted factors, Ubben and Heusler [9] derived
four archetypes of mental modelling in the context of the atomic hull: depending on the
manifestation of Fidelity of Gestalt (FG) and Functional Fidelity (FF) in the learners’ mental
models of the atomic shell, these archetypes were designated as non-developed type (low FG,
low FF), architectural type (high FG, low FF), dual type (high FG, high FF) and functional type
(low FG, high FF). Several starting points for further research arise from these findings:

1.  Further research is needed to explore the structure of students” mental models in
quantum physics beyond the context of the atomic hull.

2. Empirical studies are needed to check the validity of the above-mentioned framework
presented by Ubben and Heusler ([9], p. 1360) in quantum physics education and
beyond. In this respect, confirmatory statistical methods are required.

3. Finally, it would have to be clarified as to how and to what extent this framework
describing the structure of mental models via the two dimensions Fidelity of Gestalt
and Fidelity of Function could inform physics instruction or physics teacher education.

This paper will focus on the first aspect in more detail. Therefore, we have chosen
to explore the structure of students” mental models in a context close to but not restricted
to the atomic hull. As we have outlined, the transfer of ideas from classical physics over
to quantum physics often causes conceptual difficulties for learners: “These conceptual
barriers become particularly apparent when investigating learners’ conceptions about
the properties and behavior of quantum objects such as electrons or photons” ([8], p. 2).
For example, various studies report on students” mental models of electrons or photons
as small (spherical) particles [12] that move along defined trajectories [13]. Therefore, this
paper focuses on students’ mental models of quantum objects, more precisely on students’
mental models of single photons’ properties and behavior. Further arguments from a rather
theoretical point of view support this specific topic choice:

1. On the one hand, quantum effects whose explanation requires a photon model, have
no classical analogues. Hence, no classical framework is valid for the description of
such effects.

2. In contrast to further quantum concepts without classical analogy (e.g., quantum en-
tanglement), the photon concept is still an integral element of international secondary
school curricula [14]. Hence, the context of photons (on the level typically presented
in secondary schools seems a suitable one for our study: since the participating sec-
ondary school students have been introduced to photons in their regular classes on
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quantum physics prior to our study, they may already have built their own mental
models of the topic under investigation.

3. Infact, this specific topic choice goes along with some limitations for our study which
we reflect on in Section 7 of this article.

A comprehensive overview of different mental models of light quanta and their
historical development within the history of physics is provided in Ref. [15].

To sum up, in this research article we ask whether the two-factorial structure of mental
models identified in the context of the atomic shell ([9], p. 1360) can also be found in
mental models of photons’ properties and behavior (cf. Section 3 on our research question).
Consequently, we report on a study exploring the structure of learners” mental models on
this topic (cf. Section 4 on the methods). In the next Section 2, we provide an overview of
the term mental model against the backdrop of a large body of research. In particular, we
include educational psychology and neurology perspectives.

2. Theoretical Background on Mental Models

When talking about cognition, the idea of mental models is often used to describe certain
small domains of knowledge. The term mental model is traced back to Johnson-Laird [16] or
Gentner and Stevens [17], although the idea behind it was already brought up by Craik [18].
One of the problems arising from the use of a mental model as a construct is its definition,
which often is not entirely consistent in different parts of literature. Additionally, several
areas of science have their own names for the same or a similar idea. Therefore, it is
necessary to propose a definition of what a mental model is in the context of this paper.
Such a definition should entail the general common properties of mental models and similar
ideas and will be distilled by looking at educational psychology and neurology. Therefore,
in a first step, we will show that there is an overlap in theoretical approaches to concepts
and mental models of cognition. For example, the primary proposition of Craik [18] was
that there is a “’small-scale model” of external reality” (p. 61) that people carry around
in their minds. Though he did not use the term mental model, his ideas are seen as the
groundwork for later uses of the term (cf. [19]).

In the context of this paper, we propose the following working definition of the term
mental model emphasizing two main components: A mental model is an individual modal
pattern—a certain gestalt—codifying some functionality.

This definition entails three aspects, which are found in the literature of different
research disciplines, as we will outline in the following:

1.  some structural component (gestalt),
2. some functional, abstract component it represents or codes (functionality),
3. subjectivity of the mental model and being based on past experiences (individual).

The first component of a mental model, the gestalt, is in many cases closely linked with
a pattern of visual modality (e.g., [20]). In fact, even Craik himself described it as being
“symbolic” ([18], p. 57). However, this does not mean that the gestalt only has to be visual.
Consider, for example, the prominent Cognitive Theory of Multimedia Learning ([21], see
also [22,23]), which proposes coding via sensory patterns of visual and auditory modality.
In this sense, gestalts of mental models will be assumed to exist in all modalities. They can
also be interpreted as one gestalt when the different modalities are coherent—when they
are different modal representations of the same thing, like the smell and shape of a piece
of pie. This is possible because our above-mentioned working definition is only about a
‘modal pattern” and not about ‘a pattern of exactly one modality’.

The second component, the functionality, is the set of functions that is coded in the
mental model, making it the abstract component. The term functionality was chosen as it
helps make this part of the mental model more value-independent. When dealing with
gestalts—or in a more everyday sense with objects or situations—there are many possible
functions that the gestalts signify. The idea of objects being seen through the lens of (a)
what is possible to do with them or (b) what they can possibly do was first proposed by
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Gibson [24-26]. Therefore, one can not only attribute a single function to a gestalt. One
can not even attribute a purely ‘good” or “productive” set of functions or a purely ‘bad” or
‘destructive’ set of functions to one gestalt. What functions a gestalt codes depends on
the context—on the situation the mental model is held in. An apple in front of you might
codify something like ‘tool for reaching satiation” when you are hungry, in another situation
it might codify something like ‘disgusting thing to avoid” when you are already stuffed.
This idea has—amongst others—been further developed and elaborated by Panksepp [27]
on a neurological level and by Peterson [28] on a psychological level amongst others.
In summary, the term functionality was chosen for the set of (potential) functions a gestalt
codes to...

1. ...circumvent having to ascribe a certain value to a gestalt and thus,
2. ...make the definition of a mental model more value-independent.

The third component of a mental model is its individual aspect. By this, several
things are meant: The most obvious aspect is that the mental models we have in our
heads are different from person to person. The reason for this can be given by using
the constructivist perspective towards learning processes: we learn from experiences
and individual properties like interest or personality make all learning individual [29].
Furthermore, a mental model can change over time, get more elaborated, more abstract or
change in the functions it codes (cf. [19,30]).

In the following two subsections, we will more thoroughly elaborate the parallels
between the working definition proposed in this article to the descriptors of mental models
that are widely used in the literature. We will consider two areas for this purpose: a perspec-
tive from educational psychology—which often shows a more theoretical approach—and
one being from neurology—which includes some more empirically based support.

2.1. Educational Psychology Perspective

The first perspective we will take when examining the idea of mental models in
psychology and educational sciences is the perspective of educational psychology, as it
is at the intersection of the former two. One of the first ideas similar to that of a mental
model in the sense of this paper is Piaget’s idea of representations [31]. He suggested
that a representation is something that goes “beyond the present, extending the field of
adaptation” and that it “evokes what lies outside the immediate perceptual and active
field” ([31], p. 273). In this sense, he ascribes a wider scope to the representation than
simply being something that directly represents some sensory input pattern and some more
abstract feature. Some efforts have been made to distinguish a representation of present
objects and more abstract ones by using the term “perceptual representation” for the former
and “conceptual representation” or “mental representation” for the latter [30]—and to some
extent this difference is sensible. In the present analysis, however, this distinction will not
be made. Thus, we will only look at Piaget’s broad definition of a representation and the
two aspects it entails: namely a “signifier” and a “signified” ([31], p. 273). The signifier is
seen as a visual component of a representation, something symbolic to aid recall, whereas
the signified is the underlying meaning of the representation. These ideas are not only
mappable to Craik’s discussions and to the working definition of a mental model presented
in this paper, but they are also used in more recent literature (cf. [32]). In addition, even the
individual aspect of representations has been emphasized [33], giving all three aspects of
mental models an analogous idea in the context of representations.

The term mental model itself has found a wide use in literature and is often used with
an emphasis on the modelling aspect of the mind. Horst [19], as probably one of the most
recent examples, uses the label as the building block of his theory of Cognitive Pluralism.
His idea of a mental model has two components: it is proposed to be an imagination of a
structure observed on the one hand and something that can be transformed in the mind by
applying actions to it, for example making it move or twist in the mind on the other [19],
p- 121. This dynamic part of the mental model is characterized as being seen through
an individual perspective. He draws on the ideas of Gibson [26] to evaluate the possible
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actions—the functionality of the model. In this sense, his idea is quite similar to the one
presented in this paper, as the three core aspects of gestalt, functionality and individuality
are present in his description as well.

In the context of learning in school, and in particular in science education research,
there has been a lot of research into students’ conceptions. Unfortunately, many of these
are not sufficiently elaborated and do not work well enough to get a grasp of functions and
relations underlying a phenomenon. However, the term mental model has been used in this
context as well (cf. [1,34]). In many cases the problem is not that learners have difficulties in
developing a mental model, but rather that their conceptions do not work aptly enough or
are interpreted insufficiently. Ref. [20] provides a very useful overview of the development
of research and theories of conceptions held by students, starting from Piaget’s first ideas
leading to a modern perspective. Their use of the term mental model differs from the one
we are describing, as it only encompasses images as gestalts and not symbolic codes such
as e.g., ‘+" or *~’. Their version of image-schemata is more in accordance with it and entails
a visual gestalt component as well as a component of dynamic or action (functionality, see
e.g., for cases of this labelling Refs. [1,35]).

After making some arguments for the definition of a mental model in this paper being
in accordance with a larger body of literature in educational psychology, the following
subsection will show some more neurological findings.

2.2. Neurological Perspective

From a neurological point of view, similar components of mental models to those
used in this paper can be found: The most striking parallel probably arises from split-brain
research. The summary of the neurological literature given here is not only meant to show
that our working definition is in line with neurological findings, but may also support
the empirical findings later on. During research in the 70s, two main modes of partly
hemispheric-dependent grouping were discovered [36]. These two were appearance and
function as criteria to associate and group entities. Depending on the hemisphere, it was
found that an association via appearance or function to a given visual cue was preferred.
More recent research has further elaborated these findings, e.g., by concluding that the
right hemisphere is more specialized for (visual) perception of causality and the left one
more specialized on abstract inference of causality, though only both hemispheres working
together can synthesise a ‘complete’ understanding of causality (for a review cf. [37]; for
a case study cf. [38]). Though these findings seem to describe a rather general picture of
hemispheric processes, the parallels to the fundamental blocks of mental models are not
easily dismissed.

To illustrate some of the parallels between mental models as discussed previously
and neurological findings for hemispheric specialisations, we will use the neurologically
rather well-researched field of causality. Firstly, we want to draw attention to the work
of Gopnik et al. [39], who proposed a theory of causal learning via causal maps. These
causal maps are regarded as part of a causal learning system, which they propose makes
“fundamental assumptions about how patterns of correlation and intervention are related to
causal relations” [39], (p. 6). In their theoretical view, again, there are the two aspects that
have shown up as well in other theories on mental models or similar constructs: (a) A sen-
sory pattern which is related to some abstract relation or function, and (b) an observational
aspect that is relevant during the generation of new causal representations [39]. In the
closing remarks of their work [39], the authors even emphasize two aspects of science which
roughly map to gestalt and functionality, respectively: one being natural history, which they
describe as “discovering consistent patterns in visual experience and relating those patterns
to the structure of objects in the world” and the other being natural philosophy, which they
describe as seeking to “explain the world in mathematical terms” ([39], p. 30) and focusing
more on a computational, functional part of cognition. From a purely terminological point,
it is not clear if representations are to be seen in a Piagetian way in this context, but their
two main components described by Gopnik et al. [39] point in that direction.
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In the case of causation, there are several neurological findings that can be related to the
theoretical ones by [39] and share many parallels to them: In particular, the study conducted
by [38] sheds some more light on the neurological underpinnings of understanding causality
with respect to hemispheric specialisations. One of the most common ways of conducting
studies on this topic is the use of interactions between moving stimuli, such as collisions
between balls in what is called the launching effect (e.g., [40]). This effect has been used
in research on perceptual causality (e.g., [38,41]), where causality is studied in the context
of visual structures, such as spatial and temporal object interactions. It was found that
the right hemisphere with its tendency to be more specialized in ‘appearance’ is also the
main actor in perceiving perceptual causality [38]. On the other hand, the left hemisphere
is more based on conceptual knowledge and logical rules and functions, making it the
more dominantly activated hemisphere in case of abstract causal events such as flicking a
switch and a light bulb lighting up. These more abstract and functional causal phenomena
that require a more functional understanding have shown to be attributable to mainly
the left-hemisphere of the brain with its frequent specialisation on ‘function” [38]. These
studies do not only lend weight to the theory presented in Ref. [39], but also give hints
for the two factors forming ‘causal understanding’ as being related to the two common
specializations of the hemispheres. In patients with intact corpi collosa, these two systems
are working closely together, merging the two. Of course, the given exemplary case of causal
understanding is only roughly considered and the neurological mechanisms underpinning
these findings are extremely complex. Nonetheless, when seen as situational mechanisms,
they show quite an overlap to what we have outlined as a mental model previously.

3. Research Question

Following the results on the structure of mental models of the atomic hull presented
by [9] and the literature discussed in Section 2, the question arises as to whether the
two-factorial structure of mental models comprising the dimensions Fidelity of Gestalt and
Fidelity of Function in student thinking can be transferred to concepts of quantum physics
beyond the atomic hull context. To approach the clarification of this question, we have
chosen to investigate the structure of students” mental models in the context of photons’
properties and behavior in this research as we have argued in Section 1.

Consequently, we pose the following research question: Does the two-factorial structure
of learners” mental models of the atomic hull with the factors Fidelity of Gestalt and Fidelity of
Function also show up in learners” mental models of photons” properties and behavior?

We expect a two-factor structure of the mental models on photons’ properties and
behavior, assuming that the two factors can again be interpreted as Fidelity of Gestalt and
Fidelity of Function. We justify this with two arguments:

1. Ashas been shown in Section 2, findings from educational psychology and neurology
suggest these two primary dimensions in students’ mental models.

2. The topics of the atomic shell and photons are different at first glance, but close in
terms of content, e.g., when we think about electrons in the atomic shell that are
quantum objects in the same way that photons are.

However, we are open to any other uncovered structure in our study: after all, the pre-
viously extracted factors of mental models in the atomic hull context, namely Fidelity of
Gestalt and Functional Fidelity, could possibly split into further subdimensions in a different
context. For this reason, we use an exploratory approach to address this research question.
This is important to not undergo confirmation bias by using confirmatory methods in an
too early research stage.
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4. Methods
4.1. Study Design and Sample

We conducted a questionnaire study to investigate secondary school students’ mental
models of the photons’ properties and behavior. No intervention was included in our study.

The sample comprises N = 170 (87 females, 83 males, 0 diverse) German secondary
school students (grades 11 and 12, 16-18 years of age) with an average grade in physics
of 2.50 (5D = 0.97). Note, that in Germany, 1 is the best and 6 is the worst grade. Prior to
our study, all students participated in an introductory course on quantum physics during
their regular physics lessons as is mandatory in the German curriculum. All students
participated on a voluntary basis, according to ethical standards. Informed consent was
obtained from all participants.

4.2. Instrument

To assess learners’ mental models of photons’ properties and behavior on large-scale,
we used ten five-point Likert scale items (1 = disagree, 2 = rather disagree, 3 = undecided,
4 = rather agree, 5 = agree) from the literature (cf. Table 1). Our items have previously been
used in empirical studies on learning quantum physics (cf. [8,42]). The original versions
of our items originate from Ref. [43] and were adapted by Miiller and Wiesner [44] in the
course of the evaluation of the Munich teaching concept on quantum mechanics at the
secondary school level [45].

In terms of content, the items address the behavior of individual photons at the beam
splitter cube and in the interferometer. We justify our item selection with an argument that
has already been used by [46]: this experimental context chosen for our items includes “the
fundamental concepts of quantum mechanics such as the wave-particle duality of a single
photon, single-photon interference, and the probabilistic nature of quantum measurement”
(p- 1). It is noteworthy, that the items we use are specifically intended to challenge
mechanistic or deterministic ways of thinking [44]. Hence, these items seem suited to
uncover students’ mental models (and their structure) of the topic under investigation.

Table 1. English version of the items of our questionnaire taken from [8] and adapted from [44].

No. Item

1 In an interferometer, the photon behaves like a particle and like a wave. It is none of them.

2 When the photon inside the interferometer moves towards the detector it takes a specific path, even if I cannot determine
this path.

3 The photon follows a specific path, regardless of whether I observe this path or not.
I cannot make statements about the behavior of single photons inside the interferometer. I can only make statements about
the statistical behavior of many identically prepared photons.

5 The current position of a photon between source and detector is indeterminate in principle.

6 The current position of a photon between source and detector is not indeterminate in principle, but unknown to
the experimenter.

7 No one can tell with certainty if a photon is transmitted or reflected at a beam splitter cube.

8 In quantum physics, it is possible that a quantum object does not possess classically well-defined properties, such as position.

9 With sufficient knowledge of the initial conditions, it would be possible to predict if a single photon is transmitted or reflected
at the beam splitter.

10 With sufficient knowledge of the initial conditions, it would be possible in classical physics to predict the outcome of a

dice roll.
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4.3. Data Analysis

We use relative frequencies to indicate how subjects rated each item. As a measure of
the correlation between the participants’ ratings on the different items, we use Spearman’s
correlation coefficient p as intended for ordinally scaled data. In line with [47], correlations
lo| < 0.20 are referred to as weak, 0.20 < |p| < 0.30 as medium, and |p| > 0.30 as strong.

In order to clarify our research, i.e., to uncover the structure of learners’ mental
models of photons’ properties and behavior, we perform an exploratory factor analysis
(EFA). Appropriateness of the dataset for EFA is examined via both the Kaiser-Mayer-Olkin
criterion, and Bartlett’s test of sphericity. Factors resulting from EFA with eigenvalues larger
than 1.0 are retained [48]. Varimax rotation is used to determine the rotation matrix [49].
We report factor loadings for all items, the eigenvalues of the factors retained and the
amount of the total variance in all items that the respective factors account for. Finally, we
provide an interpretation of the retained factors in terms of content. As we have justified in
Section 3, we expect to retain two factors that can be interpreted as Fidelity of Gestalt and
Fidelity of Function in line with the previous study by [9].

5. Results
5.1. Descriptives and Item Correlations

Spearman’s correlation coefficients between the students’ ratings for all eight items
are shown in Table 2. Furthermore, we provide the distributions of the students’ ratings for
all items in Table 3.

Table 2. Spearman’s correlation coefficients between all the students’ ratings on the ten items (1-10)
of the questionnaire. All correlations |p| < 0.10 are suppressed. Weak correlations (0.10 < |p| < 0.20)
are in normal font, intermediate correlations (0.20 < |p| < 0.30) are highlighted in italics and all
strong correlations (|p| > 0.30) are highlighted in bold italics.

1 2 3 4 5 6 7 8 9 10
1 1.00 —0.15 0.29 0.17 —0.32 0.13 0.38 —0.13 0.36
2 1.00 0.26 —-0.12 —0.10 0.19
3 -0.15 0.26 1.00 —0.26 —0.18 0.33 —0.23
4 0.29 1.00 0.29 -0.17 0.24 —0.16 0.23
5 0.17 0.29 1.00 —0.43 0.13 0.38 —0.12 0.29
6 —0.32 -0.17 —0.43 1.00 —0.34 0.21 —0.25
7 0.13 -0.12 —0.26 0.13 1.00 0.17 —0.40 0.20
8 0.38 —0.10 —0.18 0.24 0.38 —0.34 0.17 1.00 —-0.38 0.40
9 —-0.13 0.19 0.33 —0.16 —0.12 0.21 —0.40 —0.38 1.00 —0.39
10 0.36 —0.23 0.23 0.29 -0.25 0.20 0.40 —0.39 1.00
Table 3. Proportion of students’ (dis-)agreements (+, rating: 4 = rather agree, 5 = agree), disagree-
ments (—, rating: 2 = rather disagree, 1 = disagree), and undecided votes (o, rating: 3 = undecided) in
all items (cf. Table 1) in %. Deviations from 100% in the row totals are due to rounding. Furthermore,
mean ratings with standard deviations SD are given for all items.
No. Item Mean (SD) + o —
1 ;r; :12 ;r;tte;:;.ometer, the photon behaves like a particle and like a wave. It is 3.90(1.04) 63.8 28.6 76
5 When the photon inside the interferometer moves towards the detector it 2.95(1.26) 412 27 36.1

takes a specific path, even if I cannot determine this path.
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Table 3. Cont.

No. Item Mean (SD) —+ o —

3 The photon follows a specific path, regardless of whether I observe this path 2.38(1.29) 271 144 585
or not.
I cannot make statements about the behavior of single photons inside the

4 interferometer. I can only make statements about the statistical behavior of ~ 3.69(1.07) 60.6 25.6 13.7
many identically prepared photons.

5 The current position of a photon between source and detector is indeterminate 4.15(1.10) 77 4 134 9.2
in principle.

6 T}}e cur.rent Pos‘ltlon of a photon between source and detector is not indeter- 254(1.29) 1.8 311 471
minate in principle, but unknown to the experimenter.

7 No.one can tell with certainty if a photon is transmitted or reflected at a beam 3.91(1.33) 69.7 126 176
splitter cube.

8 In qgantum physm.s, it is p0551.ble that a quan.tl.lm object does not possess 427(1.00) 79.7 126 76
classically well-defined properties, such as position.
With sufficient knowledge of the initial conditions, it would be possible to

? predict if a single photon is transmitted or reflected at the beam splitter. 2.03(1.25) 16.0 17.6 66.4

10 With sufficient knowledge of the initial conditions, it would be possible in 432(1.02) 79.0 134 76

classical physics to predict the outcome of a dice roll.

5.2. Exploratory Factor Analysis Results

The dataset was appropriate for EFA as can be justified via the Kaiser-Mayer-Olkin
criterion (KMO = 0.71) and Bartlett’s test of sphericity (x?(45) = 198.86, p < 0.001). Two
factors with eigenvalues >1.0 were retained (cf. Figure 1).

W
2.5
O 2.0
=2
S
e 1.5 Q
0
2
w10
o 4 o
Sae)
0.5 ©-0
®
0.0 T T T T T
0 2 4 6 8 10
Factor

Figure 1. Scree plot corresponding to our exploratory factor analysis. Two factors have eigenvalues

greater than 1. Hence, according to the Kaiser citerion [48], two factors are retained.

These two factors accounted for 44.42% of the total variance in all items. Figure 2
provides a graphical overview of the factor analysis results including (absolute values of)
factor loadings. In Table 4, besides factor loadings, the eigenvalues and explained variance

per factor are shown.
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Item 2

Item 3

Functional
Fidelity

Fidelity of

Gestalt

P

Item 10

Figure 2. Illustration of the exploratory factor analysis results including (absolute values of) factor
loadings. Factor loadings below 0.3 are suppressed. Secondary loadings are represented by dashed
lines. Below an interpretation of both factors in terms of content is given.

Table 4. Factor loadings for our two-factor EFA solution. Retained factor loadings are in boldface for
each item. Furthermore, eigenvalues for each factor and the percentage of variance that the factors
account for are given.

Item No. Factor 1 Factor 2
Factor 1: 1 0.61 —0.12
Functional 4 0.56 0.01
Fidelity 5 0.70 0.04

6 —0.68 —0.02

8 0.67 —0.28

10 0.59 —0.34
Factor 2: 2 0.05 0.52
Fidelity of 3 —0.04 0.72
Gestalt 7 0.10 —0.65

9 —-0.29 —0.71
Eigenvalues 2.97 1.47
% variance 29.73 14.69

5.3. Interpretation of Exploratory Factor Analysis Results

In terms of content, the two-factorial structure of learners’ mental models of photons’
properties and behavior is in line with the one presented previously by [9] in the atomic
hull context: Factor 1 comprises the items 1, 4, 5, 6, 8 and 10 all of which refer to mental
models” Functional Fidelity. We justify that as follows:

e [tem 1: In an interferometer the photon behaves like a particle and like a wave. It is none
of them.
This item can be associated with Functional Fidelity because of the key expression
“behaves like” which necessarily refers to a functional aspect. Additionally, using a
wave and a particle as possible options simultaneously is known to be low in Fidelity
of Gestalt in some cases (cf. [50]), thus possibly shifting the attention to the functions.

o [tem 4: I cannot make statements about the behavior of single photons inside the interferometer.
I can only make statements about the statistical behavior of many identically prepared photons.
This item can be associated with Functional Fidelity because of the key expression



Educ. Sci. 2022, 12, 163

11 of 17

“behavior of single photons” which necessarily refers to a functional aspect. In addition
to this, statistical behavior is addressed, which is functional as well.

Item 5: The current position of a photon between source and detector is indeterminate
in principle.

This item can also be associated with Functional Fidelity because its emphasis does not
lay on the single position but on how to determine the position, which is an interactive
action between some entity and the photon, making this statement functional.

Item 6: The current position of a photon between source and detector is not indeterminate in
principle, but unknown to the experimenter.

This item can be associated with Functional Fidelity because its emphasis does not lay
on the single position but on how to determine the position, which is an interactive
action between some entity and the photon, making this statement functional.

Item 8: In quantum physics it is possible that a quantum object does not possess classically
well-defined properties, such as position.

This item can be associated with Functional Fidelity because of the key expression “does
not possess classically well-defined properties” which necessarily refers to a functional
aspect. Though many properties are functional, some of gestalt may be associated as
well (like e.g., “shape”), which is consistent with the finding that this item loads onto
the factor Fidelity of Gestalt as well (secondary loading —0.28, cf. Figure 2).

Item 10: With sufficient knowledge of the initial conditions, it would be possible in classical
physics to predict the outcome of a dice roll.

This item can be associated with Functional Fidelity because the given statement fits to
an abstract understanding of randomness in classical physics.

Factor 2 comprises the items 2, 3, 7 and 9, all of which refer to mental models’ Fidelity

of Gestalt. We justify that as follows:

Item 2: When the photon inside the interferometer moves towards the detector it takes a specific
path, even if I cannot determine this path.

This item can be associated with Fidelity of Gestalt because of the key expression
“specific path” which necessarily refers to a gestalt aspect: one may think of a well-
defined trajectory the photon follows. This seems to be counterintuitive, but paths
have been found to mainly be associated with lines by students before [51], p. 191,
making this finding indeed consistent with previous research.

Item 3: The photon follows a specific path, regardless of whether I observe this path or not.
This item can be associated with Fidelity of Gestalt because of the key expression
“specific path” which necessarily refers to a gestalt aspect: one may think of a well-
defined trajectory the photon follows. For the same reason as item 2, the categorization
as addressing Fidelity of Gestalt is consistent.

Item 7: No one can tell with certainty if a photon is transmitted or reflected at a beam
splitter cube.

Though at first glance, this item seems to be of functional nature by looking at the
words “transmitted” and “reflected”, the main aspect appears to be the simultaneity
of the actions, both of which can be imagined by different paths at once in one mental
model. It is thereby the opposite of item 1, as not two gestalts are addressed that lead
the focus on functions but two functions which bring the focus on the gestalt.

Item 9: With sufficient knowledge of the initial conditions, it would be possible to predict if a
single photon is transmitted or reflected at the beam splitter.

This item can be associated with Fidelity of Gestalt because the prediction of a single
photon’s behavior at the beam splitter cube is likely to go along with an imagination of
a well-defined trajectory the photon follows (cf. the above argumentation for item 2).



Educ. Sci. 2022, 12, 163

12 of 17

6. Discussion
6.1. Functional Fidelity and Fidelity of Gestalt as Dimensions to Describe Students” Mental Models
of Photons

From the data we gathered, a two-factor model for describing students” mental mod-
els in quantum physics—esp. with regards to the context of photons—appears to be a
suitable one.

We describe the main factor that has been revealed in our study as Functional Fidelity.
A focus on the interpretation of mental models” functional component could be found
in the items loading onto this factor, in accordance to what has previously been stated
by [9] for a different physics context. For example, in item 1 (“In an interferometer the photon
behaves like a particle and like a wave. It is none of them”.), the focus on the behavior and the
functions of a photon are pronounced: Students thinking functionally are likely to agree
with this statement. Hence, to sum up, high agreements with such items that load on
factor 1, for instance the above mentioned item 1, reflect the extent of Functional Fidelity in
students” mental models.

Similarly, for example item 2 (“When the photon inside the interferometer moves towards
the detector, it takes a specific path, even if I cannot determine this path”.), includes a more
gestalt-focused statement. The emphasis in this item is on a path, which is often visualized
and understood as a line by students and, thus, is mainly seen as gestalt-like (cf. [51]). This
item—amongst others—proved to be a good indicator for the second factor, which we
coined Fidelity of Gestalt in accordance with [9].

In summary, the two factors seem to fit with the theoretical expectations (cf. Section 2).
Additionally, considering the neurological literature as given in Section 2, we suggest
that the structure of Fidelity of Gestalt and Functional Fidelity is linked to the hemispheric
specializations, making them so to speak “hardwired” cognitive mechanisms. The fit
with theoretical expectations is underlined even more when comparing items (and their
assignments to factors) used in the study presented in this article to those from. ..

1. ...Ubben and Heusler’s work [9], and
2. ...the original version of the items presented by Miiller and Wiesner [44].

An exemplary comparison between these items is provided in Table 5: It is quickly
apparent that our items loading highest onto our factors, also (in their adapted form) load
highly on the two different factors found in Ref. [9]. It is to be emphasized that items more
focused on addressing the two factors content-wise would lend this interpretation even
more weight and such items should be created and used in further studies of this topic (cf.
Section 7 on limitations of this study).

Table 5. Exemplary high loading items for each of the two factors from the present study’s question-
naire in comparison to the corresponding items from (a) the previously published study in the atomic
hull context [9], and (b) the items” original formulations [44].

Present Study

Ubben and Heusler [9]

Original Item [44]

Functional Fi-

delity

The current position of a photon be-
tween source and detector is indeter-
minate in principle.

The movement of an electron within
the atomic hull can never be deter-
mined exactly.

The current position of an electron
between source and screen is inde-
terminate in principle.

Fidelity
Gestalt

of

When the photon inside the interfer-
ometer moves towards the detector
it takes a specific path, even if I can-
not determine this path.

Electrons within the atomic hull
move along set trajectories with high
velocities around the core.

When the electron inside the double-
slit experiment moves towards the
screen it takes a specific path, even
if I cannot determine this path.

It is noteworthy, that these two cognitive dimensions of Fidelity of Gestalt and Functional

Fidelity enable a more comprehensive analysis of student thinking than a collection of
students’ conceptions would. That is, our two-factor framework seems promising for the
categorization of students’ conceptions of photons from a rather overarching perspective: it
seems to be a sensible approach to describe students” mental models in the photon context
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(and probably beyond, as future research will have to show) via the extent of Fidelity of
Gestalt (FG) and Functional Fidelity (FF) in student thinking. This leads to four archetypes
of students” understanding of (mental) models that have already been proposed for the
atomic hull context (for a description of these archetypes, cf. Section 1):

* Non-developed type: low degree of FG and FF.
Example: Students of this type have no knowledge about the term photon and, thus,
their imagination is non-developed.

*  Architectural type: high degree of FG, low degree of FF.
Example: Students of this type describe a photon as a localised “billiard ball which
carries energy and momentum” [52] or imagine a photon to be a small spherical
particle that follows a wavelike trajectory [53].

*  Dual type: high degree of FG, high degree of FF.
Example: Students of this type describe photons as energy quanta of light in a very
abstract way. However, whenever it comes to describing concrete experiments, these
students fall back to a particle notion in a naive sense (cf. [54]).

¢  Functional type: low degree of FG, high degree of FF.
Example: Students of this type describe photons as energy quanta of light in a very
abstract way (cf. [54]).

In the next subsection, we show that our two-factor structure is suitable to describe
students’ mental models in science (education) beyond the contexts of the atomic hull [9]
or photons (this paper).

6.2. Describing the Structure of Students” Mental Models via the Dimensions Fidelity of Gestalt
and Functional Fidelity

Though the findings appear to hold true for the context of quantum physics in both
the mental models of the atomic hull as well as the mental models of photons, a more
general question arises: Do learners’ mental models of physics concepts in general show
characteristics of Fidelity of Gestalt and Functional Fidelity? For the purposes of this paper,
only a trend will be given and this question will be further addressed in future research.
However, when looking through literature of physics education, statements from learners
that are in line with these two factors can readily be found. One prominent example
are mental models of fields and field lines. Students tended to firstly show descriptive,
image-focused statements about electric or magnetic fields (cf. ([55], p. 4) and ([56],
p- 718)), before starting to ascribe more functional aspects to these gestalts (cf. ([57], p. 560)
and ([58], p- 445)). However, although in this area a purely functional understanding is
desired, this is mostly not achieved (cf. ([57], p. 564) and ([58], p. 458)).

Similarly, when considering light, initial focus in learning about the ray-model is gestalt-
oriented (cf. [34,59]), before the functional implications of the model are discovered (cf. [60,61]).
Again, the desired functionally-focused understanding is rarely achieved (cf. [61,62]).

These two areas illustrate that examining mental models through the lens of Fidelity of
Gestalt and Functional Fidelity seems of value when it comes to describing understanding and
learning progressions about physics concepts. Further research is needed in that direction.

7. Limitations

The study presented in this paper has some limitations that need to be tackled in
follow-up projects:

1. In this project, we have adopted a questionnaire to elicit students’” mental models [44]
of photons’ properties and behaviour, which is accepted in the quantum physics edu-
cation research community and which has previously been used in several empirical
studies on learning quantum physics (e.g., [8,9,45]). However, this instrument is not
specifically based on our theoretical framework on mental models in quantum physics.
This means that it was not developed with the objective of operationalising the two
factors of Fidelity of Gestalt and Functional Fidelity of mental models by means of test
items. Consequently, by developing a survey instrument to investigate students’
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mental models in the quantum physics context that addresses the two dimensions of
Fidelity of Gestalt and Functional Fidelity in specifically developed test items, we expect
an even clearer manifestation of the two factors in student thinking. The development
of such an instrument is part of future research.

2. In this study, we investigated the extent to which the description of mental models
from a rather theoretical perspective by means of Fidelity of Gestalt and Functional
Fidelity in student thinking is possible in quantum physics beyond the atomic hull
context [9]. In order to investigate this transferability, we have decided to survey the
structure of learners’ mental models on a central topic that covers the characteristic
features of quantum physics in a first step: photons’ properties and behavior. Cer-
tainly, this selection limits the generalizability of our empirical findings; in particular,
from our findings, we cannot conclude that learners” mental models of all quantum
concepts can be described by these two dimensions. It is possible that for certain
quantum concepts, further sub-dimensions of Gestalt or Functional Fidelity could be
found in the learners’ thinking. This needs to be addressed in follow-up studies.

3. Wenote, that in teaching quantum physics at the secondary school level it is widespread
practice to transfer properties to photons that were previously studied in the context
of electrons (cf. [14,53]). However, an isomorphic mapping between electrons and
photons is not valid from a subject-specific point of view, and the problem of using
an analogy between photons and electrons has already been highlighted in Ref. [63],
p. 650: for example, a photon position operator does not exist and, hence, no position
eigenstates either [64]. Instead, photons are assigned a meaning as elementary field
mode excitations in quantum electrodynamics [65]. Therefore, the question arises
whether our results regarding the structure of students’ thinking about photons are
not actually consistent with the findings of [9] presented earlier for the atomic hull
context, because electrons and photons are usually introduced in secondary school
lessons in analogy to each other without regarding them as different concepts from a
subject-specific point of view. In order to tackle this limitation, we can come back to
neurological findings presented in Section 2 of this article that suggest that the cogni-
tive dimensions (Fidelity of Gestalt and Functional Fidelity) in learners” mental models
of photons empirically uncovered in this article, indeed, appear to be deeply rooted
in human thinking. Nonetheless, we acknowledge a need for further research in this
context: for example, analyzing the mental models of learners who were introduced
to quantum field theory might add value to the field.

4. Furthermore, it is noteworthy, that we limited our study to secondary school students.
Therefore, generalising our findings to learners from other educational backgrounds
is not straightforward. However, the earlier work of [9] suggests that one might find
a congruent structure of mental models in individuals from different backgrounds,
differing only in the expressions of Fidelity of Gestalt and Functional Fidelity in stu-
dent thinking.

8. Conclusions and Outlook

In this paper, we managed to replicate the two factors Functional Fidelity and Fidelity of
Gestalt to describe the structure of students” mental models of photons. These factors had
previously been found by Ubben and Heusler [9] in the atomic hull context. The description
of mental models by these two factors seems to prove fruitful, as they have been found for
related topics of quantum physics. Hence, the characterization of students” mental models
via the degree of Functional Fidelity (FF) and Fidelity of Gestalt (FG) seems a promising
approach towards a theory of learning quantum physics. However, even with the results of
this study, teachers will be able to more effectively understand learning difficulties in the
quantum domain: Whether they stem from missing gestalts, from highly held gestalts or
from missing functionalities. We hope that our findings will provide teachers with more
effective means to facilitate development of adequate and useful mental models in learners.
For each archetypical mental model, there are specific possible actions that could help this
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development. The non-developed type could profit from creative tasks such as visualizing
to improve the FG dimension (which of course should be reflected upon critically later).
The architectural model type could benefit from dynamic representations or interactive
models to get to know more functions of the model and how it behaves to increase the
FF dimension. The dual type could benefit from other visualizations that have different
gestalts but similar functionalities, so that abstractions are possibly made easier. Lastly,
a functional type could be made to be reevaluated by showing contexts that the mental
model is not sufficiently applicable anymore, leading back to an enhancement of the mental
model and thus making it a more powerful tool.

Additionally, our framework is promising in applications beyond learning quantum
physics, as pointed out in the discussion (cf. Section 6). Further research is needed to
investigate the transferability of our two-factor framework to the description of students’
mental models of further physics topics. Several points will have to be addressed in the
future to further develop research on our empirical findings and theoretical framework of
Fidelity of Gestalt and Functional Fidelity. One important aspect will be to use instruments
including items more tailored towards addressing only one of the two factors. This means
focusing on either just the visual associations or the functional associations in learners
regarding specific mental models. As a first step, we suggest using qualitative evaluations
to get an idea of what gestalts and functionalities learners hold regarding specific topics in
science. From these evaluations, test instruments will then be constructed to evaluate which
type of mental model the learners have to make evidence-based suggestions as to how
help students’” development of towards a functional understanding of models in (quantum)
physics. In more general, as has been shown in Section 6, it is not improbable that our
theoretical descriptions may even be of great use to better understand science learning in
general on a cognitive level.
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