










































































































































































































































































Figure 3: The percentage of students who expressed only mathematical conditions of applying
a formula while progressing along the phases of the activity (N = 158).

2a. How did the activity influence the teachers’ practice?

As a result of working with the activity

* Teachers discussed formulae with colleagues and enriched their knowledge. For example,
following the analysis of students’ worksheets regarding the formula > F' = ma, teachers
debated whether “The first law of Newton is a special case of the second law of Newton
or not”.

» Teachers used the activity as a diagnostic tool. For example, one teacher reported: “Dur-
ing the examination of my students’ worksheets I was astonished to find students’ learning
difficulties that I had not been aware of beforehand. Another teacher gave the following
example, “the potential energy U at any distance from the earth’s center r(r > rg), with
the choice for U = 0 at infinity, is positive”.

» Teachers used the activity to relate the mathematical and physical aspects of a formula in
the all-class discussions as can be seen in figure 4.

2b. What issues were raised by the teachers in their reflection on the activity?

Teachers stated that the activity promotes students’ understanding of formulae. In particular,
it serves as a systematic tool for analyzing formulae: For example, “This activity guides the
students in analyzing a formula in a systematic way: to explain the meaning of its components,
to check the units, to find the special cases and so on” and “On the one hand, the activity helps
the students to take a whole formula, and decompose it into its components. On the other hand,
it helps the students understand the connections among these components”.
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Figure 4: Graphs drawn by Physics teachers.

4. SUMMARY AND DISCUSSION

This study indicates that beyond serving as a diagnostic tool for students and for teachers,
the “Interpretation of a Formula” activity provides learners with a systematic method for un-
derstanding a formula. In particular, the activity enables learners to relate mathematical and
physical aspects of a formula.

The activity promotes active learning by eliciting prior knowledge, discussing it with peers and
modifying it accordingly, as claimed by Arons: “Students must have time to form concepts,
think, reason, and perceive relationships. They must discuss ideas and they must write about
them” (Teaching Introductory Physics. p. 364).
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RECOGNIZING THE STRUCTURAL ROLE OF
MATHEMATICSIN PHYSICSLESSONS

Ricardo Karam & Mauricio Pietrocola
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ABSTRACT

Physics and Mathematics have been deeply interrelated since the very beginning of
scientific knowledge and this mutual influence has played an essential role in both
their developments. Historical case studies show us both physical problems mo-
tivating the creation of mathematical concepts as well as mathematics previously
originated in the “abstract world” being used and physically interpreted. However,
in the context of education, these two disciplines tend to be treated separately and
the students hardly become aware of this successful interplay. In this work, we
propose a categorization that aims at distinguishing technical skills - the ones re-
lated to the domain of basic rules of mathematics and normally developed in maths
classes from the structural skills - which are related to the capacity of employing the
mathematical knowledge for structuring physical situations and recognizing their
interrelations. Our main goal is to establish cognitive abilities to be developed in
physics education with the purpose of acquiring the latter ones.

1. INTRODUCTION

A brief look at the history of Mathematics allows us to realize that several mathematical con-
cepts have their origin in genuine physical problems. Just to mention a few examples: Einstein
(1921) considered geometry to be one of the oldest physical theories; the origin of calculus is
practically inseparable from the description of movement so that in Newton’s theory of flux-
ions, the fluent variable was the time and the fluxion the instantaneous velocity (Boyer, 1949);
according to Poincaré (1970), differential equations were originated in the core of physics to
solve physics problems; vector algebra and analysis is directly related to the mathematization
of electromagnetism (Silva, 2007); Fourier analysis was motivated by problems of waves on
strings and propagation of heat (Davis & Hersh, 1981), amongst many others.

In an inverted reasoning, mathematical concepts created in an “abstract world”, without any
compromise with applications to the “real world”, are commonly “used” by physicists to con-
struct their theoretical explanations of phenomena. Some philosophers use the analogy of pre-
fabricated mathematics and compare the physicist’s attitude to “a person who goes to the market
of mathematics to take what he needs to construct his theory” (Boniolo & Budinich, 2005, p.
83). This is actually the case for the conic sections, initially studied by Apollonius of Perga
in the III century B.C. and used almost two thousand years later by Kepler to describe the
movement of the planets. Another interesting episode is the rising and development of complex
numbers in the XVI century, motivated by the mathematical problem of finding solutions for
cubic equations, and two hundred years later, these “imaginary” numbers were being used and
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physically interpreted initially in the optics of Fresnel, and afterwards in electrodynamics and
quantum mechanics (Bochner, 1981). More recently, other examples of prefabricated mathe-
matics are found in the application of noneuclidean geometry and tensorial calculus in general
relativity and the use of Hilbert space in quantum mechanics.

These remarkable historical relations between mathematics and physics can (and should) be
made explicit in the context of science education. Unfortunately, what we find in regular class-
rooms in Brazil is far away from that goal. Recent studies on Brazilian students’ scientific
conceptions (Karam, 2007; Ricardo & Freire, 2007) show us that they hardly recognize the
structural role of mathematics in physical thought and don’t realize the importance of physics
for the development of mathematical concepts. Our main verifications are that: 1) Students lack
understanding of the conceptual meaning of physics equations; ii) In physics classes, mathe-
matics is normally regarded as a mere tool to solve problems; iii) In maths classes, physics
tends to be only an application of previously defined mathematical abstract concepts; iv) Many
mathematical concepts are learned without any relation to the physical problems that originated
them; v) No integrated curricula is implemented or even discussed; and vi) Students memorize
equations instead of deriving them from physical principles.

From what has been seen in the international literature, it is possible to infer that similar prob-
lems are found worldwide. Defending the importance of modeling for physics education, An-
gell and others (2008) argue that the understanding of the physical description of phenomena
involves the ability to represent these phenomena through multiple representations and being
able to translate between them. One of the conclusions of their research is that translating
from physical situations to the formalized language of mathematics is the most difficult task
for students. A similar result was obtained by Tuminaro & Redish (2007) when they analyzed
and categorized students’ use of mathematics when solving physics problems. The theoretical
framework proposed by the authors consists of six hierarchical structures (Epistemic Games),
which allow them to understand students’ reasoning when solving physics problems. The most
intellectually complex e-game is called Mapping Meaning to Mathematics and it involves the
ability to translate the conceptual physical story into mathematical entities and relate them to
the same story. This was recognizably the most difficult task for the students in the research.

Aiming at facing up to this challenge, we propose a distinction between technical and structural
skills when it comes to analyzing the students’ use of mathematics in physics and the compre-
hension of their interdependence. In this paper, we describe a set of five structural skills and
argue that they should be aimed at in physics (and mathematics) education. Taking into account
that mathematics has a structural role in physical thought (Pietrocola, 2008), these skills were
inspired both by epistemological and empirical studies.

2. TECHNICAL VERSUS STRUCTURAL SKILLS

One of the main concerns of physics teachers, whichever level of education, is their students’
knowledge of mathematics. It is rather common to find teachers complaining that their pupils
don’t know enough math and, therefore, aren’t able to succeed in physics.

In fact, it has already been sufficiently demonstrated that the absence of some basic mathemat-
ical skills is a considerable factor for students’ failure in physics courses (Hudson & Mclntire,
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1977; Hudson & Liberman, 1982). However, it is equally consensual that the domain of these
skills doesn’t guarantee success in physics; in mathematical terms: they are necessary but not
sufficient. Pre-course tests of algebraic and trigonometric skills taken by approximately 200
students initiating a physics course allowed Hudson & Mclntire (1977) to conclude that the
mathematical pre-test was more a “predictor of failure than a guarantee of success” (p. 470).

This lack of correlation between the domain of mathematical skills and success in physics
courses can be understood if we recognize that using mathematics in physics is something
different from simply doing math. This is exactly the position defended by Redish (2005) when
he states that:

[...] using math in science (and particularly in physics) is not just doing math. It
has a different purpose - representing meaning about physical systems rather than
expressing abstract relationships - and it even has a distinct semiotics - the way
meaning is put into symbols - from pure mathematics. It almost seems that the
“language” of mathematics we use in physics is not the same as the one taught by
mathematicians (p. 1).

Some of these differences are pointed out by the author, such as:

* We [physicists] have many different kinds of constants - numbers (2, ¢, 7, ...),
universal dimensioned constants (e, h, kg, ...), problem parameters (m, R,
...), and initial conditions.

* We blur the distinction between constants and variables.
* We use symbols to stand for ideas rather than quantities.
* We mix “things of physics” and “things of math” when we interpret equations.

But perhaps the most dramatic difference is the way we put meaning to our symbols
(Redish, 2005, p. 2).

In agreement with Redish (2005), we believe that it is interesting to propose a distinction be-
tween technical and structural skills when it comes to analyzing the student’s use of mathematics
in physics and the comprehension of their interdependence.

The first ones - technical skills - are normally developed in maths classes and are related to
the technical domain of mathematical systems, such as operations with algorithms, solution of
equations, etc. Many physics teachers associate their students’ failure with the lack of these
technical skills and it is fairly common to encounter physics teachers complaining that the
students cannot “divide with fractional numbers, isolate a variable, solve an equation, calculate
the value of a determinant and so on ... " It is not uncommon for these teachers to struggle in the
physical interpretation of problems, even presenting the function that represents the problem’s
solution, and then say: “from now on it is only mathematics and the solution to this was already
presented to you in a previous subject or in maths class”. According to Pietrocola (2008), this
implies that once the problem has been understood, from a physical point of view, from then
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on such competencies are no longer that teacher’s responsibility. The transformation of the
problem is a mathematical algorithm and solving this would depend on skills learned in other
subjects.

This posture reflects a naive or incorrect conception of the deep interrelations between mathe-
matics and physics, once it implies that the former is considered to be a mere tool for the latter
(Pietrocola, 2008). When analyzing some standard physics problems, such as the ones usually
found in textbooks, it is not uncommon to realize that the necessary skill to solve it is to find
the correct formula, “plug” numbers into it and reach the numerical solution. Those kinds of
problems and exercises focus mainly on the “hows”, instead of on the “whys”.

Accordingly, beyond the technical skills, we propose a set of cognitive abilities - namely struc-
tural skills - which are associated with the capacity of employing mathematical knowledge for
structuring physical situations and recognizing their mutual influence. In this sense, Pietrocola
(2002) defends that:

Considering that mathematics is the language that allows the scientist to structure
his/her thought in order to comprehend the physical world, science teaching should
enable the students to acquire this ability. [...] it is not about just knowing Mathe-
matics and applying this knowledge to physical situations, but being able to appre-
hend theoretically the “real” through a mathematical structure (Pietrocola, 2002,
pp-110-111).

Hence, we propose that the acquisition of structural skills should be one of the main goals of
physics education. From both epistemological and empirical studies, we have reached a set of
five of these skills (competences), which are presented and discussed.

2.1. DERIVE EQUATIONS FROM PHYSICAL PRINCIPLES

Undoubtedly, one of the most important notions of mathematical reasoning is the concept of
proof. This notion, which was mainly developed by the Greek mathematicians and philoso-
phers, involves starting from an “evident” set of postulates and axioms and, by logical de-
ductions, being able to prove a certain theorem. This style of reasoning is widely used and
exemplified in Euclid’s Elements and can also be found in several Physics masterpieces, such
as Newton’s Principia and Einstein’s paper on Special Relativity. In spite of the controversial
philosophical debate around the “veracity” of the axioms, the idea of proving is more deeply
related to the capacity of answering why questions. Presenting and discussing some proofs of
the Pythagorean Theorem to the students for example, is definitely very different (better) than
simply stating it as a mysterious truth and using it in several exercises.

In physics education, it is also possible to highlight the reasons by demonstrating physical for-
mulae. In this sense, we believe that derivations enhance student’s knowledge about the origin
of physics equations, allow them to penetrate into the inner structure of physics reasoning and
avoid the rote memorization of senseless mathematical formulas. Some good examples are
the derivation of the law of refraction from Huygens’ or Fermat’s principle or Kepler’s laws
from Newton’s dynamic laws. In fact, different ways of deriving the same formula is also rec-
ommendable and provide exciting discussions, since it clarifies the flexibility of mathematics.
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An interesting approach, which encourages fruitful debates, is confronting these mathematical
derivations with the process of obtaining the same law from the analysis of experimental data.

2.2. IDENTIFY THE ESSENTIAL ASPECTS THAT JUSTIFY THE USE OF MATHEMATICAL
STRUCTURES IN PHYSICAL PHENOMENA

Students should be aware of the reasons why a certain mathematical structure is useful for de-
scribing a particular physical phenomenon. For instance: trigonometric functions are valuable
in physics either because it is necessary to obtain orthogonal components of a vector or because
there is some periodicity related to the phenomenon (waves, electric circuits, etc.). Matrices
(vectors and tensors) are necessary when the various states of a physical system are represented
by groupings of real numbers which cannot be isolated interpreted, each by itself. Returning
to the analogy of prefabricated mathematics, it would be as if one were able to find the aisle in
the “market of mathematics” where he or she could find what is needed to model a particular
phenomenon.

This skill could be accessed by encouraging students to think about the reasons why each phys-
ical formula has that particular shape. Some examples can be: What is 7 doing on the simple
pendulum formula? Why is the work done by force a scalar product and the torque a vector
product? Why is there a logarithm in Boltzmann law? Naturally, this ability can also be devel-
oped in the context of mathematics education if the (physical) motivations for the creation of
certain mathematical concepts are mentioned to the students.

2.3. UNDERSTAND THE CONCEPTUAL MEANING OF PHYSICAL EQUATIONS

What does a physical formula mean for the pupils? Tuminaro and Redish (2007) have showed
that many students blindly plug quantities into physics’ equations and churn out numeric an-
swers without conceptually understanding the physical implications of their calculations. In
their framework, the authors identify this reasoning as an Epistemic Game called “Plug-and-
chug”. One emblematic example found in their results is when a student tries to use PV = nRT
to solve a problem and identifies the R as being a radius, which has absolutely no relation to
the physical context of the problem.

Therefore, it is imperative that students develop the ability of “reading” physical equations and
interpreting their meaning. The learning tool described and analyzed in the contribution from
Bagno, Eylon and Berger seems to be extremely useful for developing this skill.

2.4. RECOGNIZE THE IMPORTANCE OF ANALOGICAL REASONING

Noticeably, one of the most fruitful resources of reasoning in physics is analogy, since the re-
lation between the model and the modeled phenomenon is generally analogical. According to
Mary Hesse (1953, pp. 202), “an analogy in physics is a relation, either between two hypothe-
ses, or between a hypothesis and certain experimental results, in which certain aspects of both
relata can be described by the same mathematical formalism”. This last aspect is particularly
important for the development of new theories by formal analogy. In his Analytical Theory of
Heat, Fourier (1878, pp. 8) has highlighted the power of analogy by arguing that “mathematical
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analysis brings together phenomena the most diverse, and discovers the hidden analogies which
unite them”.

Many physical formulae “look alike™: y = gt%/2, K = mv?/2, W = k2?/2, E = CV?/2.
Why are these four equations similar? Some other classical examples of this sort are: Newton’s
gravitation law and Coulomb’s law; hydrodynamics and electromagnetism equations; pendu-
lum’s and spring-mass system’s formulae. The explicit discussion of these similarities should
highlight the importance of analogical reasoning for physics students.

2.5. COMPREHEND THE HISTORICAL MUTUAL INFLUENCE BETWEEN MATHEMATICS
AND PHYSICS

According to Tzanakis & Thomaidis (2000), any treatment of the history of Mathematics inde-
pendent of the history of Physics is necessarily incomplete (and vice-versa) and, for that reason,
they suggest an historical-genetic teaching approach. This approach recommends that a subject
should be taught only after the learner has been motivated enough to do so by means of ques-
tions and problems which the teaching of the subject may answer. Therefore, such an approach
emphasizes less the way of using theories, methods and concepts (technical skills), and more the
reasons for which these theories, methods and concepts provide answers to specific problems
and questions (structural skills).

For this reason, every historical case-study that clarifies the importance of the relation between
mathematics and physics for the essence of scientific knowledge can be a valuable resource in
science education. As previously stated, it is highly recommendable to clarify both the impor-
tance of physics problems as sources of motivation for the creation of mathematical concepts
as well as the abstract structures of mathematics acquiring physical signification and interpre-
tation.

3. CONCLUSIONS AND FUTURE PERSPECTIVES

This work is part of doctoral research that has been developed to investigate the interrelations
between mathematics and physics in order to identify possible implications for teaching. Con-
sidering the complexity of the topic, there are several possible approaches to treat it (historical,
epistemological, cognitive, etc.). Our main goal is to focus on the structural role of mathematics
by differentiating technical from structural skills and analyzing the possibilities of developing
the latter ones.

For the development of this work, we intend to strengthen our set of structural skills both by
epistemological arguments and by analyzing their development in real classroom situations.
Physics lectures are being recorded in order to investigate how this structural role of mathemat-
ics is approached by experienced professors.
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STUDENTS VIEWSON THE USE OF MATHEMATICSIN
PHYSICS

Gesche Pospiech & Ulrike Bohm

TU Dresden, Germany

ABSTRACT

Generally physics is regarded as being strongly connected to mathematics. How-
ever, in physics lessons at school this important aspect often is neglected as it is
regarded as quite difficult for students. Statement about students’ views in general
are based more on conjectures than on hard data. Therefore we conducted a study
on the view students from grade 9 (15 year-old) to grade 11 (17 year-old) have on
the use of mathematics in physics as well as in physics lessons. The students were
asked to rate the importance of verbal explanations, mathematical formulations and
graphical means and their interrelations for their understanding of physics. In ad-
dition the viewpoints of teacher students and teachers were evaluated.

As we observe that mathematical elements beyond formulae are introduced early in
physics lessons, e.g. in the construction of the mirror image in geometrical optics,
we studied the role of the use of mathematics in this context for physical argu-
mentation and understanding in the sixth grade (11 year-old). The presented study
shall contribute to the currently little investigated field of developing mathematical
competence in physics lessons.

1. THEORETICAL BACKGROUND

In this paper we cover the range from the epistemological to the teaching framework mentioned
in the introduction. The gaining and explaining of physical knowledge often goes along with a
mathematization, which is not transparently perceived as such by learners. As physicists regard
the connection of physics and mathematics as very close in most physics courses many problems
are posed where mathematical elements are used throughout and frequently numerical values as
a result are required. On the other side many students state not to like mathematics in physics
and seem to have difficulties applying it. But there are also observations that seem to show that
at least some students see advantages in using formulae. Often teachers seem surprised that
their students may not be able to apply knowledge from mathematics lessons in physics. The
reasons might be manifold as indicated in the following.

In mathematics classes work is done on a very abstract level. Before using them, terms and
objects are exactly defined and given in a mathematical language. Since students often have
difficulties with the language of mathematics, these terms are illustrated with real objects. An
example related to optics is the following: Depicting a line reflection e.g. is motivated by
folding tasks. Knowledge itself, however, is not gained from the illustration of mathematical
contents, but from a mathematical discourse.
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In physics classes, however, the use of mathematics often remains on a superficial level. The
students only mechanically apply the learned formulae and often do not understand their mean-
ing in detail. Often it seems to be the core problem to find the correct physical model for a given
real phenomenon. Then a student might say: “If I have the correct Ansatz, then I can calculate.
The calculation itself is no problem.” However, students may have technical difficulties as e.g.
that numbers are connected with units, or strategic difficulties namely that students tend to in-
sert numbers instead of manipulating terms such they do not recognize the underlying physical
structure.

Since there is a fundamental difference between the mathematical and physical approaches,
methods of gaining knowledge in mathematics normally cannot be directly transferred into
physics. As Redish & Bing point out the application of mathematics in physics has its own
special difficulties and pit falls, be it only the different appearances of notations and formulae.
Also Eylon & Bagno stress that students have to learn how to interpret and use formulae in
physics. The technical as well as the semantic perspectives are important. However, very little
is known about the details of the related teaching-learning processes in school. In order to
understand how students handle mathematical and physical knowledge in their interplay it is
necessary to examine the modelling process in physics in a more detailed way.

The differentiation among various perspectives of modelling is seen as a necessary step (see e.g.
Grea & Moreira, 2001). If the different perspectives of modelling are not transparent, that is if
there is no explicit ‘Micro-Modelling’, students’ understanding in physics may be hampered. It
is important to know that a mathematical description, based on the use of mathematical laws, is
only possible after a linguistic description of the physical model. One attempt to reconcile the
understanding with the important use of mathematics consists of an interlacing of physical and
mathematical models in order to make clear the relevant details and their relations. This will be
treated with an early example, the mirror image. Breaking down scientific models into separate
perspectives of modelling is one presupposition to analyse student answers according to on the
one hand the modelling perspectives used; on the other hand it elicits ways of how to integrate
mathematical knowledge into physics lessons.

2. VIEWS OF STUDENTS AND TEACHERS - A QUESTIONNAIRE STUDY

As physical modelling is connected to linguistic elements, we started a study with question-
naires for teachers, teacher students and students in order to see which elements are being
regarded as relevant for understanding physics. Can we identify crucial points for teaching
the transfer between the mathematics and the physical phenomenon with the central goal of
understanding? Especially we asked:

* What aspects do the students view as especially important for understanding physics:
explanations or formulae or other mathematical tools?

* What role do explanations play in understanding physics in relation to a mathematical
description (in the views of teachers, teacher students and students)?

* What connection is seen between verbal explanations, graphs and formulae?

92



2.1. METHOD AND RESEARCH TOOLS

A questionnaire has been developed to elucidate the view of pupils of grades nine, ten and
eleven (15-17 year old) on the mathematical elements that would be relevant for their under-
standing physics. In order to control the correlation between the views of the pupils and their
teachers they filled in a questionnaire with open questions. They should state their views on
mathematics, their preferred style of teaching it and the optimal relation of formulae, explana-
tions and diagrams during lessons, especially in lower secondary school. Additionally teacher
students in their second year (26 students) at university got nearly the same questionnaire, only
differing with respect to their slightly different situation.

The student questionnaire included overall 53 items covering the self concept and 44 items (to
be rated on a five-point scale from total agreement to total disagreement) concerning the role
of mathematics in physics, the role of mathematics in physics lessons, especially the use of
formulae and explanations, their relation to each other and the use of diagrams. Furthermore
it required explanation of formulae and solving selected physics problems from the national
standards that included verbal explanations, use of graphs and calculations. Altogether 166
students (75 students in grade 9; 61 in grade 10 and 30 in grade 11) have participated.

2.2. RESULTS AND ANALYSIS

Some teachers stressed that they focus on the connection of formulae and explanations, but
regard mathematical elements as quite important. Most teachers seem to use diagrams more
or less often as about one third of students state that diagrams are used often, seldom, or are
undecided, respectively.

The analysis of the students’ views concentrates on the following three aspects: use of formulae,
use of diagrams and the use of verbal explanations.

From grade 9 to grade 11 it is seen that the mathematical components of physics gain importance
in the views of students. It seems that in grade 10 diagrams are more used than in grade 9, which
may depend on the subjects treated. Furthermore the physics gets more intricate and complex,
students are more used to calculations in physics and teachers make more calculations because
some students will take an advanced course in grade 11 which requires more mathematics than
the ordinary course.

Furthermore, the results indicate that grade 9 students have more positive self-esteem with
respect to physics, more grade 9 students think qualitative elements are easier to handle than
calculations, more grade 10 students think formulae more important and more precise than
verbal explanations.

2.3. VIEW OF TEACHER STUDENTS

Teacher students sometimes confirm that in their lessons the use of formulae provided concrete
evidence and made relations clearer. They stress that it is most important to connect formulae
to their meaning and - moreover - that the application of the formulae to real problems “gives
life” to the mathematics and hence could contribute to the motivation.

They stress the importance of verbal explanations for understanding but they also indicate that
using mathematical means could be of help for students if implemented in an appropriate way.
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Figure 1: 1: Mathematics is an important tool of physics. 2: Formulae are an important part of
physics. 3: Formulae are needed to solve physics problems. 4: Formulae or equations describe
physical processes better than verbal explanations. 5: With formulae similarities between dif-
ferent subjects are better understood. 6: Similar formulae in different subjects mean similar
relations.

3. MATHEMATICAL-PHYSICAL MODELLING - AN INTERVENTION STUDY

Our projects rely on the observation that the struggle for understanding the connection between
mathematics and physics starts from the very first encounter of students with this interrelation-
ship which might be much earlier than most teachers are aware of. Mathematical elements are
used already in the very beginning, even e.g. in introductory ray optics. In tasks with everyday
problems - that are highly valued in physics lessons - physical laws are applied to real, complex
problems. Yet, understanding such complex problems requires not only physical and mathe-
matical modelling but also other perspectives of modelling. Therefore we started with a study
on an example right in the beginning of physics lessons in school which incorporates different
perspectives of modelling, the mirror image. For its explanation besides the model of light ray,
the law of reflection also the modelling step ‘eye and human seeing’ is needed. Furthermore the
mathematical technique of mirroring are used. Taking into account the vast literature on learn-
ing difficulties in comprehending the mirror image (see e.g. Goldberg & McDermott, 1986;
Wiesner, 1992) we designed a special training program.

3.1. THE TRAINING PROGRAM

The training consists of various interactive presentations, which are worked through indepen-
dently by students. Here we make the different perspectives (see figure 2) of modelling trans-
parent to the students. To understand the mirror image the physical and the ‘human’ modelling
perspectives are sufficient. The mathematical model perspective can serve as a help for the
difficult construction.
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The usage of the law of reflection is described at the physical model perspective (see B in
figure 2). Of course the law of reflection has a mathematical description, but here the physical
modelling perspective of the reflection of pencils of rays on plane surfaces matters. Students
know the term ‘reflection’” from mathematics lessons in the form of line reflection. Furthermore
they have examined the features of axial symmetric figures. Under the mathematical modelling
perspective the construction of selected suitable points in the line reflection is understood (see
C in figure 2).

In physics lessons both of these modelling perspectives are used to explain the formation of a
mirror image. The third modelling perspective relates to the processes of human seeing (see A
in figure 2). This modelling perspective is often neglected.

D
A

Three modelling perspectives ,human’ model physical model mathematical model

Figure 2: (A) “human’ model, (B) physical model, (C) mathematical model.

3.2. THE STUDY

The present study aims at giving insight into how prior knowledge of mathematics is integrated
in the process of understanding mirror images. Taking into account the research on understand-
ing the mirror image we performed a study that relates several modelling perspectives to each
other and makes this procedure clear to the pupils (11-12 year old).

3.3. METHOD

116 students (sixth grade) participated after their first instruction in geometrical optics. Stu-
dents’ basic knowledge and their prior understanding of the mirror image were assessed by
providing students with a physical story problem. Students were described a fictitious situation
of a younger brother playing with a mirror and a candle. Solving this problem requires a deeper
understanding of the formation of the mirror image.

Students were asked to help the little brother. They should formulate the answer in their own
words including a small drawing. One group (assisted) received a small drawing with a candle
and an axis of reflection, the other group (unassisted) did not. Students’ answers were analyzed
according to the principles of qualitative content analysis after Mayring (2003) [3]. Afterwards
the individual statements were attached to the respective modelling in text and picture and
assessed additionally.
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3.4. RESULTS

Significant differences between the individual groups (‘assisted’ and ‘unassisted’) in the exam-
ined classes (N=116) concerning the use of the different perspectives of modelling could not
be found. In both research groups students show little less than 70% of the basic knowledge.
There is hardly any knowledge available for the understanding of the mirror image in both the
groups. The ‘assisted’ group is slightly better at this.

The study shows that on the one hand very few perspectives of modelling were used in the pre-
test, and on the other hand that there is an interrelation between giving the described assistance
and students’ answers If students are given assistance, they use the mathematical modelling
perspective significantly more often than ‘unassisted’ students. The usage of the physical mod-
elling perspective shows the contrary interrelation. Here 10% of ‘assisted’ students use the
physical perspective of modelling in picture and 19% of ‘unassisted’ students.

If students are given a key impulse that they know from Mathematics classes, they use the
mathematical argumentation significantly more often, which apparently suppresses the physical
argumentation here. For this reason it is of utmost importance to pay attention to the type and
context of the mathematization of contents in lessons and also in examination questions.

4. CONCLUSION

At the moment we are trying to integrate the new concept in standard school lessons. In further
studies we want to analyse the interplay of mathematical and physical arguments in physics
lessons more deeply. The goal is to identify the difficulties of students in great detail and the
influence of different teaching strategies on their thinking. How can we succeed in cross linking
previous knowledge in mathematics with new ways of physical thinking? The first step to solve
this is to understand how students handle their previous knowledge in mathematics when they
start with lessons in physics.
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ABSTRACT

Since 2005, the Italian Universities have promoted initiatives for school-university
cooperation in the framework of a national project (PLS) to face the problems of
a substantial scientific illiteracy in young people and a worrying decreasing inter-
est in physics emerging from OCSE-PISA data. The project PLS is financed by the
Ministry for Education and Universities and coordinates 65 local university projects
in mathematics, physics, chemistry and material science. The collaboration of Uni-
versities with teachers in the PLS physics section is an important goal realized in
different ways. The Italian university Physics Education Research Unit (IPERU),
cooperating with national research projects on physics education over the last 15
years, joined in a proposal for PLS consisting of a national pilot II level Master
(post Master Degree) on innovations in teaching and learning physics and guidance
for in-service teacher development in modern physics and problem solving. The
Master (Master IDIFO) is realized through the cooperation of 15 IPERU, led by
Udine. The Physics Education Research (PER) is present in the Master IDIFO in
various dimensions: the materials used for teacher development are research prod-
ucts, and the activities proposed include research-based school experiments (teach-
ing experiments). The development processes in the context of pedagogical content
knowledge (PCK) is monitored to individualise elements for a model of in-service
teacher development in modern physics.

In this contribution the characteristics of the Master IDIFO and significant aspects
of its realization are discussed, in terms of a community where a fruitful interac-
tion between school teachers and researchers produces a research-based model for
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teacher development. In five case studies discussed in detail the main problems for
curricula innovation are in the fields of relativity, quantum mechanics, statistical
mechanics and the structure of matter, with relative research methods offering a
bridge between research and education.

1. MASTER IDIFO FOR IN-SERVICE TEACHER TRAINING IN MODERN
PHYSICS

Italy’s main response to the fall in motivation with regard to scientific studies has been the Pro-
getto Lauree Scientifiche (PLS) (Scientific Degree Project), promoted by the coordination of
the Science Faculties of Italian Universities and organised in three areas: mathematics, physics
and chemistry'. In the field of PLS?, the Italian Research Units in Physics Education® worked
together to produce a Master on Didactic Innovation in Physics Education and Guidance (In-
novazione Didattica In Fisica e 1’Orientamento - IDIFO), aimed at the in-service training of
teachers on the themes of modern physics, as a result of research carried out in this field. The
Master project was presented by the University of Udine, as an initiative promoted by the uni-
versity Physics Education Research (PER) Units in Figure 1.

The IDIFO Masters was instituted* as a two years activity (from March 2006 to June 2008) of 60
credits organized in blended mode, the main components of e-learning integrated with intensive
on campus workshops’. For e-learning activities a specific web environment was developed,
in collaboration with the Research Unit in Artificial Intelligence by the University of Udine®,
by adapting to the teacher training activity an open source platform (U-portal). The financial
support obtained by the MIUR” was for the most part earmarked for 20 scholarships.

The selection for admission to the Master was based upon qualifications and examinations
which were carried out in a single session in 8 of the 15 universities involved (Fig.1), according
to the distribution of places for each university and the number of enrolment applications.

The Master formative activities are structured in 4 Training Areas (general, qualifying, project-
oriented and on site) which are set out in 5 thematic Modules (Fig. 2): A. quantum physics

'Each university project has developed various activities for students and teachers, belonging to one or several
areas. National coordination was organised according to discipline, with meetings arranged between all involved
(local level, by subject and on national scientific committee levels).

2Interuniversity national project “scientific degrees” (DM prot.no. 262/2004 5th August)- “Orientation and
training of physics teachers”.

3By Unit4 di Ricerca in Didattica della Fisica (Research Unit in Physics Didactics) we refer to the research
groups in physics didactics in this university, which in the previous years have had projects approved and financed
in the area of Progetti di Rilevante Interesse Nazionale (PRIN) (Projects of Relevant National Interests) and specif-
ically through the PRIN046-Fis21.

4The Master is instituted at the University of Udine: the launch took place following approval by MIUR —
Office I — prot. 2181 of 20.7.05, which allowed for co-financing in the area of PLS.

>The 600 study hours entail 390 hours of lessons, didactic laboratory work, projects and experiments in class
for at least 6 hours in each of the 4 thematic modules of the Master. The final thesis must include some didactic
class experiments.

This research unit is coordinated by Professor Carlo Tasso, Dean of the Faculty of Science of the University
of Udine.

"MIUR - Govern Institution for Education University and Research supporting the whole PLS project.
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Figure 1: Master IDIFO. The 9 blue universities are promoting the project, while those in
white (6) are cooperating. Project site http://www.fisica.uniud.it/URDF/laurea/index.htm. E-
learning-platform: http://idifo.fisica.uniud.it Director Marisa Michelini, University of Udine.
Scientific Committee (*) and University Representatives (°): *Bochicchio Mario (Lecce),
*Gagliardi Marta Paola Francesca e °Levrini Olivia (Bologna), **Giliberti Marco Alessan-
dro (Milano), **Guidoni Paolo (Napoli), *Giordano Enrica (Milano-Bicocca), *’De Ambrosis
Anna (Pavia), *Michelini Marisa e °Santi Lorenzo (Udine e Triste), *Mineo Sperandeo Rosa
Maria e °Fazio Claudio (Palermo), **Rinaudo Giuseppina (Torino), **Tarsitani Carlo (Romal),
*Ottaviani Giampiero & Corni Federico (Modena & Reggio Emilia), °Stella Rosa (Bari), °Corni
Federico (Bolzano), °Oss Stefano (Trento). Advisory Board Marisa Michelini, director of Mas-
ter Lorenzo Santi, Faculty of Science MMFFNN, Giancarlo Fava, SSIS of Udine, Gian Luigi
Michelutti, Dept. of Physics, Univ. Udine, Carlo Tarsitani, PRIN-Fis21, Cristina Moschetta,
course student.

(18 cfu); B. restricted and general relativity (12 cfu); C. physics of statistics and of matter (15
cfu); D. nuclear physics, particle physics and cosmology (2 cfu); E. orientation and problem-
solving as an operative and orientation challenge (6 fu). In each module the formative approach
is through educational materials developed by research. In the case of QM four different ex-
perimental proposals with different rationales for the educational path are discussed by the
respective authors.

The activities of the Master include: a) e-learning formation carried out by the leaders of the
specific courses included in the Modules, by means of the material that has been selected and
assessed according to research outcomes (30 cfu); b) experimental conceptual laboratory activ-
ities (4 cfu); c) three intensive on-campus Workshops of 6 cts (approximately 60 hours) at the
University of Udine in September 2006, March and July of 2007 (6-10 cfu); d) planning activ-
ities for teaching / learning on didactic innovation intervention in secondary school (7 cfu); e)
teaching — apprentiship: didactic experimentation activities: 4 activities of at least 6 hours on
Modules A, B, C & D, E respectively (7-11 cfu).
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Figure 2: The Master structure: 5 Modules (A, B, C, D, E) organized in general, characteristics,
planning, and situated courses. Each course is structured in segments for active e-learning.

A particular focus in each course is on the discussion of didactic proposals, the analysis and
evaluation of results related to research questions brought to light by didactic research into the
various themes under investigation: individual and group discussion has been favoured.

By July 2007 a significant part (70%) of the teaching phase had terminated and results had
been evaluated. Around twenty teacher-students had already carried out at least some of the
experimental project work. The workload required of the students is very high: much higher
than for a standard Master degree. However, the students have proven to be of a high cultural
and professional standard, determined to become competent professionals in their fields. Some
were not able to sustain the workload alongside scholastic studies and had to give up (3); others
requested time extensions and reassessment(6).

The intensive face-to-face Workshops (WS) encourage autonomous training, and at the same
time enormously increase the effectiveness of e-learning. A particularly fertile training ground
for the building of a community of reflective professionals is created by the possibility of carry-
ing out significant teaching experiments, comparing results and their implications; very useful
were the discussion arising from group seminars or the analysis of didactic approaches. The
contemporary presence of university researchers, observers and student-teachers working with
students offers the opportunity of a comparison of both the formation and didactic proposals,
combined with the learning results of the students themselves. The WS1 was dedicated to the
course students of the Master. The WS2, carried out in two phases and at two sites (in March at
Udine and in April at Pordenone, for two weeks) was dedicated to following up the educational
material produced during the Master in the Friuli Venezia Giulia Region (didactic paths and
crucial experiments in modern physics), with training activities for teachers and students: the
relevant programmes are published on the Master site. The WS3 was carried out in a Summer
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School of 50 students, interweaving content and activities. In this case the teaching interven-
tion and educational experiments were carried out by teacher-students with the most talented
students in Italy attending of the Summer School (50 students were selected of 450 applying).

The training model in the Master IDIFO integrates cultural, subject related, educational, di-
dactic and professional aspects. It is considered by the course teacher-students as the most
efficient and corresponding to their needs. In particular it combines ‘metacultural’ training with
an experience-based?® training method, offering each person the chance to develop a project ac-
cording to his or her needs and motivation. The following research based case studies illustrate
in detail the PER contribution of IDIFO to the main problems in teachers’ training for curricula
innovation in the field of relativity, quantum mechanics, statistical mechanics and the structure
of matter.

2. THE PROBLEM OF MATCHING INNOVATIVE RESEARCH PRODUCTS
AND TEACHERS’ EXPECTATIONSIN THE MODULE ON RELATIVITY

Within the IDIFO Master course the module on Relativity was designed and implemented with
the aim of giving the teachers cultural and professional tools to recognise the peculiar features
of the Taylor and Wheeler.

The work has been developed along three phases:

A Analysis of “Space Time Physics” by Taylor and Wheeler in the 1994 Italian version, in
order to reconsider basic knowledge of special relativity from a teaching perspective and
to study the peculiar aspects of an “innovative” proposal.

B Analysis of Einstein’s paper “On the Electrodynamics of Moving Bodies” and of Minkowski’s
“Space and Time”, as “historical-philosophical roots” of, respectively, the proposal by
Resnick and that by Taylor and Wheeler, in order to reflect on the epistemological impli-
cations of different teaching choices.

C Reflection, carried out by teachers, organized in groups, on problems stemming from
previous work and identification of criteria for designing teaching proposals.

In each phase the work was organized in a similar way:

* Analysis of specific materials (the chapters of Taylor and Wheeler’s book, Einstein’s and
Minkowski’s original papers, documents commenting on the original papers, written by
taking into account also the main results in Physics Education Research on teaching and
learning special relativity”) carried out by the teachers on the basis of grids prepared by
us;

$Michelini M, Quality Development in the Teacher Education and Training, Girep book of selected papers,
RT1, Forum, Udine, 2004, p. 127-132 [ISBN: 88-8420-225-6]

YWe are referring in particular to the results reported in: Posner et al.,1982; Villani, Pacca, 1987; Scherr et al.,
2001; 2002; De Ambrosis, 2005; Levrini, diSessa, 2008.
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* Production by each teacher of a document reporting the results of the analysis and con-
taining some questions aimed to focus on fundamental aspects;

* Production by two volunteer teachers of a report where the questions are collected, re-
organized and selected;

* Discussion on a Forum triggered by the questions collected in the report.

Twenty teachers were actively engaged in the module on Relativity, with different competences
in relativity'°.

After phase A and phase B were completed, the teachers filled in a questionnaire aimed at
collecting their reflections on the activity carried out and at orienting the work to be done.

2.1. RECONSTRUCTION OF THE DEVELOPMENT PATH

The study reported here focuses in particular on the process the teachers have to go through in
order to evaluate an innovative proposal (in the specific case, “Spacetime Physics” by Taylor
and Wheeler), to compare it with more familiar ones, and to design their own path for the class
activity at the secondary school level.

During the whole module on relativity data have been collected, from the following resources:
» Teachers’ reports containing the analysis of the material proposed in each section and
available on the web;
* Synthesis documents produced by two volunteer teachers for each section;
* Messages documenting the discussion in the Forum;

* Questionnaires given at the end of the first phase (analysis of Space Time Physics) about
teachers’ perception of the course and their expectations about the next phase;

* Documents produced by groups of teachers on problems arising in the course and identi-
fication of criteria for designing teaching proposals.

The study carried out on these data was aimed to highlight the dynamics of teachers’ approaches
to the proposal, as well as on the critical points that made teachers’ attitudes toward innovation
evolve during the work (De Ambrosis, Levrini, 2008).

The main result is the identification of the main steps of the development path followed by the
teachers:

 Accepting the game, i.e. constructing a common way of looking at the problem;

10ne teacher had not ever studied relativity in university courses; one teacher had studied relativity in a course
of the postgraduate school for physics teaching; seven attended a specific course on relativity in their university
studies; the others studied relativity within introductory physics courses or in more advanced courses.
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» Playing a common game, i.e. constructing criteria to go deeply into Taylor and Wheeler’s
proposal;

» Exploring the off-stage game, i.e. how to find the appropriate ground to compare the
innovative proposal with others.

In the following sections the three steps are briefly described.
2.1.1. Accepting the game

This first phase overlapped approximately the analysis of chapter 1 and 2 of Taylor and Wheeler’s
book Space Time Physics. Teachers’ attitudes moved from an initial tendency to consider the
proposal very locally, to compare it step by step with their personal experience (as teachers and
as students), and to impatiently propose new solutions, up to the consciousness of key problems
in the content structure, problems that do not admit local and immediate solutions.

At the beginning the most important criteria were students’ and personal experience: The refer-
ence to presumed students’ difficulties was for the teachers the great point to distinguish “what
works and what cannot work”.

“I have another problem, i.e. the student’s age and his/her confidence with Physics.
I often prefer to introduce relativity in the last year after electromagnetism, not only
because I was interested to follow an historical path, but also because we are talking
of students who are approaching physics the first time, its method and its way of
investigating nature. In my opinion it is dangerous to introduce Special relativity
too early, after the study of classical mechanics, specially if one wants to connect it
to General Relativity as T&W do.”(A1l)

Another shared concern was the effectiveness/necessity of an historical approach:

“I can appreciate T&W’s geometrical approach, but I would prefer to start with an
historical introduction to focus on the problems and the experiments that led to the
construction of the theory” (N)

At the end of the analysis and discussion on the second chapter, the problem of students’ under-
standing assumed another meaning: it became the motivation to reflect on the content structure
and to reconsider it from a new perspective, where attention is paid more to a global, cultural
development than to the local acquisition of single concepts.

“How to present Modern Physics to students? Which experiments, real or mental,
which paradoxes, mathematical argumentations, stories, is it convenient to choose
to help students understand and construct a reasonable idea of Physics and of its
methods?” (F2)
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The Forum discussion at the end of the analysis of chapter 2 revealed a new way of looking at
one’s personal experience: it appeared now problematic and limited, with local incoherence (of
which the problem of defining inertial reference frames, the meaning of the inertia principle are
examples) and discontinuity (in particular with general relativity).

During the analysis of chapters 1 and 2 and in the Forum discussion, where we explicitly tried
to distinguish and to split problems which could be solved in the short, medium and long term,
teachers became more and more involved and curious to find or to construct ‘general’ criteria
to evaluate the proposal.

The main results of the first phase of work can be summarized as follows:

The group of teachers agreed that to examine the proposal in depth was worthwhile, since:

* The mix between new and old (Viennot et al. 2005) pointed out disciplinary problems
that were intellectually stimulating.

* A shared willingness of a medium-long term effort was sustained by the confidence of
finding ways to develop the many problems stemming from the first analysis.

One of the elements that, in our opinion, drove the process has been the peculiarity of the group
dynamic favoured by web communication. In particular, important aspects seem to have been
teachers’ different and complementary roles arising spontaneously in the discussion and our
choice of limiting our intervention just to give pace to the discussion and to separate problems
of immediate solution from others requiring a long term reflection.

2.1.2. The game and its rules

The second phase of work (lasting about five weeks) was devoted to completing the analysis of
Spacetime Physics, and is characterized by teachers’ efforts to find parameters to “measure” the
proposal as a whole.

After a discussion that led the teachers to reject the opposition concrete/abstract as a criterion to
judge the quality of different proposals, the coherence of a proposal arose as a common criterion
from the teachers’ debate:

“What does it mean to design and to implement a coherent teaching sequence?
What are the characteristics of such proposals? What is the reference respect to
which one can evaluate its coherence?”

The question stimulated a lively discussion that led different positions to come out:

* Coherence as logical development of a path from classical to modern physics, as a result
of a radical - not historical - reconstruction process of the physics content;

* Coherence as historical development of a path, where conceptual discontinuities are un-
derlined;
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» Coherence as systematic use of the experimental method characteristic of physics inquiry;

» Coherence as “re-construction of the physics content starting from fundamental concepts
and categories” such as the space-time description, causality, determinism.

During the discussion teachers seemed to arrive at the shared opinion that:

“In order to grasp the coherence of an approach it is necessary to internalise the
meaning of a theory far beyond its formal aspects. It implies going deeply, to
analyse its implications, to acquire different perspectives and interpretations. It
means to know both the origin of the hypotheses and their consequences. The task
is not easy for a teacher”. (M2)

In short, the whole analysis of Taylor and Wheeler’s approach led teachers to:

* be aware of the physical problems specifically addressed by this proposal (and not solved
clearly in a traditional approach) such as: the choice of the inertial frame; the new relation
connecting momentum, energy and mass; the perspective on general relativity;

* Have global criteria to evaluate a proposal and, starting from these, to recognise the kind
of coherence characterizing Taylor and Wheeler’s proposal;

* Focus on specific problems of continuity/discontinuity with classical physics, that pro-
gressively made the teachers more and more willing to re-think teaching and learning
classical physics.

At the end of the work, teachers agreed on the reliance and relevance of the proposal, but they
also pointed out that this proposal is based on implicit hypotheses and views (didactic and
epistemological) and that, if preliminary assumptions are not clarified, the comparison with
other proposals becomes difficult.

“I would like to focus on the hypotheses at the basis of T&W’s approach: I feel that
there are non-explicit hypotheses or that I got lost along the path... I would like to
improve my understanding of the whole proposal and be able to compare it with
others around” (A3)

The teachers’ discussion shows, hence, the following crucial point: Understanding the content
it is not enough to grasp the general meaning of a proposal and to feel comfortable with it;
it is necessary to have tools for disassembling and re-assembling it, for going deeply in to its
epistemological and cognitive assumptions, for comparing it with others (especially the typical
textbook ones), and for adapting it to one’s teaching and learning attitudes and constraints.
These problems were tackled in the third phase of the module.
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2.1.3. Exploring the off-stage

This phase aimed at reflecting on the debate on the concepts of space and time and at framing
the different views on relativity proposed by Einstein in the paper On the Electrodynamics of
Moving Bodies of 1905 and by Minkowski in Space and Time of 1908.

With the help of materials prepared by one of the authors’ (O.L.) and by other researchers of
the Bologna group'!, teachers examined passages from Newton’s Principia and the criticism
of them by Leibniz and Mach. Then Einstein’s and Minkowski’s papers were analyzed to find
the historical roots of the two most important reference proposals for teaching Relativity. The
aim of this phase was to show the coexistence of different representations of the theory at the
beginning, but the development of just one of them (Resnick’s) for teaching (starting from
university teaching). Discussions with teachers, based on the proposed materials, allowed them
to focus on the consequences of this choice: it produced a dominant and “sterilized” approach:

“I think that “sterilization” is not only a limitation, but an epistemological choice:
it is the consequence of the idea that Physics does not allow being problematic,
to have different points of view, different images of the world. This seems possi-
ble only for frontier research, but for other questions just one world image can be
handed down... This is happening also for relativity since it is already more than
100 year old.” (C2)

The analysis of the off-stage discussion of the two reference proposals, i.e. the reconstruction
of their cultural bases, allowed teachers to put the two approaches on the same ground and to
compare them as different choices of content reconstruction inspired by different global views
of the theory and of its teaching.

This awareness enabled teachers to gain criteria for critically reviewing not only textbook pro-
posals, but also their own proposals, by removing the absolute value they often assume.

“I was surprised by the “harmony” of the discussion on epistemological issues.
Generally these discussions reveal very rigid points of view and irreducible convic-
tions ... 7 (M1)

“I think that the communication system contributed to the harmony: when you
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write you have to reflect, to revise, to adjust, while if you speak “verba volant”.
(F3)

3. TEACHER DISCUSSION OF CRUCIAL ASPECTS, CARDINAL CONCEPTS
AND ELEMENTSPECULIAR TO QUANTUM MECHANICS STARTING FROM
AN EDUCATIONAL PROPOSAL

The rationale for teaching and learning paths in quantum physics for upper secondary school
is widely discussed. The unsolved issues are the teacher training strategies and the supporting

In particular, the other people involved in the production of the materials used are: N. Grimellini Tomasini, C.
Casadio, M. Clementi, P. Fantini.
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materials that are needed for teaching innovation. Two different aspects increase this problem:
the lack of specific knowledge of the topic of many teachers; the initial idea of teachers concern-
ing quantum physics in secondary school, mainly related to historical approaches or unsolved
interpretative phenomena. In the Master IDIFO the Dirac approach to quantum mechanics was
discussed with teachers starting from an educational proposal for secondary school. The QM
way of thinking was analyzed in a community of teachers and researchers, both with a web
Module, and in a face-to-face workshops on conceptual knots of QM. Data analysis offered
significant results regarding the teachers’ approaches to the content and to the pedagogical rea-
soning.

3.1. THE APPROACH FOR A FORMATIVE INTERVENTION MODULE IN QUANTUM ME-
CHANICS

In the wide panorama of proposals on the teaching of Quantum Mechanics (QM hereafter)
(Physed 2000; AJP 2002), two approaches appear to be more familiar to the teachers: 1) the
historical approach, which is of some use in schools to introduce the physics of quanta; 2)
the approach to QM through the wave function, rarely used in school until the computer era.
Innovative proposals have to face the problem of overcoming the teachers’ conviction that the
previous approaches are actually the only ones possible in school and that a narrative perspective
is preferable, given the key concepts of quantum theory are too difficult for secondary students
(Pospiech 2000; Olsen 2001; Asikainen et la. 2005; Justi et al. 2005). The lack of basic
concepts of the theory for teachers is another well known learning problem, prevalently in the
case of teachers who have graduated in mathematics'? (Borello, Pospiech 2002).

For the professional development of teachers, taking into account these problems too, research
into teacher education pointed out the importance of integrating the content knowledge (CK) ed-
ucation with the pedagogical content knowledge (PCK) (Shulman 1987; Viennot, 1997; Miche-
lini, 2004; Davis, Petish, & Smithey, 2006; Appleton, 2006). From this perspective, a module
was designed for in-service physics teacher education focused on an innovative didactical pro-
posal (described in the following) developing an approach to QM that follows the Dirac formu-
lation (Ghirardi, et al 1995; Michelini et al 2000). This proposal aims at introducing the concept
of state and the superposition principle as key points of the theory and the basic elements of the
formal representation of states and operators in vector spaces. The module was delivered to the
group of teachers of the Master IDIFO.

In this work, the structure of the formative module is discussed, a research-based analysis is
carried out in particular on the disciplinary and didactical knots on which the discussion was
developed on the web. The teacher learning path is documented for both the CK and the PCK,
for the entire group and for two case studies, giving results focussing on the role of peer discus-
sion on the web about the development of a didactical proposal.

12In many EU countries mathematics and physics are taught by the same teacher with a degree in mathematics
or in physics and pre-service teacher training is rarely focused on modern physics.
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3.2. RESEARCH QUESTIONS

Our research questions are the following:

A What are the most problematic knots regarding QM in a group of high level teachers?

B What are the difficulties one faces with a teacher education-based new proposal for QM
teaching?

C Which learning paths produce more effective results for a real improvement of PCK?
D How do teachers modify the reference proposal (GGM -Ghirardi et al 1995, Michelini et
al 2000) when asked to design a didactic path?

3.3. THE SAMPLE

The group of teachers who attended the educational module is composed of 22 people of these
16 graduated in physics and 6/22 in mathematics; of these 17 attended the three steps of the
path. All of them had extensive teaching experience, except for one who has been employed in
the optics industry.

3.4. THE FORMATIVE INTERVENTION MODULE

The formative intervention module is subdivided into three main steps:

» Step A - Course A focused on the presentation and discussion in a web forum of the
knots upon which the reference proposal (GGM) is developed and the worksheets which
are integral part of this.

» Step B - Face-to-face meeting to discuss with the teachers the rationale of the proposal
itself and the unsolved knots remaining after the web forum discussion.

» Step C - Course B is constituted by a web didactical laboratory, aimed at designing a
micro module focused on the reference proposal analyzed throughout the previous steps.

The forum discussion lines that constituted the core of Step A, were:

FO Discussion about the knots raised by the pre-questionnaire.

F1 Polarization as a property of light: a phenomenological approach to light polarization,
based on simple experiments with light interacting with a Polaroid and with birefringent
crystals.

F2 Probabilistic interpretation of the quantum measurement processes: single photon phe-
nomena.
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F3 Dynamical properties of a quantum system: polarization of photons and the quantum
state.

F4 Interpretative hypotheses (mixture of pure states, coexisting properties, superposition):
exploration of hypotheses about the description of the 45° polarization photon state.

F5 Impossibility of attribution of a trajectory to a quantum system: photons cross calcite
crystals.

F6 Quantum states, vectors and formal representation of the superposition principle: Malus’
law and the scalar product of vectors; the superposition principle for a 2-state system.

F7 Observables and linear operators: Polaroid and projectors.

F8 Generalization of the formalism: from photon polarization to an arbitrary (discrete) ob-
servable.

F9 Non-locality: EPR-like experiments, entanglement and non-locality.

In Step B, which is face-to-face, the rationale of the reference proposal was discussed on three
levels: 1) critical points of the reference proposal in-class; 2) most disciplinary knots and learn-
ing problems; 3) comparison of the reference proposal and other proposals.

Step C was the most important one for the development and verification of the competence in
management of an innovative proposal and the building of a plan for a coherent educational
path upon this.

3.5. INSTRUMENTS AND METHODS OF THE DATA ANALYSIS

The tools and criteria used to collect and analyze data are indicated and described in the follow-
ing:

Pre-Questionnaire: frequencies of the answers given by teachers to the multi-choice questions;
frequencies of categories a priori and re-thought a posteriori when one knows the motivation of
the answers to the multi-choice and open questions.

Statements from the web forum: from the quantitative point of view (frequencies of statements
for each teacher and for the tutor); from the qualitative point of view (disciplinary knots faced
and underlined didactical aspects).

Final Maps in the educational design (at the conclusion of Step C) - Concepts emerging in the
maps were first categorized and then their frequencies were analyzed and compared with those
of the pre-questionnaire.
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3.6. DATA ANALYSIS OVER THE ENTIRE SAMPLE

3.6.1 Data from the pre-questionnaire

Fig 3 summarize the topics emerging from the answers of the first two questions of the pre-
questionnaire and those we report here in the following:

QI - List 3 themes regarding QM, that you believe to be of particular interest for high school
students and state the reasons of your choice.

Q2 - List 2 elements that in your opinion characterize quantum mechanics with respect to clas-
sical mechanics and explain the reasons for your choice.

As far as Q1 is concerned, the themes that student-teachers believe to be important to be faced at
school are mainly about the physics of quanta (26) such as the Black Body (3), the photoelectric
effect (8), the Compton effect (5), quantization of physics quantities (6), the crisis of classical
physics (1). Other categories considered to be important are atomic physics (9), the two slits
system (7), Heisenberg’s uncertainty principle (10), the wave-particle dualism (9). Fundamental
aspects of QM remain marginal. According to student-teachers, the ensemble of aspects that
characterize QM with respect to classical physics - Q2 - is different (in quality and quantity)
from the themes considered relevant in the first question - Q1. In fact, in Q2 these are the
emerging aspects: the different description of state in classical and quantum physics and the
necessity in QM of a probabilistic description (12); the uncertainty principle (7); the existence
in classical physics of an objective reality independent of measurements, while in QM it is not
possible to define what we are NOT measuring (6); the quantization of physical quantities (5);
the measurement process (3); wave-particle dualism (3); the superposition principle (3); the
exclusion principle (1).

From the other answers, it emerges that there is a good or excellent competence revealed in 80
to 90% of the sample, about: the uncertainty principle, indeterminism, impossibility of asso-
ciating a trajectory to quantum systems, probabilistic meaning of wave function, superposition
principle. Problematic aspects emerge concerning the existence of discrete spectra in physical
observables, an issue tested in Q12: “Discuss the following assertion: in QM, in a system,
all physics observables can have discrete (i.e. non-continuous) values only”. An example of
answers: “It is one of the axioms of QM.

3.6.2. Web discussion

The frequencies of the contributions of the 22 student-teachers (Nc) and the course tutors (Nt)
to each of the discussion subjects from the web forum are shown in Figure 4. The frequency
peaks correspond to F2 and F3. F2 (“Probabilistic interpretation™) is about the discussion of
the passing from the phenomenology to the analysis of the single photon processes and of the
necessity of a probabilistic description of these. The dynamics activated in this forum produces
particularly complex results both for the several sub-subjects introduced (at least 5 can be recon-
structed) and for the length of the several proposed statements, often about more than one knot
at the same time. The 5 sub-subjects are connected together to reconstruct the entire dynamics
of the discussion.

The first sub-subject (this included 20 statements) is about the main theme of the discussion
and is well represented by the question of the first student-teacher who intervened: “Why is it
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Figure 3: A-Physics of quanta aspects; B-Probabilistic treatment; C-Atomic Physics;
D1-Double slit experiment, D2-Matter-radiation interaction; E-wave-particle dualism; F-
Heisenberg Uncertainty Principle; G-Superposition principle; H-Observables and measure-
ment; I-State in classical physics and in QM; L-Existence of property before a measurement;
M-Quantization of physical quantities; N-Exclusion principle.
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Figure 4: FO - Test; F1 - Polarization phenomenology; F2 - Probabilistic interpretation; F3
- Dynamical properties of a quantum system; F4 - Interpretative hypotheses; FS - Quantum
systems and trajectories; F6 - Incompatibility and mutual exclusivity; F7 - State and vectors; F8
- Observable and operators; F9 - Generalization; F10 - Non locality.
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necessary to talk about a single photon? Is it only to exclude the fact that the effect is due to
an interaction between photons? In order to let the probabilistic interpretation emerge, isn’t it
sufficient to show that I is propositional to the number of photons?”. A typical answer was:
“It is clear that it is really the single photon experiment that forces the physicist to move to a
quantum interpretation of the polarization”.

Other problems linked to the previous one emerge about the “existence” of the photon (“Is
it possible not to talk about the photon?”) and about the way to characterize the photon in
terms of its properties (“Describing or introducing them phenomenologically? Is it sufficient
for students?”’).

A second sub-subject of discussion (6 statements) is specifically about the way the previous
sub-subject knot is faced in the reference path. A student-teacher in particular recognizes a
jump from an approach defined as “inductive” (analyzing the polarization phenomenology) to a
“deductive” one (analyzing the single photon processes) and he asks if it is preferable to adopt
a deductive approach to QM (starting from the rules - the postulates - and then see how they
work). To this question, 4 statements are answered directly, well summarized by the following:
“If I have understood, the steps to make with the students are the following: 1) let us examine
the polarization phenomenology by using intense beams and let us obtain some results; 2)
let us decrease the beam intensity until we are ideally operating with single photons. 3) let us
understand that the interaction with the Polaroid is stochastic; 4) let us search for the answers by
reformulating the law in terms of probability of transmission of single photons. Thus, the initial
phenomenological part has the fundamental goal of introducing a probabilistic interpretation”.

The discussion started in the previous two sub-subjects also stimulated the investigation of the
disciplinary knots concerning: the intrinsic stochastic nature of microscopic processes, their
non-local nature, the identity and indeterminism of wave-particle dualism complementarity and
of causality in QM (8 statements), in addition to alternative theories of the orthodox QM and
the opportunities for discussing with students issues emerging from these (3 statements).

The fourth sub-subject of discussion (8 statements), linked to the previous discussion, is fo-
cused on the peculiar nature of the theory and on the role played by mathematics in it: “In the
explanation of microscopic phenomena QM has a different intrinsic nature from any other phys-
ical theory. But it is also different from any other theory that we would formulate to explain
any possible new phenomenon that we observe around us.” And in addition, “the approach
(followed here) has its rationale only in the mathematics used and not in its purely physical
explanation”. From the role of the formalism in QM, a discussion began about the rationale of
scientific theories and of QM in particular (7 statements).

The F3 web forum is about the “modalities by which a property is operatively attributed to
photons and about the sense and the meaning of this attribution”, as it was specified in a web
statement. The discussion dynamics focused more upon the proposed theme, but was also less
fruitful in statements. The main sub-subjects of the discussion are three.

The first one is developed through 17 contributions and is about the formulation of the uncer-
tainty principle in the case of position and momentum variables and in the case of polarization.
There also emerged the missing distinction between the (vectorial) property of the system and
the vector that describes the state in which the system is: “The uncertainty principle is con-
structed as a consequence of the existence of (observable) incompatible properties. The vertical
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polarization property and the one at 45° are considered distinct observable quantities. But, are
they not distinct values that a single polarization observable can assume? In our case, have we
not a single observable physical quantity (the polarization)?”. Other statements are linked to this
issue: indeterminism; mutual exclusivity; statistical mixtures, the hypothesis of the coexisting
properties predicted and the comparison between experimental outcomes.

The second point of discussion (3 statements) underlines the advantages of the reference pro-
posal: “At the beginning it was hard for me. But once one gets used to the context (which I think
is needed in order to allow students to propose their ideas and their interpretative hypotheses),
he or she starts to appreciate its potentialities, i.e. the fact that it opens up key concepts of the
theory, likewise the existence of incompatible properties, indeterminism, the influence of the
measurement process, the superposition principle”.

The third point of discussion is whether it is possible to find an analogy between superposition
of states and a situation of ambiguity of visual perception (7 statements).

3.6.3. The basic maps for the didactical design

Here we summarize the analysis of the concept maps that the 17 teachers (those who completed
the entire module) included in their didactical paths as reference frame and rationale for the
proposal for secondary school experimentation.

In Figure 5, the radical change in contents considered important for the development of the
didactical proposal is clear. In the answers to questions Q1 and Q2 the predominant category
refers to aspects of quantum physics, but few of these are characterizing elements of QM as a
theory; in the categories emerging in the final maps only the basic aspects of the theory emerged.
What can be clearly seen is the pre-eminence of polarization, underlining that for 12 teachers
the reference context remained that of polarization, and for the other 5 the context of diffraction
and spin (not present in the diagram because its frequency is 2) are also introduced.

Also it is seen that the uncertainty principle is quoted in 6 cases, while in the initial survey it
was definitely more quoted. In the final survey more attention is paid to measurement theory,
to the incompatibility concept, to the concept of state. With respect to the reference proposal,
it emerges that less attention is given to the knot of quantum particles and trajectories, to the
identity of quantum particles, and the role of quantum interference.

4. QUANTUM PHYSICS FOR TEACHERS’ TRAINING: A WAY ON THE
WEB

This study is about research within a course on Quantum Physics of the IDIFO Master. It
shows difficulties, problems and solutions emerging in the development of an innovative path
in Quantum Physics. Students’ previous pedagogical ideas will be presented, as well as the
new contents and methods proposed in the Master course. Data we took stress the importance
of some characteristics of the IDIFO course such as the study of different approaches (based
on the results of University research activity) and the great number of collective discussions
between teachers and trainers in promoting better results in constructing personal paths for the
school.

113



Q1l - Q2 - Maps aspects

30

25

20

HQl

15
@Q2

i OMaps

10

Figure 5: A-Physics of quanta aspects; B-Probabilistic treatment; C-Atomic Physics; D-
Matter-radiation interaction; E-wave-particle dualism; F-Heisenberg Uncertainty Principle; G-
Superposition principle; H-Observables and measurement; I-State in CL phys and in QM;
L-Existence of a property before a measurement; M-Quantization of physical quantities; N-
Exclusion principle; O-Polarization/interference; P-Probabilistic interpretation; Q-Particle and
trajectory; R-vector and state; S-Quantum knots (non-locality; identical particles; incompatibil-

ity).

4.1. THE MISCONCEPTIONS OF TEACHERS ON QUANTUM MECHANICS ASBASIC PROB-
LEM

It is well known that secondary school teachers have many misconception about basic notions
of Quantum Physics (Petri 1998; Kalmus 1992; Wilson 1992; Cavallini 1998). Here we report
on a recent analysis we made that can shed some light on the way we can improve teachers’
knowledge and didactic skills. This study has been made on 22 student-teachers that were
attending the courses of the master IDIFO and it is also based on the analysis of the conceptions
of the teachers who, in the last ten years, attended the postgraduate University School “SILSIS-
MI” (Interuniversity Lombard School of Specialization for Secondary Teaching - Milano). The
research question underlying both the researches at SILSIS-MI and the work in IDIFO was:
how can we develop adequate skills for Quantum Physics Teachers’ Education?

Ten year long studies were carried out with the student-teachers on the course “Quantum Physic
Education and Didactical Lab”, held in Milan, at SILSIS-MI. During this course (which was
repeated 9 times in the last decade, for more or less 30 teachers each time) we studied the initial
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conception and the development of the teachers’ ideas on Quantum Physics and its teaching
contents and methods. As a result of this previous analysis, we can say that, the initial ideas of
our teachers, with minor differences, were “distributed” in the same manner each time. In this
paper we refer to the data collected most recently. In order to make ourselves acquainted with
teachers’ previous pedagogical concepts on Quantum Physics, we set an initial questionnaire.
The research point at issue was: “what are teachers’ ideas about light, atoms and quantum
“objects”?”. How do teachers deal with these topics with their secondary school students and
what is the role played by Quantum Theory in their descriptions?” As mentioned above, we
report here, in details, the last distribution we studied. It refers to a group of 31 Students-
Teachers of the course “Quantum Physic Education and Didactical Lab”. They graduated in
Mathematics (~60%), Physics (~20%), and Engineering (~1/5); they had been teaching Maths,
Physics or both for more than two years and, at SILSIS-MI, they all had already attended the
courses: Structure of Matter (20 h); Nuclear Physics (20 h); Quantum Mechanics (40 h); Particle
Physics (12 h); Computer Methods for Physics (24 h).

As part of the initial test a questionnaire was given to students-teachers at the beginning of the
course. It consisted of 10 questions that were really asked by secondary school students during
school time that we had gathered in previous experiments. We asked the teachers to answer the
questions as they would have answered their own students, taking care “to give real meaning
to the answer, or a sense for students” (they could be qualitative or quantitative; they could use
formulas or drawings or metaphors). The questions can be divided into four groups, according
to their content: 3 questions were about light, 3 about the atom and its structure, 1 about the
limits of the theories and 3 about the features of Quantum Objects.

Q1 “Prof., you spoke about light as a wave, then you spoke of photons; then you
told us about dualism. But, at the end, what is really light?”

Q2 “... From double slit experiment we concluded that we cannot speak of photons’
trajectories, yet when I perform the experiment, light gets out from the laser and
comes into the photographic plate in precise points; but then what do the photons,
that get out from the laser and come to the plate, do?”

Q3 “What is the photon?”

Q4 “You told us that Thompson won the Nobel prize ... : but even I was able
to make such a model ... a plum-cake with raisins, and besides, it does not even
work!”’

Q5 “Could you explain why energy levels in atoms are quantised?”

Q6 “Well, we saw a lot of atomic models ... but you, how do you picture it to your-
self?”

Q7 “... you told us about limits of validity of a theory ... here it’s the same: for
classical experiments we use wave theory, for the blackbody and the photoelectric
effect we use photons ...”

Q8 “At the end De Broglie said that electrons, as well as photons, move in sinu-
soidal motion, or do they not?”

Q9 “But if the electron does not have a trajectory, how can it spin about itself?”
Q10 “Summarizing: the electron is in a definite point with its velocity but, if we
want to see it, we give it a kick that knocks it off from where it was. It does not
look so important to me this Uncertainty Principle ...
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Axiomatic and/or not ar-
gued answers

Answers based on
historical models

Answers based on
experimental evidences

Ex.: “Energy levels are
quantised because the na-
ture of the atom is so...”

Ex.: “Rutherford model
had its own limits; so Bohr
started from four hypothe-
ses to come to the formula
of E,,=..”

Ex.: “As for any other re-
sult we must refer to ex-
periments. In this case we
refer to emission an ab-
sorption lines.”

40%

45%

15%

Table 1: Categorization of the answers about atoms (Q4-Q6).

As a first criteria of cataloguing we tried to see whether teachers “made use of” or “referred to”
a complete Physics Theory (Cavallini 2008) or whether their explanations were made in terms
of “common sense argumentations” or in a mixture of semi classical-common sense or semi
technical words.

In table 1 we report an example of the categorization of the results of our analysis for Q4-Q6.
For other questions see below.

4.2. IDIFO STUDENT-TEACHERS RESULTS

The IDIFO group is made of the 19 teachers actively attending the courses of the Master ID-
IFO (and therefore they were selected teachers); they were all graduates in Maths, Physics or
Engeneering.

The study was performed during the course “Field Theory and Didactical Proposals in Quantum
Physics” (2 credits) that was divided into five modules:

1. Historical introduction

2. Phenomenology of free propagation of waves. Wave equation for ‘classical’ matter beams.

3. Introduction to the concept of Quantum.

4. A semi quantitative approach to the Structure of Matter

5. Typical misconception of High School Students
For each module there was a forum in which everybody could discuss the module content and
ask for explanations; at the end of each module there were questions put to the students in order
to suggest a key to read the content. At the end of the course, as a final test, students had to

answer the 10 questions mentioned above (the same as we gave to the SILSIS-MI students for
the initial test).

To make a study of the development of teachers’ conceptions that is not biased, we decided
to give the aforementioned questionnaire only as a part of the teachers’ work at the end of the
course (and not at the beginning) and we assume that the distribution of the answers to the initial
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test of the SILSIS-MI student-teachers is a good representation even of the initial pedagogical
concepts held by the group of the IDIFO Student-Teachers.

That this is at least nearly true can be inferred by the analysis of what they wrote in their first
considerations in the forum of the course. Here there are some examples:

“I read in Landau: we can think of the free electromagnetic field as a set of particles
... Now I'm a little bit confused, I believed that thinking about an electromagnetic
field as a beam of photons was incorrect.”

“Considering a beam of photons leads to problems. Maybe I’ve not understood. Is
there a shared interpretation in the scientific community about this subject?”

“A process that allows the control of both energy and momentum conservation is
the emission of a photon in the Bohr model of the atom...”

Besides some personal e-mails of thanks, the success of the course can be inferred from the
great amount of comments and discussion in the forum with more than 300 e-mails and 3250
accesses. This “shared” work is evidence of personal participation of the student-teachers and
their involvement. From the forum we can analyse the development of teachers’ ideas both
from a disciplinary, cultural and a didactic point of view. Most of the students prepared and
experimented in their classes didactical paths based on IDIFO courses and also based their final
thesis on these arguments. Moreover we have also the answers to the question put at the end of
each module and in the final test.

To have a glimpse of what we believe was a success we report here one table (table 2) that
synthesizes teachers’ “final” answers to Q1-Q3 and other three tables (table 3-table 5) with a
schematic comparison of the categorization that we made on the “same” initial and final test.

As can be seen, most student-teachers reached a more than acceptable reconstruction of their
previous knowledge, and this is fundamentally ascribed to the complex structure of the master
IDIFO (a more deep and complete study is still in progress and we will give more details in a
later paper).

First of all the fact the courses were on-line forced students to write their questions instead of
speaking. This brought them to clarify first to themselves and then to everybody what they were
asking, thus giving a deeper insight into their problems.

Second, there has been a long peer to peer debate among students sharing their difficulties at
very different levels: on basic physics, on cultural development, on class situation and so on.

Third, the necessity of constructing personal paths to be tested in classes forced them to translate
thematic knowledge and pedagogical content knowledge into concrete didactical sequences.

Fourth, the presence in IDIFO of many courses on Quantum Physics with many different ap-
proaches (one based on superposition principle and on the formalism of Quantum Mechanics,
one on the logical-historical reconstruction of the main themes that gave rise to Quantum theory,
one on the Feynman rules of QED, one on the different statistics underlying Quantum theory
and one (ours) referring to Quantum field theory) greatly enlarged the teachers’ point of view.
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Student - | Electro- Free propagation | Referring to | Photons interact | Photons are | Photons
Teacher magnetic of electro- | Quantum  Field | with matter quanta of the | have no
wave magnetic field Theory electromagnetic trajectory
field

1 X X X
2 X
3 X X X
4 X X X X X
5 X X X X
6 X X X X
7 X X X X
8 X X X X X
9 X X X X X
10 X X X X X
11 X X
12 X X X X
13 X X X X
14 X X X X X
15 X X X X X
16 X X X X X
17 X X X X X X
18 X X
19 X X X X

Total 4 18 9 18 14 15

Table 2: Categorization of the answers on light (Q1-Q3).




Moreover the possibility of creating links among the approaches greatly stimulated and really
opened their minds.

Fifth, the realisation of many experiments in two weeks of face-to-face courses both as students
and as teachers with selected high school students, put on solid ground some of the “classical”
Modern Physics experiments everybody has read of on paper.

Dualism | Photons | Interaction Answers  refer- | Free propagation
carry light-matter ring to Quantum | of  electromag-
energy Field Theory netic field

Initial test 14% 67% 11% 0% 8%
Final test 0 0 47% 48% 5%

Table 3: Comparison of the answers on light (Q1-Q3) in the initial and final test.

Axiomatic and/or | Historical models | Answers based | Answers  refer-
not argued | based answers on experimental | ring to Quantum
answers evidences Field Theory
Initial test 40% 45% 15% 0
Final test 5% 5% 0% 90%

Table 4: Comparison of the answers on atoms (Q4-Q6) in the initial and final test.

Schematic or wrong Answers correctly | Confused an-
answers referring to Quantum | swers
Theory
Initial test 79% 0 21%
Final test 0% 95% 5%

Table 5: Comparison of the answers on Heisenberg relations (Q10) in the initial and final test.

5. THE CASE OF TEACHING STATISTICAL MECHANICS

It is widely accepted that matter is a foundational domain in science (particularly in physics and
chemistry) and appropriate understanding of the properties and behaviour of matter determines
pupils’ understanding of the principles and theories of physical and chemical changes. More-
over, a full understanding of matter involves reasoning that is both descriptive and explanatory,
macro and micro, qualitative and quantitative. Although different positions can be identified on
the level appropriate for the introduction of microscopic models, high school physics teachers
will face the teaching of microscopic models (classical and quantum) of matter at different lev-
els. For this reason, we identify in statistical mechanics a topic that can highlight the field of
microscopic modelling.

The Module SMe&SMa (Statistical Mechanics & Structure of Matter) was aimed at pointing
out the main characteristics of macro- and micro-modelling of matter. Here, we will focus on
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the main characteristics of statistical reasoning that are involved in micro-modelling and the
necessary competences which are involved in teacher education.

Before getting to SMe&SMa structure, we briefly review the general features of modelling in
statistical mechanics. In physics, the modelling process can be seen as an interplay between
model, experimental results, and fundamental theory underlying the model (typically classical
or quantum mechanics). In statistical mechanics, the modelling of macroscopic phenomena
follows the following approach:

1. The microscopic constituents (e.g., atoms, nuclei, electrons,...) that are used to ‘build’ a
macroscopic phenomenon are chosen;

2. Based on classical or quantum mechanics, the microscopic behaviour and energies of the
constituents are determined;

3. The formalism of statistical mechanics is used to determine, at least in principle, the
thermal or other quantities that are our concern.

It is widely acknowledged that how these steps are performed differs considerably in textbooks
(as well as in the research literature), in connection with the meaning attached to the term model,
as well as the kind of models used.

5.1. THE MODULE STRUCTURE

The Module (2 cfu) has been divided into 2 learning Units: the first one involving the concep-
tual basis of classical and quantum statistical mechanics; the second one analysing the electric
conductivity of conductors and semi-conductors. Each Unit includes a reflection on the disci-
plinary content (in order to point out the conceptual knots and all the elements to be focused
on a transposition to high school level), as well as the cooperative preparation of teaching and
learning sequences (TLS) appropriate to the high school physics curriculum.

We developed a new approach devoted to the statistical evaluation of the thermal equilibrium
distribution of a classical/quantum ideal gas consisting of non-interacting particles in thermal
contact with a heat bath. The method is an alternative to standard procedures. Its main point
is the application of similar evolution mechanisms to both classical and quantum particles that,
however, differ on the basis of their properties of distinguishability or indistinguishability and,
in the latter case, on the basis of the fulfilment of the Pauli exclusion principle. In particular,
we model Bose-Einstein and Fermi-Dirac systems and compare their distribution functions and
thermodynamic properties with those of classical Maxwell-Boltzmann systems (Guastella et al.,
2009).

The main relevance of the approach consists in its conceptual simplicity, based on the appli-
cation of the detailed balance conditions (Morse, 1965) and on taking into account relevant
peculiarities of the particles, due to the quantum mechanics effects of indistinguishability. This
contributes to simplifying the topic from a mathematical point of view, without diverting at-
tention from the physical situation (Guastella & Sperandeo-Mineo, 2009). In fact, through
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modelling and computer simulations, the formalism of statistical mechanics is appropriately
simplified or by-passed.

We can identify two levels or categories of models used in statistical mechanics:

Level_1 models, focusing on the real-world objects and processes, although some aspects of
reality are neglected, simplified or enhanced.

Level_2 models, thought of as tools for developing and testing ideas, not as an attempt to get a
representation copying reality.

It has been pointed out (Niss, 2009) that at level_1 the focus is on the model and the real world,
and at level_2 on the ideas portrayed in the model. We used models of both levels: level_1
models developing Molecular Dynamics algorithms and level_2 models adopting a Monte Carlo
procedure that develops a variant of the Metropolis algorithm (Gould, et al., 2006).

5.2. THE PEDAGOGICAL STRATEGIES

The module instruction was planned to be delivered in 8 weeks, with an instructor and a facil-
itator (tutor) who provided the teachers with stimuli and feedback facilitating the acquisition
of scientific knowledge, as well as pedagogical knowledge. Different kinds of materials were
supplied to teachers during the course:

* A list of textbooks of Introductory Statistical Mechanics, together with supplemental
readings from peer-reviewed professional journals.

* Descriptions of experiments reporting experimental data to be analysed.
» Simulations and applets depicting the models analysed in the module.

* Examples of pedagogical transformation of the topics analysed (through links to web-
sites).

* At the end of each Unit, teachers were given a questionnaire involving conceptual ques-
tions about the topic analysed as well as the solution to some problems. They were also
requested to design a TLS involving the main contents of the Units, as well as a planning
for its possible experimentation in the classroom.

The primary teaching resources of the module can be identified in the materials designed to
provide pedagogical support (“scaffoldings™). We call these materials “Reading Guidelines”
and “Design Guidelines”, since they are supposed to supply some keys of analysis to scaffold
the approaches for construction of disciplinary as well as pedagogical knowledge.

The Reading Guideline on the Statistical Mechanics Unit was designed to support teachers in
the analysis of the following conceptual knots:

* Identification of the relevant points that can be considered as determinant factors in the
crisis of the mechanicistic programme of kinetic theory;
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* Characterization of new concepts and new approaches;

* Identification of concept evolution through a concept map.

The Design Guideline was aimed at supporting teachers in reflecting on their choices in de-
signing the TLSs for their classrooms, by making explicit the concept map, the requested pre-
requisites, the chosen rationale and the pedagogical strategies and tools employed.

5.3. EVALUATION PROCEDURES

The pre-test, administered to teachers at the beginning of the module, was devoted to the anal-
ysis of teachers’ initial knowledge at the conceptual level, as well as at the mathematical level.
The results showed that, although physics graduates evidenced a more accurate and deeper
knowledge than mathematics graduates, frequently their accurate formal knowledge was not
connected to a clear conceptual understanding. Very often, the physical meaning of the mathe-
matical derivations as well as of the distribution functions, was not grasped and their knowledge
was limited to the theoretical accounts. Moreover, although the total sample declared that the
introduction of some key elements of statistical mechanics at high school level could better clar-
ify the relationships between macro- and micro- worlds, nobody had experienced such teaching
in the classroom, and the majority did not to have ideas about ways of making these main points
accessible to their pupils.

In our evaluation procedure, many elements have been taken into consideration. We analyse
here:

* The participation dimension in terms of quantitative analysis of the messages and the
analysis of communication (interaction dynamics, the relationship between the actions of
tutors and experts, etc.);

* The qualitative analysis of messages in terms of content and contribution to collaborative
work as well as the individual answers to the questionnaires.

The evaluation procedure is aimed at giving answers to the following research questions:

1. Have the materials and the Reading Guideline been able to support teachers towards a
clear understanding of the key points of the statistical mechanics approach and the under-
lying new concepts?

2. How have the sharing of ideas and experiences influenced the teachers in putting in to
action competences adequate to develop teaching and learning materials appropriate for
their high school pupils?
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5.4. RESULTS AND DISCUSSION

During the whole teaching/learning period, the learning environment registered a total of 1243
forum connections, with a mean number of connections per teacher N, = 62.2 (o = 45.4).
However, 4 students connected to the website less than 20 times. Moreover, a total of 228 mes-
sages were posted by teachers on the website but only for 14 of them can the participation be
defined as good quality from the viewpoint of interaction with other teachers. The interven-
tions of the remaining 6 teachers were limited only to the request of clarifications or further

information.

Concerning our first research question, the analysis of the forum discussion allows us to recon-
struct the teachers’ learning progress by analysing the messages sent by each teacher the charac-
terisations of their interactivity and the extent to which the message covers the topics identified
as significant. The tutor of online discussion never provided explicit instruction in rules, but
rather stimulated the pointing out of differences between teachers’ opinions, in order to search
for awareness of explicit disagreement or consensus. Moreover, the individual answers to the
final questionnaire allow us to individuate the concordance level among the different positions
that came out during the discussion periods.

As a main result, all the teachers pointed out that the main contradiction of the mechanicistic
programme of kinetic theory (aimed at the analytical reconstruction of macroscopic properties
starting from microscopic interactions) arise from the reversibility of mechanics against the
irreversibility of thermodynamics, and that statistical mechanics overcomes such problem, by
using probabilities instead of trajectories and describing macroscopic properties as mean values.
Moreover, the probability distributions (density of probability) were identify as “key concepts”.
About half of our teachers identified the coarse-grained description of phase space as a nec-
essary condition, in order to arrive at an appropriate microscopic dynamics that still keeps the
relevant macroscopic information, neglecting irrelevant details. However, the majority of our
teachers found the mathematics of classical statistical mechanics very difficult, mainly from the
need for multidimensional integrals.

Modelling was considered a relevant process, in order to connect the macro- and micro- worlds.
However, the majority of teachers preferred a modelling procedure that simplifies or neglects
some aspects of real-world processes, rather than models thought of as tools for developing and
testing ideas and not as attempts to get a representation of reality; in other words, molecular
dynamics models rather than Monte Carlo models. The reason can be ascribed to the better vi-
sualising property of the first kind of models that perform a sort of thought experiment involving
the running of mental simulations.

All teachers identified in computer simulations the pedagogical instruments relevant to over-
coming mathematical difficulties and to supplying the visualization of dynamical “mechanisms
of functioning” able to help formalization.

Many interesting details come out by comparing the questionnaires of teachers of different
expertise, in disciplinary knowledge as well as in teaching experience. These allow us to infer
that the proposed pedagogical materials and the Reading Guideline have been able to support
teachers toward a clear understanding of the key points of the statistical mechanics approach
and the new underlying concepts.
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Concerning our second research question, we have to take into account that the co-operative
construction of knowledge is a very difficult job. In fact, it evolves through a series of lev-
els: from a first level, involving the simple sharing and comparing of information (opinions
examples, ...), to the discovery and exploration of dissonance or inconsistency among ideas or
statements, to the final negotiation of meaning or co-construction of new syntheses (Gunawar-
dena et al., 1997).

By comparing data drawn from the (quantitative and qualitative) analysis of forum discussion
with the individual TLSs presented by the teachers, we can identify some points were the co-
operative construction has been partially or fully realised.

As a first point, the problem of introducing all the mathematical concepts necessary to a statis-
tical mechanics approach made our teachers worry during their design of a TLS appropriate for
high school level.

The singling out of appropriate methods able to overcome the mathematical difficulties has been
also a relevant point. Modelling and computer simulations have been identified by all teachers as
necessary pedagogical activities in order to approach the topic. The majority believed that such
pedagogy goes beyond the simple understanding of the topic, since learning about the nature
and utility of scientific models and engaging pupils in the process of manipulating (creating and
testing) models should be a central focus of science education. As a consequence, they have
been engaged in identifying ways to realize this vision. The key components identified include
enabling students to create computer models that express their own ideas or theories, evaluate
their models using criteria such as accuracy and plausibility, and engage students in discussions
about models and the process of modelling.

The TLSs prepared by teachers at the end of the first Unit on Statistical Mechanics involved
mainly classical systems: 9 teachers prepared TLSs aimed at the statistical introduction of the
entropy concept, 4 aimed their TLSs at the introduction of the necessary mathematical concepts;
2 focused their analysis on the initial historical evolution of statistical mechanics (pointing out
analogies and differences between the Boltzmann’ and Gibbs’ approaches). The remaining 5
teachers devoted their TLSs to different pedagogical approaches aimed at the introduction of the
statistical distribution functions. The understanding of such concepts has been recognised as a
necessary pre-requisite for the whole construction of statistical mechanics. A detailed analysis
of the different approaches of the 5 teachers, mainly in relation to the dynamics of the forum
discussions, is in progress.

By synthesizing, the gauging of teachers’ satisfaction and the analysis of how they intended to
apply what they have learnt (made evident from their progress reports, forum discussion and
final questionnaires) we can infer that teachers’ interest in the module had a twofold root:

» Teachers became aware that probability and simple statistics are common in our society
(ranging from game analysis to polling data with their statistical measures) and proba-
bilistic reasoning is a relevant objective of science education;

* The understanding of microscopic models of matter and modelling procedures can sup-
ply a general framework based on a small number of fundamental mechanics principles
(momentum, energy and angular momentum conservation principles), all of which can be
applied to a very broad range of systems.
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6. RUTHERFORD BACKSCATTERING SPECTROMETRY FOR THE IDIFO
MASTER

The technique for material analysis of Rutherford Backscattering Spectrometry (RBS) has been
the subject of a distance course for the IDIFO Master in Modern Physics. After introducing
the basic physical models for the interpretation of the phenomena occurring when a light and
energetic ion beam impinges on the surface of a solid sample, students were invited to discuss,
through network forums, the various models from the disciplinary point of view as well as in
the light of a possible didactical path. The second part of the course was devoted to the interpre-
tation of elementary RBS spectra. Students were invited to complete with their comments and
interpretations a table containing some simulated RBS spectra of thin heavy elements films over
light substrates. Finally students had to design a didactical path for secondary school students
on the basis of the course contents. In this contribution we present the structure of the course
and the analysis of the discussion forums.

6.1. WHY RBS FOR PHYSICS EDUCATION IN SECONDARY SCHOOL?

The motivations for introducing RBS at secondary School level are various. The key ones can
be schematically summarized as follows:

It contributes to learning a physical view of the world. The analysis of the measurement out-
comes requires an interpretation of the nature of matter and of the interaction between systems
that are part of it. New physical quantities founded on very general principles and extensively
employed in modern Physics are introduced, irrespective of the Classical or the Modern Physics
context.

RBS represents a bridge between Classical Physics and Modern Physics. Most of the modern
techniques of analysis are based on quantum mechanics since matter is studied in terms of the
interactions of its microscopic components. Yet for their strong orientation towards measure-
ments, they are often interpreted according to (semi)classical models. RBS is an outstanding
example, as we will see below. The general framework of principles and quantities needed for
the interpretation with the classical approach is the starting point for a quantum analysis.

It supplies an exciting context for the application of Classical Physics. The application of clas-
sical models allows us to obtain microscopic information such as the thickness and composition
of thin films.

It supplies a methodological view for investigating the microscopic world. It is a modern and
very widespread technique extensively used by scientists as a research tool in material science.

RBS can become part of the secondary school curriculum. Experiments and activities that
students perform can be designed and proposed for secondary school laboratories. An example
is the 6 hours of activities offered during the 2007 and the 2009 summer schools in Udine
(Corni, 2007).

6.2. CULTURAL ELEMENTS OF RBS

RBS is a research technique considered to be a fundamental tool for several analyses in sev-
eral fields of solid state physics [2]. It provides information on the depth distribution of the
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constituent elements of the first hundreds of nanometers of a sample. It consists in sending a
monoenergetic (some MeV) light ion beam (principally H* and He™ ") towards the sample and
measuring the number and energy of the ions backscattered along a certain direction relative to
the impinging beam (Fig.1a). A simple calculation shows that the minimum distance reached
by a He™™ ion (Z = 2) with energy E = 2 MeV in a head-on collision with an Ag atom
(Z = 47) at rest is smaller than the radius of the inner Ag electrons ( % =6.8 x 107° nm
vs. 2 =1.1x 10~ nm, with e the elementary charge and a, the Bohr radius). This indicates
that the process can be considered, with fair approximation, a Rutherford scattering between
unscreened nuclei. Therefore it is almost perfectly equivalent to interpret the process within
classical mechanics in terms of elastic collisions between charged point masses (Fig. 1b).

For a didactical approach to scientific analysis, the main concepts needed to interpret a RBS
spectrum can be reduced to three main ideas. Each one will be introduced as a physical quantity
and, at the same time, interpreted as a parameter providing information on the target.

1. Kinematic factor K, as the answer to the following question: what is the energy of an ion
after an elastic collision with a heavier nucleus? Or alternatively, how can an observer
evaluate the mass of a target element from a measure of the energy of the backscattered
ions? This factor is independent of the beam energy (provided that the process remains
a Rutherford scattering, and that no inelastic events - at too low energy - or nuclear in-
teractions - at too high energy - occur). It can be calculated classically assuming the
conservation of kinetic energy and momentum. A full expression, according to the geom-
etry of Fig. 1b, is
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in the case of § — 7 which is the condition of maximum mass resolution.

2. Scattering cross section o, answering to this question: what is the probability that an in-
cident ion hits the nucleus of a certain element of the sample and be sent along a certain
scattering direction? Or how can the abundance of an element in the sample be evaluated
from the fraction of scattered ions (or its scattering efficiency)? An expression of the
scattering cross section, under the same hypotheses as for the kinematic factor, is the one
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3. Stopping cross section ¢, answering the question: what is the average energy loss of the
ion if the collision occurs under the surface of the sample? Or how can the in-depth
distribution of an element be obtained from the energy spectrum of the scattered ions? In
other words, how can we convert the energy scale of the collected ions after the scattering
into a depth one?

in the case of § — 7

The stopping cross section is the superposition of the contributions of various microscopic phe-

nomena whose efficiency depends on the energy of the ion. Therefore various theoretical ex-

pression for this quantity can be calculated depending on the mechanism of the energy loss con-

sidered relevant according to the ion energy. Due to this difficulty, the choice made in research

is to use experimental curves of energy loss per unit depth % of each element, normalized to
1dE

its atomic density NV, as a function of the ion energy €(F) = % (E).

The course analyzed also the phenomenon of energy straggling, but this topic is not described
here due to its lower interest for didactical purposes. For a more exhaustive treatment of the
whole subject we refer to our previous works or to the specific literature (Corni et al 1995; Corni
2007).

6.3. THE COURSE STRUCTURE.

The didactical project presented below follows our previous experience and research work on
the introduction of analysis techniques and Matter Physics into the secondary school curriculum
(Corni et al 1993; 1995; 2001; 2006) and benefits from our direct involvement in the use of RBS
for microelectronics materials.

According to PCK model for teacher training, the course comprises the introduction of theoret-
ical elements as well as activities aimed to project didactical paths for students.

The first part of the course, given in distance mode through the IDIFO platform, is organized in
four sections: 1) introduction to the basic concepts of the technique, ii) focus on the concept of
scattering cross section, iii) analysis and discussion of RBS spectra, iv) the project of didactical
paths. In the first section the master students are invited to read an article about the basic
concepts of RBS (Corni et al 1995) and discuss them both from a disciplinary and from a
didactical point of view. In the second section, following the guide of the specific paper, they
are invited to focus on the concept of scattering cross section, again both from disciplinary and
from didactical point of view. In the third section the students face two tests, the first consisting
of the interpretation of elementary RBS spectra, the other presenting more complex spectra.
In both tests the students are requested to support their choices and discuss them through web
forums. In the last period they are invited to prepare (either alone or in groups) a didactical
path to help secondary school students understand the basics of RBS and interpret elementary
(non-trivial) spectra.
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6.4. ANALYSIS OF THE TEACHERS’ CONTRIBUTIONS

The teachers’ team participating in the forums of the first two sections comprised 13 teachers.
However their participation in each forum was variable: 16 teachers did the spectra analysis.
The last section (presentation of the didactical projects) was completed by 9 of the 16 partici-
pants of the project. These numbers are small compared to the number of teachers attending the
Master program, and most likely representative of the group interested in this specific topic.

In this contribution, the analysis is limited to the forum messages on the basic concepts of the
technique and in particular the concept of scattering cross section. The aim is to investigate the
teachers’ ideas and difficulties, both on the disciplinary and the didactical planes.
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Figure 6: (Top) Experimental setup in the scattering chamber of an RBS machine; (bottom)
equivalent physical model in a classical mechanics framework.

6.4.1. Discussion forum on the introduction to the basic concepts of the technique

The forum participants were 8 and the total number of messages was 26. Most teachers focused
their interest on the stopping (6 out of 8 with 10 messages) and on the scattering cross sections
(5 out of 8 with 7 messages), confirming the importance of these topics from the disciplinary
point of view.

Table 6 reports the topics in the various forum threads and the corresponding number of mes-
sages. The teachers are interested in understanding the various concepts, both from a physical
and from a mathematical point of view. The didactical value of RBS is recognized, for example,
in performing the Rutherford experiment or applying collision theory, together with the possi-
ble issues connected with two aspects in detail: the position in the curriculum and the way to
introduce it to students. The scattering cross section is indentified as an important conceptual
knot, justifying the need of a course section.
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Table 6: Arguments (more than messages as in table I) treated in the various threads of the disciplinary forum on the concept of cross
section. (*) Only didactic messages




6.4.2. Didactical forum on the introduction to the basic concepts of the technique

9 participants contributed to this forum, with a total of 23 messages. All teachers joined the
discussion about RBS with 20 of the 23 total messages. One message was about the kinematic
factor and two messages about the stopping cross section.

According to teachers’ opinions, the most interesting aspects of an introduction of RBS in
schools were: the connection between theory and applications (6 messages), the possibility of
giving an experience of the physicist’s job (2 messages), and the motivational role of the various
topics (2 messages). The main possible difficulties concern the placement within the various
Italian curricula.

6.4.3. Disciplinary forum on the concept of scattering cross section

There were 10 participants and the total number of messages was 20. Two messages were on
the didactical employment of the argument and will be discussed below. In the thread about
classical and quantum theory, teachers evidence that: 1) the fact that o is proportional to the
probability of a collision highlights the statistical nature of the interaction between particles and
matter, ii) the adopted formalism includes either hard targets (spheres), or “soft” target (nuclear
Coulomb field), 1ii) the classical sphere model for interacting particles is overcome through an
estimation of probabilities, which introduces the quantum treatment. Then an intense discussion
on the classical and quantum interpretation of collisions followed.

The teachers’ considerations (second thread) focused on the importance of the scattering cross
section in quantum mechanics and on the meaning of the total and differential cross sections.
Teachers discussed why and how energy is irrelevant in nuclear interactions and if it is always
possible to obtain information about the interaction. In the last thread, a teacher observed that
the geometrical interpretation as the area presented to the projectile by the target emerges from
dimensional analysis.

6.4.4. Didactical forum about the concept of scattering cross section

There were 10 participants and the total number of messages was 17, all in a single general
thread. The discussion started from the consideration of the mathematical difficulties presented
by the subject. Suggestions by the teachers to overcome these difficulties were on one side
valuing students’ intuitions and on the other the employment of computer simulations. They
discussed also the opportunity of a reorganization of the curriculum centered around conserved
quantities and conservation principles, and on the evolution of concepts in relation to models.
In this forum, teachers concluded that Physics has a unitary character. There is not a model
that is valid “per se”, but various models, either classical or not, must be taken into account and
applied when relevant. There is not a classification of models, rather they complete each other:
classical models are suitable also for the microscopic world and can introduce and clarify the
quantum models and the quantum models complete and generalize the classical ones.

6.5. SYNTHESIS OF THE TEACHER RESULTS

As shown by the forum messages of teachers, specifically in the forum focused on the clarifica-
tion of terms and concepts, the topics of this course, regardless being based on classical physics,
were almost unknown, previously.
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Through the forums and the activities of the course teachers succeeded in analyzing the topics
and in revealing their possible didactical potentialities: the importance, in term of student mo-
tivation, of topics concerning modern technology and research, as well as related to guidance
to understand the “physicist’s job”.

The goals reached by teachers were both disciplinary and didactic.

Disciplinary plane:

* Role of models in Physics, both classical and modern, in a framework of coexistence
rather than opposition.

» Knowledge of physical quantities suitable for the description and interpretation of ion-
matter interactions, which however have a more general meaning for different interacting
objects (radiation, nuclear particles) and type of interaction.

Didactic plane:

* Criticism of the tendency to introduce physical concepts only in a mathematical frame-
work.

» Teaching methods and strategies deeply integrate laboratory activities, modeling, sim-
ulations, mathematical analysis, and use and interpretation of external materials (experi-
mental data, RBS spectra).

* Various possibilities for the curricular situation of the contents of the course.

* Contribution to the curriculum of the introduction of emblematic topics such RBS as
opportunities for the synthesis of various arguments treated in different contexts and in
different times.

7. CONCLUSIONS

Many dimensions of Physics Education Research (PER) are involved in the Master IDIFO
project: first of all the materials used for teacher training comes from PER results and products.
The perspective of PER as conducted by the community of researchers and the dimension of
action research offer teachers a rich environment for cooperative learning. The most important
result is the model for a research based in-service teacher training in modern physics. Metacul-
tural, Experiencial and Situated strategies for teacher education adopted by the community of
Italian physics education researchers for the community of teachers offer a wide spectrum of
research results on the main problems in teacher training for curricula innovation in the fields
of relativity, quantum mechanics, statistical mechanics and structure of matter. Here we focus
on some case studies related to the courses of IDIFO modules, their research methods that offer
the main results for a bridge between research, teacher training and innovation in education.

In the field of relativity we traced the trajectory followed by a group of teachers in the analysis
and discussion of a complex teaching proposal from the perspective of designing their own
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teaching approach. We call this trajectory “appropriation path”. We have documented the
passage from an initial hesitation and distrust toward single aspects of the proposal, in conflict
with the traditional approach, to the acceptance of the challenge of going deep into the analysis
to understand the origins and the meaning of the differences with respect to other approaches.
The results we obtained about teachers’ attitude toward innovation fit with ones known in the
literature. In particular, the study allowed us to point out some factors that triggered the whole
process.

The results confirm that taking research-based innovation to school requires teachers to have
their own point of view on the research products which could orient them in a complex role that
cannot be simply reduced either to implementers of ready-made research-based proposals, or to
naive designers of original proposals based on all the research knowledge. As a consequence,
in order to avoid the risk that a proposal be spoiled, with loss of innovation, by the researches
themselves when they present it to teachers or by the teachers when they implement it in the
class, it is necessary to devices “appropriate” frameworks for action for teacher education where
a network of researchers and teachers construct and share their specific competencies.

The education process activated though the educational module on QM and delivered to 22
selected student-teachers was structured into three sub-courses, two on the web and one face-
to-face. The analysis and the discussion of a proposed teaching/learning module is focused on
the construction of basic concepts of the theory and on the recognition of the conceptual role of
formalism.

From data it emerged that even well prepared teachers have a vision of the teaching of QM
oriented to the physics of quanta (RQ1). It also emerged that the uncertainty principle is con-
sidered a key one in QM; likewise, for many other student-teachers, the quantization of physical
observables (discrete spectrum).

The main difficulties encountered on the learning path (RQ2) are related to leaving contexts
usually explored with high school students (e.g. the uncertainty principle for position and mo-
mentum; the context of free propagation) to go deeper in those of two-state systems. As for the
case of relativity, there appears to be an important difficulty in facing a new way of thinking,
even if simpler than the known approaches. The elements of the learning path (here docu-
mented) leading to the main changes in PCK are (RQ3): the fact that this didactical proposal
was focused on facing the basic concepts of QM and on the detailed analysis of the instruments;
the rich exchange developed on the web between the student-teachers and between them and
the tutors about the different basic concepts of QM followed in the reference didactical path;
the direct involvement in the construction of conceptual and organization maps of contents and
work modalities. In particular, the main changes are the passing from a vision focused on the
physics of quanta, to a vision in which a central role in the quantum theory is covered by the
superposition principle. In the designing of personal didactical paths, even if the superposition
principle plays a basic role for most of the student-teachers, their attention is mainly focused
on measurement theory and on the concept of state. In the specific case of high level compe-
tence student-teachers, the main integrations are about other phenomenological contexts with a
similar approach to the one proposed, like that of spin and diffraction (RQ4).

It emerges from the QM courses that a key point in Teachers’ development is to give a “general
frame into which different pictures learned in university courses can be linked” (Vicentini 2007).
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More specifically in the case of the Master IDIFO the following factors seem to have been very
important: the opportunity for rethinking, with different approaches and “interpretation grids”,
fundamental Quantum Physics contents (Fisher 2005) and about Physics for Teaching in the
context of Physics Education researches and their results (Duit 2005) and the opportunity of a
great engagement and involvement in debates and discussion that has greatly favoured meta-
level reflections. This is confirmed by the case study on statistical mechanics and the structure
of matter, from which results emerge that a modelling approach can supply the appropriate
teaching-learning environment where teachers can be supported in meta-reflection about the
physics content as well as the appropriate pedagogy. The limitations of classical models, as
well as the power of classical, semi-classical and quantum models at a microscopic scale can
be faced with appropriate strategies and pedagogical tools.

Innovation in Physics Education faces more problems in its accomplishment if it involves the
contents of Modern Physics. Teachers have to become confident with the new content, as well
as with the underlying epistemology, in order to identify the key concepts and the relevant the-
oretical aspects. Moreover, they have to became able to overcome the mathematical difficulties
that are very often an intrinsic and implicit part of theory.
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USING MODELSTO ILLUMINATE EXPERIMENTAL
DATA

Laurence Rogers

School of Education, University of Leicester, England

ABSTRACT

This workshop presents a new generation of data-logging software which facilitates
enlightening comparisons between data from mathematical models and data gath-
ered in real experiments. By integrating the functions of data-logging, modelling
and graphical analysis, the software environment allows pupils to explore scientific
ideas which can be described mathematically. Participants will be invited to try
out and evaluate sample activities designed to encourage thinking which employs
previously learned scientific principles, or to make predictions which may be tested
by experiment.

1. INTRODUCTION

Computer software can provide valuable tools for exploring data collected from laboratory ex-
periments (Rogers, 1996). The special value of such tools resides in the use of graphics to
visualise trends and changes in data, and the variety of rapid calculating facilities, useful for
analysing the data and for deriving secondary data. The instant access to calculations and the
interactive possibilities for their use are key attributes of the computer-based method of han-
dling data. The graph is an important method for presenting data and each graph shape has
unique properties (Rogers, 1998). Recognition of these properties can help lead students to
a better understanding of the relationships between variables represented by graphs. Further,
the graph can be regarded as a ‘bridge’ between informal descriptions of relationships based
on simple observations and more formal descriptions using mathematical formulae (Rogers,
2001). The properties of formulae are revealed by exploring the characteristics of graphs, and
an understanding of such properties leads to an appreciation of a relationship between variables.
It is now proposed that newly designed software (Logotron, 2009), by offering a common user
interface for comparing data-logging and model-generated data, and by presenting models in
a graphical iconic environment, greatly assists students in developing an understanding of the
mathematical description of phenomena.

2. DATA-LOGGING AND GRAPHING

Data-logging (or MBL) implies the use of a computer for physical measurement in labora-
tory experiments. The technology for data-logging is now a well established, but despite its
widespread use and well rehearsed claims (Nakhleh, 1994; Pecori, 1998), there are voices of
caution about its effectiveness in promoting scientific understanding (for example, Newton,
1998; Pinto & Aliberas, 1996). Pinto & Aliberas warn that software alone is unable to dis-
pel ambiguities and emphasise the importance of teacher interactions to encourage thoughtful
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application of the software. Enlightened software design can amplify the agenda of science
thinking when the degree of operational skill required is reduced. Essential to any data-logging
software program are the graphing facilities, and the best examples provide numerous tools for
analysing the graph and deriving relevant useful information from the graph.

3. MATHEMATICAL MODELLING

Modelling activities attempt to simulate the collection of data through the application of suit-
ably defined formulae. A valuable aspect of modelling is the opportunity to control variables
and experiment with relationships in ways which are often very difficult in real experimental
situations. In this respect, modelling can expand investigative activity and broaden students’
experience of a phenomenon beyond the normal limitations of laboratory work. As with data-
logging, the principles of modelling are well established but there seems to be no common
agreement about the most suitable software design for modelling activities. The commonest
tool in use is the spreadsheet, but although this is a powerful and versatile tool, it has serious
limitations for displaying the conceptual thinking implied in formulae and equations. Also, the
use of graphing and analysing facilities in spreadsheets tends to demand a high level of opera-
tional skill which can impede useful scientific thinking. One solution to this problem is to create
purpose designed software for specific tasks. The growth of simulations offering virtual exper-
iments is such a response, but most are still limited by the lack of access to the mathematical
model itself allowing it to be changed. Borkowski (1996) has warned that too much trust in vir-
tual experiments can promote a false view of reality and recommends correlation with real data
collected through data-logging techniques. An attractive solution is to offer a unified software
system featuring both modelling and data-logging facilities (Mulder, 1996) but in many school
situations, the available software is so complex, students need additional help (Zelenda, 1996).

4, THE INSIGHT APPROACH TO MODELLING
The approach described in the remainder of this paper addresses three main themes:
* A software environment which allows seamless interchange between real experimental
data and that generated by models, enabling easy comparison
* A simple user interface for modelling suitable for students aged twelve and upwards
* A graphical iconic environment for modelling which helps to structure pupils’ thinking.

The examples are based upon the use of Insight iLOG Studio (Logotron, 2009), a newly pub-
lished software package which integrates data-logging, modelling and graphing facilities.

EXAMPLE 1: EXPLORING THE PROPERTIES OF A FORMULA
For younger pupils a first step in thinking about models can begin by considering how a simple

formula conveniently describes the relationship between two or three variables. As a mathemat-
ical device, a formula can be regarded as one which both describes and predicts the behaviour of
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variables. A particular formula provides an appropriate model if its descriptions and predictions
match observed data for the phenomenon under consideration. The formula has characteristic
properties which are not dependent on physical phenomena but are determined by mathemati-
cal axioms. A useful starter activity in modelling is to study these properties first by using the
formula to calculate new data from supplied data.
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A ce /"/ o
. N

L
Pressule &'&\ A pressure T 04 _|
area area ‘Rg

Figure 1: (Left) Model for calculating pressure. (Right) Model in Run mode.

The user interface described here uses the ‘input - process - output’ flow model and represents
this graphically on the screen as a series of connected blocks. (Figure 1a) The calculated vari-
able block (pressure) shows a formula which identifies the variable as the ‘output’ variable or
‘subject’ of the formula. In this example the variable blocks for force and area are the inputs for
the formula and the arrows indicate this relationship. When model is set to run, the values for
force and area may be adjusted and the calculated pressure appears simultaneously (Figure 1b).
In this first example the student explores the properties of a simple definition, that of pressure.
Students are taught that the concept of pressure arises from the need to describe the effect of a
force when applied to a surface area. There is plenty of experimental evidence to support the
notion that distributing a force over a large area has the effect of reducing the penetration of
the force into the surface. Classic examples of physics teaching featuring sharp knives, snow
shoes and large tyres for tractors, exemplify this simple principle. ‘Pressure’ emerges as a very
useful concept for measuring the concentration of a force and hence its penetrating effect. The
formula for the definition of pressure, ‘P = F'/A’, can be explored by students using the mod-
elling program simply by entering a variety of ‘input’ values for ‘F” and ‘A’ and observing the
calculated values for ‘P’. Such explorations reveal that the formula has just the right properties
for describing and predicting the penetrating effect of a force. Students are able to draw the
following conclusions:

1. A larger force produces a larger pressure when the area remains constant.

2. A larger area produces a smaller pressure when the force remains constant.

3. If the force and area are each increased in the same ratio, the pressure is the same.
This simple format of activity is no more than a calculating exercise which could be achieved
with a calculator or a spreadsheet. However, it is proposed that, in this modelling system, the

graphical format on the screen helps to focus students’ attention on the variables rather than on
the mechanics of the calculation process. Furthermore, after a step-by-step usage, the modelling
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system permits a rapid sequence of calculations in which one variable is automatically incre-
mented, inserted in the formula and the calculated results simultaneously viewed in the form of
a graph (Figure 2). The properties of the graph are readily explored using the analysis tools in
the program. Thus the inverse proportion property of the curve becomes evident when students
examine the effect on values of pressure as the area is increased in simple multiples. Values are
easily compared using cursors which are automatically cross-referenced between the table and
graph. The connectivity between the symbolic display, the calculated results in the table and the
graph provides a great advance upon the alternative methods with calculators and spreadsheets.
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Figure 2: Graph of pressure vs. area.

EXAMPLE 2: SIMULATING EXPERIMENTAL DATA

This example describes a modelling activity used to follow up an experiment to study the mo-
tion of an object in free fall. A weighted card is dropped from a series of different heights
measured by the students and for each height its velocity is recorded as the card passes through
a light gate. The program records the series of values for velocity and height and displays them
as a table and graph. Students can experiment with the graph analysis tools to study the shape
of the graph and deduce the relationship between velocity and height (Figure 3.) The model
is then built with the aim of emulating the collected data. The model illustrated here (Figure
4) is based on first principles, relating the distance, velocity and acceleration of the card. The
display helps to emphasise the simple dependencies between the variables. The two formulae
are merely rearrangements of the definitions of velocity and acceleration. Care must be taken to
define increments in distance and velocity rather than current values. In this way the model can
accommodate varying rates of change. When the formulae specify increments in this manner,
the modelling system performs iterative calculations using the two formulae and automatically
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calculates the sums of incrementing values for distance and velocity. In this model it is implicit
that the value of acceleration remains constant. Students are free to experiment with choosing
different values for acceleration and observe how closely calculated data matches the experi-
mental data in terms of the shape of the graph and the actual values. Such explorations can be
conducted using the very same analysis tools as those used earlier on the experimental data.
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Figure 3: Graph of velocity vs. height.
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Figure 4: Model for the motion of a falling object.
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The model is easily adapted to describe other sorts of motion. For example, for a mass-on-
spring oscillator, a further formula may be added to calculate the acceleration which will change
according to the tension in the spring, and this in turn depends upon the displacement of the
mass. The feedback in the model results in a loop of dependencies which are presented visually
in the model window. The geometrical arrangement of the blocks can be re-ordered at will
to enhance students’ appreciation of the relationships. (Figure 5). This graphical feature is a
useful aid for structuring students’ thinking.

k +—a='k*

Av = a*At_,_As-v*ﬁt

Figure 5: Model for Simple Harmonic Motion.

EXAMPLE 3: EXTENDING AN INVESTIGATION

In recent years curriculum programmes in the UK have placed an increased emphasis on an
exploratory style of learning in which pupils are encouraged to take responsibility for designing
and performing experiments. Typically this involves thinking about variables and setting up ‘fair
tests’ with suitable controls. When real experimental facilities become exhausted, modelling is
ideally placed to extend opportunities for investigative work. This third example considers
an empirical investigation into the effect of volume to surface area ratio on the cooling of a hot
body. As with any model, it is necessary to make a number of simplifying assumptions. Student
discussion of such assumptions should be regarded as an essential part of the modelling process
for it to contribute to the development of scientific thinking. Here the first assumption is that the
object under consideration is in the shape of a cube. Thus the size of the object may be described
by a single variable, the width of a cube side. Surface area and volume may be calculated as
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secondary variables, other variables being the temperature of the cube and elapsed time. The
model also includes two constants; the temperature of the surroundings and a general constant
‘k’> encompassing all the physical processes which are likely to contribute to the storage or loss
of heat. This approach deliberately avoids analysing these processes into any more detail and
allows the main focus of attention to remain on the following assumptions:

1. The rate of heat loss varies in proportion to the surface area of the cube and the tempera-
ture difference between the cube and its surroundings.

2. The heat stored in the cube varies in proportion to the volume of the cube.

The model with some sample results is shown in Figure 6. Pupils can investigate the effect of
changing the width of the cube, the temperature of the surroundings and the general constant

‘K.
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Figure 6: Model and results for a cooling cube.

5. SUMMARY AND CONCLUSION

It has been argued that modelling compliments data-logging and graphing in helping students
explore scientific ideas. The distinctive contributions of these activities are summarised thus:

* Data-logging supports an investigative style of working where the emphasis is upon gath-
ering real data. The automation of the gathering process frees the student to give closer
attention to results and their significance.
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* Graphing software supports the exploration and analysis of data.

* Modelling supports theoretical engagement with the phenomenon, thinking about rela-
tionships between variables, application of principles and making predictions.

For the latter contribution to succeed, the software environment for modelling must help the
user focus on the science ideas and develop their skill in thinking through the problem. The
visualisation of the variables, constants and formulae and their interconnections in a graphical
environment, making the modelling process more explicit and helping to structure thinking, is a
contribution towards this aim. This overcomes the weakness of standard spreadsheets and some
other modelling software which tend to inhibit conceptual thinking through their complexity or
stylised format and syntax.

The approach presented here attempts to give improved access to younger students. In partic-
ular, the first example develops the idea that a formula is a conceptual tool for describing a re-
lationship rather than a mere mathematical device for processing data. Each formula possesses
valuable information about a relationship; proportionality, inverse proportion, exponential and
so on. Also, at any level, the role of discussion in validating models and the questioning of their
assumptions should be regarded as an important aspect of modelling activity. These pedagogical
considerations are assisted by the unified software system employed here which, by integrating
modelling, data-logging and graphing facilities, helps to minimise software operational skills
requirement.
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ABSTRACT

A Formative Intervention Module on Energy (FIME) was implemented for two dif-
ferent groups of 250 prospective primary teachers over two years. FIME included
a preliminary subject centered part (CK) and an innovative proposal on energy for
primary school, based on simple qualitative exploration and inquiry strategy by
means of tutorials. From the first application of the FIME emerged a progression in
CK, but no evident gain was obtained in pedagogical competencies of the prospec-
tive teachers. In the second year a part of the FIME was restructured to include
a Pedagogical Content Knowledge (PCK) laboratory involving prospective teach-
ers in a personal reflection and a group discussion of the main conceptual knots
and learning problems documented in the literature on energy. A post question-
naire combining CK and PCK was carried out. Data emerging from the answers
to the questionnaire are correlated with those obtained from the tutorial worksheets
completed during the PCK lab, the portfolios of the prospective teachers and the
discussions in large groups on the educational path. Results evidenced a relevant
and generalized increase in the CK, as well PCK.

1. INTRODUCTION

The building of teachers’ professional skills in science education requires the development of
different competencies integrating disciplinary and pedagogical content to develop Pedagogi-
cal Content Knowledge (PCK) (Shulman 1987; Viennot, 1997; Magnusson, Krajcik, & Borko,
2001; Michelini, 2004; Davis, Petish, & Smithey, 2006; Appleton, 2006). A reconstruction of
the contents in the research perspective of the Model of Educational Reconstruction (Duit 2005)
contributes to the clarification of the subject aspects and activate the process of linking com-
mon sense ideas and a scientific description of the world, which is crucial in scientific learning
(Viennot 2004; Millar 2005; Gilbert 2005; Enhgag, Niedderer 2005). In the case of prospective
teachers the development on the disciplinary level has to be integrated with the building of com-
petences in the transformation of contents in educational proposals, examples, problems and in
all the knowledge that constitutes the professional baggage of an expert teacher (McDermott,
1991; Nersessian, 1995; Viennot, 1995; Kouhilla, 2000). This process is particularly hard in the
case of future primary school teachers, who generally have very weak disciplinary, methodolog-
ical and formal competences (Michelini, 2003; 2004; Guile 2003; Mikeska, Anderson, Swartz
2009).

Research experimentations on pre-service teacher education show that an effective improvement
of professional competencies occurs when the development is resonant with the methodological
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strategy to be adopted in the classroom with students. Moreover the involvement of future
teachers in project based activities and in the reflections on micro-steps or elements of teaching
and learning proposals are the conditions to transform knowledge on content and pedagogical
aspects of professional competencies (Holbrook 2002; Griffiths, Guile 2003; Michelini 2004;
Corni et al. 2004).

To develop prospective primary school teacher in the concept of Energy two different orders of
problems have to be overcome:

* The lack of disciplinary knowledge (Kirkwood, et al. 1989; Kruger 1990; Spirtou,
Koumaras 1994) and in particular the identification of energy as a state property of a
system,;

* The way of thinking of the pedagogical approaches related only to forms of Energy and
to Energy sources, typically adopted in the textbooks.

To this aim the Formative Intervention Module on Energy (FIME) was presented to two groups
of perspective teachers in the two academic years 2007/2008 and 2008/2009.

Here we present the FIME, the main results of the two experimentations, analyzing the prospec-
tive teachers’ ideas and knowledge before and after the first experimentation, discussing how
we re-design the module and the results obtained in the second year of the experimentation.
Particular attention is given to the role of the didactic laboratory, based on the analysis and
reflection on PCK on energy. To evaluate CK and PCK a questionnaire based on the main ques-
tions emerging from the literature was presented as a final examination. The relative results
give an overview of the improvement in the professional competencies of the future primary
teachers on the concept of energy.

2. RESEARCH QUESTIONS

This work aims to give answers to the following research questions:

RQA: Before instruction: 1. How do the prospective teachers identify Energy? 2. What kind
of meaning do the prospective teachers assign to expressions like conservation, transformation,
dissipation or Energy transfer? 3. What type of forms of Energy do the prospective teachers
know?

RQB: Why types of contribution to PCK formation on Energy in perspective primary teachers
is produced by a strategy based on: 1. the exploration of an innovative teaching and learn-
ing proposal on energy? 2. the personal involvement in the analysis of conceptual knots and
learning questions combined with a peer to peer discussion? 3. What kind of PCK?

RQC: What kind of instruments and methods are useful to evaluate PCK?
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3. THE CONTEXT

A Formative Intervention Module on Energy (FIME) was offered to two groups of Perspective
Primary Teachers (PPT) in the two academic years 2007/2008 and 2008/2009. In the two years
two groups of trainees (21-22 years old) are involved attending the course of Physics Education
in the second year of the Degree in Science of Education at Udine University). The sample was
composed of N=101 PPT in the first experimentation and by 143 PPT in the second one. The
additional Conceptual Lab activity involve 37 of the PPT of the second group.

In each of the two years, the FIME covered 12 hours integrating lectures, interactive activities
based on inquiry and problem posing methods, a didactic laboratory based on the analysis of
the reference proposal on teaching and learning for primary level. A task of personal reflection
on the contents and on the pedagogical aspects was assigned to the two groups of trainees. The
discussion on the rationale of the research based proposals on energy gives to the prospective
teachers a reference to develop personal educational paths. A personal portfolio containing
all the materials of FIME was required at the end of the activity. A final oral and written
examination on energy was included. The structure of the FIME was the same in the two years,
but significant differences were introduced in the second year as a consequence of the research
results obtained at the end of the first year, as discussed in the following.

4. A FIRST EXPERIMENTATION (07/08)

In the academic year 2007/08 a first course on energy was presented to N=101 trainees (21-22
years old, attending the course of Physics Education in the second year of the Degree in Science
of Education at Udine University). It was organized in the following parts:

1. Pre-questionnaire (1h)

2. Discussion on the foundation in physics of the concept of energy in the traditional way
and analysis of the main concepts and consequences related to: kinetic energy theorem;
energy conservation principle; the first thermodynamic principle (4h)

3. Collection of the questions posed by PPT on energy and learning (at distance) and related
discussion (1h)

4. Presentation and discussion on the rationale of the research based proposal on energy
(Heron et al 2008), with illustration of the simple everyday experimental apparatus and
explorative activity (4h)

5. Post-questionnaire (1h)

5. THE EDUCATIONAL PATH

Educational paths with different rationales were discussed. The educational path for primary
learners presented and discussed in detail in the 4" part of the FIME is the result of a research
based curriculum proposal (Heron et al. 2008, 2009), produced by means of action - research
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experimentation in primary school (Colonnese et al 2008). It is based on an inquiry learn-
ing strategy by means of minds-on simple experiments proposed as a situation-problem. At
each step attention is placed on a new type of energy, analyzed in forms of a transformation
between types of energy. The analysis is carried out on three plans: actions - phenomena - en-
ergy description. The types of energy discussed are internal, kinetic, potential energy (initially
introduced as “falling energy”’) and the energy associated to light.

The approach is in the familiar context for pupils of “human body energy” and “food energy”:
a generic internal energy of the human body and foods is introduced. Pedaling with a bicycle,
part of this energy can be transformed to rotational kinetic energy of the bicycle pedals and
wheels. The rotational kinetic energy is re-discovered using a toy turbine. The form of energy
that was transformed into the rotational kinetic energy of the wheel is referred to as “falling”
potential energy. Looking at pictures of other moving systems, such as windmills and turbines
set in motion by flowing water, they were expected to make the connection that non-animate
objects, water and air, could have the same effect as an animate object (a person) and therefore
reasonably be said to have energy as well. The experiments with a Newton’s cradle apparatus
suggest, but do not address the idea of energy conservation (or better the idea that energy can be
remain constant in a system). Different ways to transform falling potential energy to different
types of energy of the same or other systems are considered. In particular the spring-mass sys-
tem is a relevant context to introduce elastic potential energy. Toys and common apparatuses,
as a simple dynamo and a flashlight that is activated by shaking, are proposed to analyze the
transformation of different forms of energy to those associated with light. The following differ-
ent situations are considered to recognize internal changes from related macroscopic changes
and to recognize the different forms of internal energy with the relative transformations: the
increase in temperature, heating a system as a mass of water; the change in internal structure,
in a phase transition as the ice-water one; the change in the shape, for instance deforming a
plasticine ball with a hand; the changes in chemical processes, as dissolving salt or sugar in
water.

6. DATA FROM PRE-QUESTIONNAIRE 07/08

The previous ideas of PPT directly correlated to the educational path on energy are well de-
scribed by the data obtained from the following three questions included in the pre-questionnaire:

Q1. What do you know about Energy? Q4. Is energy conserved? In your answer explain what
is meant by “conserved.”; Q5. Can energy by transformed? Explain, giving two examples.

QI data reported in Fig.1 shown that more frequently energy is identified with a quantity that
is compared in different forms or has different properties. When we consider the more quoted
forms (fig. 2-left), we recognize that these are mainly related to the sources and the ways of
“production” (for instance solar, electrical, wind ...). The forms defined in physics (kinetic,
potential, internal, associated with light, here indicated as type of energy) only in 2 cases are
quoted alone; in the large majority of case (66/101) are quoted without any hierarchy in a
miscellany of forms.

When we consider the attributes of energy we can recognize that in the majority of cases the
idea that energy is created or destroyed prevails. The idea that energy is useful for life and it
can be transformed are other relevant classes of ways of thinking of energy (fig.2 right).
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Figure 1: QI - Identification of energy: not exclusive categories (left); exclusive categories
(right). NA) No answer; A) Forms of energy; B) Properties of energy; AB) Forms and Prop-
erties; C)Sources of energy/creation from sources; D) Involved in interaction or movement;
E)Related to/produced by work; F) related to/produced by heat; G) Related to machine work-
ing; H) Energy=force; I) Diffuse entity.
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Figure 2: Q1 - (left) Forms of Energy indicated: FA) Kinetic, FB) Potential, FC) Me-
chanical, FD) Internal, FE) Light, FF) Heat, FG) Work, FH) Thermal, FI) Electrical, FJ)
Magnetical, FK) Hydric/Hydraulic, FL) Solar, FM) Nuclear, FN) Hydroelectrical, FO) He-
olic, FP) Other, FQ) Renovable/not removable, FR) Muscolar, FS) Natural/Artificial; Q1
- (right) Attributes/Properties of Energy: Al) Transformation, A2) Conservation, A3) Cre-
ation/destruction, A4) Associated to sources, A5) Useful for life.

The answer to questions Q4 and QS5 permit us to go deeper on this point.

For Q4, 74/101 sentences state that energy is conserved: without explanation (11); recalling the
conservation principle or the slogan “nothing is created, nothing is destroyed” (13); ... because
it is transformed” (22); quoting examples as: “it is stored in batteries ...”, “in power centres
...(33). In the remaining 27/101 cases the answers assert that energy in not conserved, because:
“it is dispersed ...” (15), “it is transformed” (7) or “it is partially destroyed in the transforma-
tion, but a part remains” (3). It is evident that the conceptions of the majority of the PPT are

a long way off the scientific meaning of Energy conservation. In addition for not all PPT is
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the transformation of energy correlated to its conservation: in some cases a transformation and
dispersion of energy are even correlated. This is more evident when we consider the answers
to Q5 in which it is required that the meaning of transformation be made explicit giving two
examples. Almost all PPT prospective teachers (95/101) affirm that energy is transformed, in-
cluding 148 explanations, classified in the following not exclusive categories: A) From a form
to another form (47 - only this answer category: 27); B) It transforms into movement or comes
from movement (“muscular energy transform to movement”) (20); C) It is transformed to heat
(“solar energy transform to heat”, “the eaten food transforms to energy and produces heat” (19)
or to light (4); D) It is transformed in a system (‘“‘solar energy is transformed to something es-
sential for life”) (17); E) It transforms to a force (“the force of wind transforms to energy”)
(4). The meaning of energy is associated to its transformation: A) It produces transformation in
things (“solar energy transforms through fusion of atoms”, “the food transformed in the body”,
“the movement of wind is transformed to electricity/current” (11); B) It is produced in the pro-
cesses (“water produces energy” -10). Less than 1/3 of the sample (27/101) express the idea that
energy transforms from one form to another one. For the majority of the prospective teacher
when energy is transformed it changes nature, for instance becoming another physical quantity

as electric current, movement, a transformation in a system, a system itself.

7. RESULTS FROM THE PORTFOLIOS AND FINAL EXAMINATION AFTER
THE FIRST EXPERIMENTATION IN 07/08

The Content Knowledge results emerging after the first year experimentation comes from the
PPT portfolios analysis, the data from examinations, the content offered in the educational
paths developed by PPT at the end of the module. More than 87% of the trainees recognized
the types of energy and used these types to give an appropriate description of simple processes
in terms of kinetic, potential, internal energy; only in few cases 30-35% are difficulties present
in distinguishing potential energy and internal energy and in some case the energy associated
with light. Analogous percentages were obtained for the identification of energy as a quantity
that is transformed from one form to another and that is conserved. Concepts of transformation
and conservation are often associated (“because it is transformed”). For a group of PPT (about
40%) transformation is in any case associated to a dispersion or a loss of energy. This result
shows an important modification in the initial conception of energy, documented in the previous
paragraph.

Another picture emerges, when we consider the Pedagogical Content Knowledge, collected
by analyzing in particular the teacher plans on how to introduce energy to pupils, how they
organize the topic for school, and ideas expressed in oral examinations. A large majority of
PPT recover the initial ideas and conceptions when they have to think of educational activity
and paths for pupils. For instance about 72% mentioned as a first goal the wrong definition
of energy, frequently proposed in the textbooks: “Energy is the capacity to do work”. At the
same time one of the most diffused aim was to teach to pupils that “It exists in different forms:
nuclear, kinetic, thermal ...”, without any distinction between type and forms. About this
point the more evident change was that a large majority includes forms of energy: Kkinetic,
potential, internal and the usually quoted energy forms related to sources solar, hydroelectric,
nuclear, wind energy. Also an ambiguous language was used in some case (for example “it is
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transformed (for instance in the movement of a turbine)”) or an assertive approach was used
(for instance: “It is conserved «nothing is destroyed, nothing is created»”).

These results confirm that a reconstruction of the concepts and a proven CK do not produced
effective changes in the pedagogical organization of the educational proposals.

8. THE FORMATIVE MODULE BASED ON ENERGY PCK - LAB 08/09

The same FIME was implemented in 2008/2009 for 143 PPT, 21-22 years old: the CK results
differ for a not significant percentage. A successive PCK laboratory (PCK-lab) was organized
by splitting by thematic group the PPT. It was based on individual and cooperative work ac-
tivated by questions on situations by means of worksheets. The PCK-lab included a personal
reflection activity on CK aimed to discuss pedagogical aspects. At the end there is a question-
naire on PCK.

The PCK-lab on energy provides the following steps for 37 participants:

1. Individual task in Work Sheet 1 (WS_1): QI.1 List the concepts more relevant to en-
ergy (10 min); Q1.2 Indentify critical learning aspects in relationship with the considered
concepts (10 min), explaining the choices and reasons for critical aspects.

2. Group work. The group of 37 PPT was organized in 8 groups of 4-5 persons to com-
pare and criticize the individual answers to the Q1.1 and Q1.2 questions and formulate a
second work sheet (WS_2) with shared answers (20 min).

3. Individual analysis of a specific conceptual knots and the related learning problems (WS_3)
(15 min). Five different questions with a similar structure were presented on the following
conceptual knots documented in literature: 1) Conservation and transformation from ki-
netic to internal energy (Q3a: reposted example); 2) Energy associated to a system (Q3b.
As far as you know, are there things that have/posses energy?); 2) Conservation of energy
(Q3. naive meaning of conservation vs scientific one); 3) Transformation of energy (Can
energy by transformed?); 4) The energy “lost” (A bicycle wheel is stopped rotating by
hand. Where has the energy of the wheel gone?).

The following are examples focused on the conservation of energy and in particular on
the recognition of the transformation from kinetic energy to internal energy:

WS_3 - Example 1: A Teacher (Q) recognizes that her pupils used standard sentences
correctly to give answers to her own questions, but, when asked, are not able to explain
the meaning of these sentences. Proposed to students this situation: The spring in a toy
car was wound up and the car let go on the floor. Why did the car stop after a while?

A: Because the force acting on it ceased.

Q: Have you ever heard about the law of conservation of energy? What does it mean?
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Energy is not created or destroyed.
So what happened to the energy of the car?

It changed to kinetic energy, and then to potential energy.

e xRex

Which potential energy?
A: I don’t actually know, ... (Goldring Osborne, 1994)

1.1 Individual part (15 min) - D1.1.1 What does the girl involved in the dialogue from
Goldring, Osborne (1994) demonstrate she has understood? D1.1.2.What is vague in her
answers? D1.1.3. What remain to be clarified? D1.1.4. What kind of questions should
you prepare to stimulate a discussion in a classroom activity aimed at the comprehension
of the unclear concepts and aspects? For each question propose the answers expected.
3.2 Collective part: construct shared answers.(15 min)

WS_3 - Example 2: Millar (2005) outlined that “energy is not a cause™ and criticizes
some expressions in the text books for primary level as the follow:

2A.1) Energy is needed to get jobs done, or to make things work
2A.2) Without energy nothing can ever happen
2A.3) You need energy to move and work
Or
2B.1) a ball keeps moving because it has kinetic energy

2B.2) Petrol makes a car go because petrol has energy

2.1 Individual part (15 min) Discuss each question, indicating part to be considered cor-
rect, part to be modify, and how. 2.2 Collective part: construct shared answers.(15 min)

. Group work (each of 5-6 persons) of PPT working on the same Q3 question to compare,
to discuss and share the different analysis made, writing notes on the group’s activity. (20
min)

. Group work adopting an “expert” modality of cooperative learning to share specific com-
petencies. The new groups are formed with 5 PPT, each of them expert in a Q3 question,
because they analyzed it in the previous work (in the 3™ - 4! steps). (15-20 min).

. Homework. The PPT were request to re-organize Knots and Concepts about energy and to
analyze a primary school textbook in the light of their list, specifying which concepts and
knots are treated in a satisfactory way and which need to be integrated. A final comment
on the PCK-lab is requested on the following questions: 1) what do you think you have
learnt in the laboratory on energy (contents and concepts)?; 2) which specific elements
for professional competencies of a teacher are developed?
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9. THE PCK - QUESTIONNAIRE

A post-questionnaire composed of 15 open ended questions was given to the PPT after the
instruction to evaluate the PCK, during the final examination. The questionnaire was designed
on the following main conceptual knots emerging from the literature: energy associated to
human or living beings, as a fuel-like substance which is possessed by living things; energy
possessed only by moving objects (Stead 1980; Watts 1983) or as a product of some process and
existing only during this process (Nicholls & Ogborn, 1993; Watts 1983; Duit 1984); energy
as force or power (Trumper 1983, Driver, Warrington 1985); different forms of energy and
recognition of the form associated with standing objects (Brook, Wells 1988; Carr & Kirkwood
1998); conservation of energy (Duit 1981; Watts 1983; Black & Solomon 1983. Brook & Driver
1984; Driver & Warrington 1984, Solomon 1985;); transformation of energy and process (Carr
& Kirkwood 1998; Gilbert & Watts 1983; Duit 1984; Trumper 1993; Dawson-Tunik 2005).

The following questions exemplify the format:

Q1. In a student group pupils say that energy is the force that makes things function. How it
is possible to face in the classroom the distinction between force and energy?

Q2. A group of pupils analyze the situation: “A bicycle wheel initially moving, is stopped
by activating brakes”. For the question: “where has the energy possessed by the wheel
gone?”, the pupils answer:

Alessia: “the energy of the wheel disappeared”,

Deborah: “a part of the energy disappeared, in thermal energy”
Francesco: “The kinetic energy transform to internal energy”
Giovanni: “The kinetic energy transform to potential energy”

Sara: “The kinetic energy transform to heat”

mm Y QW

Melissa: “The kinetic energy transform to energy passing to the hand or to the air”

2.1 Discuss each answer of the pupils. 2.2 What aspects are relevant to be addressed in
a classroom activity?

10. DATA FROM POST-QUESTIONNAIRE 08/09

When we analyze the post-questionnaire filled at the end of the course in 2008/2009, the fol-
lowing data emerge (N=37).

11. Q1. FORCE VERSUS ENERGY

Concerning question Q1 we can consider the CK and the PCK answers. Fig. 3 shows answer
categories concerning the distinction between energy and force concepts of the PPT attending
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Figure 3: Q1 - Content Knowledge related to the distinction between Force and Energy: exclu-
sive categories of answers: A) E is a property of states of systems/F describes an interaction; B)
F is a vectorial quantity/E no; C) F requires a displacement/E in some case no; D) Energy exist
in different type; E) F is a form of energy; F) E is associate to displacement/ F is not associated
to a displacement; NA) No answer.

the whole course (N=37). It emerges that: A) the majority was able to give a specific character-
ization of the two quantities or at least of one of the two A1) distinguishing Energy as property
of state of a system and force as descriptor of the interaction (the main category - 15/37), A2)
identifying Force as a vector quantity (4/37), A3) identifying Energy as quantity existing in
different types (1/37); B) those (30%) not distinguishing force and energy B1) consider force as
a form of energy (6/37), B2) associate to the existence of a displacement (4/37 energy and 2/37
force). 4/37 do not answer the question.

In Figure 4 concerning the PCK categories on this distinction there emerges the reluctance of
PPT to plan for pupils’ activities related to conceptual knots and energy concepts (see C and
D). The preferred approaches are for explorative activities or for formal definition. PPT appear
to not be conscious that definitions do not solve the learning problem of concepts.

12. Q2. AMOVING BICYCLE WHEEL, STOPPED BY RUBBING A HAND
When we consider the energy transformation in a bicycle we observe that a good result is

obtained in recognition of the transformation of kinetic energy to internal energy (pupils answer
C: from kinetic to internal, figure 5).
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Figure 4: Q1 - Pedagogical Content Knowledge related to the distinction between Force and
Energy. A) Explorative activities aims to recognize energy and force; B) Examples from ev-
eryday life and from educational path aim to recognize aspect of energy; C) Discussion on a
learning knot; D) Discussion on energy concept; E) Operative Definitions of energy and force;
F) Formal definition; NA) No answer.

In 6/18 of the cases enriching comments in the answers were included: Francesco “understands
the possible transformation, but does not specify if the internal energy is of the wheel or is
of the brake”, “The kinetic energy transforms to internal energy, that we perceive as heating”.
Some problems emerged with forms and transformation, between a form into another: “Kinetic
energy does not transform only to internal energy and to potential energy” (8). In some cases
we observe excessive attention to details and loss of capacity to choose (5).

13. RESULTS FROM EXPERIMENTATIONSIN 2008/09

Analyzing the portfolios of the PPT, the data confirm those reported for the previous year con-
cerning the enrichment in CK related to the concept of Energy and those in PCK emerging from
the questionnaire. The portfolios give also an overview on the use of expressions like conserva-
tion of energy, transformation of energy, energy loss coherent with scientific meanings. A share
of meaning was reached in relation to using the concept of energy in analyzing simple everyday
life situations as well as simple experimental phenomena.

Correlating data emerging from the questionnaire and from the PPT portfolios, we can sum-
marise the following results. The CK data confirm in many ways that the PPT have compe-
tences in the identification of the Energy concepts, as a state property of a system, recognition
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Figure 5: Q2 - Answers choices: A) “the energy of the wheel disappeared”, B) “a part of the
energy disappeared, in thermal energy”, C) “the kinetic energy transform in internal energy”’, D)
“the kinetic energy transform in potential energy”, E) “the kinetic energy transform in heat”, F)
“the kinetic energy transform in energy passing to the hand/to the air”, Other) other sentences.

that energy exists as different types that can transform from one form to another. The meaning
attributed to Energy conservation and Energy transformation is coherent with those of physics,
applied in general terms to processes. Less than the 20% evidenced problems in the clear dis-
tinction of internal energy and potential energy, analyzing the case of bouncing a ball.

Results concerning PCK are obtained correlating data from the answers to the questionnaire, the
portfolios analysis, and the written educational plan proposed by the PPT as request in the final
examinations. The prevalent approach adopted by the PPT is to involve pupils in experimental
explorative activities aimed at an operational identification of the energy concept. 26/37 PPT
appear to be aware of typical learning problems on the topic and 23/37 discuss in an exhaustive
way how it is possible to face these learning problems in the school classroom.

14. CONCLUSIONS

A Formative Intervention Module on Energy (FIME) was experimented in two successive aca-
demic years (2007/2008 and 2008/2009) with Perspective Primary Teachers (PPT). The FIME
was centered on a subject oriented foundation of the concepts and a discussion of a research
based proposals and related tutorials based on explorative activities and simple experiments. To
evaluate the competencies produced with the FIME during formative paths, different tools were
used: questionnaires, portfolios, work-sheets, written and oral examinations, notes collected by
researchers.
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We summarize the main results obtained giving answers to our research questions as follow.

Before instruction the prospective teachers identify Energy prevalently with different forms and
“properties” (as transformation, conservation or more often creation/destruction) (RQAT).They
assign meaning to expression like Energy conservation, Energy transformation, Energy dissi-
pation with common sense ideas not coherent with the scientific ones. From a number of PPT,
for example, energy is conserved when or because is stored as in batteries. For others energy is
not conserved because it changes (conserved foods are those that do not change at all!). At the
same time, for almost all the sample energy is transformed, from one form to another (for 1/3 of
PPT), changing nature (in movement, in an object, in a transformation) for 2/3 of PPT (RQA?2).
The spectra of energy types or forms mentioned by the PPT is very large, but no hierarchy or
distinction emerges between the physics types and the forms associated to the sources or to the
means of production of electric energy (RQA3).

The strategy applied in FIME includes reconstruction of the foundation of the energy concept in
physics, the presentation and discussion of different approaches in the literature and an opera-
tive, innovative proposal for primary school, based on inquiry learning exploration. It produced
a good CK, but does not produce effective PCK on energy (RQB1). From an intermediate ques-
tionnaire it emerged that improvement was obtained in the CK: Energy is identified as a state
property of a system, that can be transformed and the process is described in terms of actions
and in terms of energy. A great personal involvement is needed to transform the content compe-
tences to professional attitudes. In this process the role of peer collaboration and of comparison
of ideas is relevant. In particular a personal involvement in the analysis of PCK questions com-
bined with a peer to peer discussion build gradually effective PCK on energy for a small group
of PPT (37). A relevant contribution comes from the knowledge of students’ typical learning
problems on the topic and how it is possible to face them in the school classroom (RQB2).

The way this work was carried out to monitor the PCK competencies and to act for their im-
provement for PPT appears to be fruitful in the identification of the way of thinking. The in-
tegration of research results in the FIME offers the opportunity to enrich the formative module
not only with respect to the CK competences, but also for those of PCK.

The format proposed is effective for an multilayer evaluation (RQCT1).
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1. INTRODUCTION

The presence of conceptual knots concerning electromagnetic induction in secondary school
students’ ideas (Stefanel, 2008), underline the need to create vertical curricula based on a con-
tinuum learning process starting from the phenomenology of electromagnetic interactions ear-
lier with the first exploration of the world. The connection between scientific knowledge and
everyday knowledge is one of the main problems of learning in the scientific field (Pfundt &
Duit, 1993). Research in learning processes shown how knowledge requires a personal in-
volvement and analysis of the reference interpretative elements and in particular how informal
learning plays an important role in building knowledge and conceptual change (Vosniadou,
2008). To ensure that students build bridges between the local vision of common sense and the
global scientific interpretation, hands-on and mind-on active involvement of students is needed
(McDermott, 2004). To do so informal situations in which students can explore and experience
directly the phenomena can be a valuable starting point for the activation of reasoning related
to conceptual re-elaboration (McDermott, 2004; Michelini, 2005) and knowledge building (Vi-
ennot & Raison, 1999). Student involvement increases when the task is given in an informal
and not strictly structured situation: it can be seen by the student like play, or a challenge, in
which they are a protagonist (Watts, 1991). Furthermore, cooperative learning with peers plays
a key role in the process of building knowledge when it is offered for sharing ideas and reason-
ing, involving cognitive processes, skills and capability (Pontecorvo, 1993; Pontecorvo et al.,
1991; Santi, 1995). To defend their own ideas, students have to be able to: organize their in-
formation and learn to draw conclusions, present and defend their ideas, let them be challenged
with opposing perspectives or arguments, experience a conflict and a conceptual uncertainty
(Johnson et al., 1995), activate an epistemic curiosity and take a stand and at last reformulate,
conceptualize, synthesize and integrate (Comoglio & Cardoso, 1996).

The Cognitive Laboratory of Operative Exploration (CLOE), taking account of all of these as-
pects, provides an informal workshop that stimulates students’ conceptual reasoning and offers
anchors for the construction of their first steps in scientific knowledge starting from the common
sense vision (Bradamante & Michelini, 2006). Previous studies (Fedele et al., 2005) show that
some basic concepts of magnetic phenomena, such as the types of interaction between magnets
and other materials and magnetic poles, can be addressed in this way. Furthermore, similar
studies on electrical circuits, have shown how children learn to manage circuits in functional
terms, overcoming local visions associated with the role of individual elements (Testa et al.,
2008).

162



2. RESEARCH QUESTIONS

Proposing to the students an experimental activity related to the production of electromagnetic
induction, our goal is to explore pupils’ spontaneous approaches to the given task and their
reasoning in dynamic terms. Our attention is focused not only on students’ ideas, but also on
the ways in which these ideas evolve and the reasoning that supports this evolution. So our
research questions are the following:

RQ1 How do students spontaneously approach the exploration of phenomena describing the
artifacts and experimental equipment offered?

RQ2 In what ways do they recognize and produce electromagnetic induction?

RQ3 What are the physics entities that students believe to be important to produce electromag-
netic induction?

RQ4 What representation and formal entities do they introduce to explain electromagnetic in-
duction?

With these questions we follow the process of the spontaneous approach adopted by pupils to
face the task. First of all we look at how students approach spontaneously the phenomena and
describe the apparatus: particularly we look if it is a simple description of the apparatus or
if in their description there is a conceptual organization related to the solution of the problem
(RQ1). At the same time it is truly important that they understand how to produce electromag-
netic induction and how to recognize the presence of this phenomenon using the equipment
offered (RQ2). After that we investigate with RQ3 and RQ4 how pupils, starting from their ex-
perimental exploration, try to formalize their results focusing their attention on some important
elements and introducing some formal entities.

3. SAMPLE AND CONTEXT

The activity is carried out with 52 primary school pupils (12 six years old, 17 eight years old
and 23 ten years old) visiting, in separate groups for a period of 2 hours, the annual festival of
science “YOUng 2009”. Our activity is based on experimental exploration carried out through
group discussions, interviews, drafting of drawings and written answers in the form of interpre-
tive challenges.

Our particular CLOE activity, focused on the relation between magnetic fields and electricity,
consists of three principal phases: introduction and task assignment (30 min), group experimen-
tal exploration (1 hour) and plenary discussion (30 min).

In the first phase a semi-structured plenary discussion with the whole group is focused to attract
the student attention and create resonance between some important aspect of the phenomenol-
ogy and the students’ common sense ideas. Only the words that students use to describe and
explain the phenomena are adopted to stimulate this resonance as in the Rogersian interview.
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In the second phase, the class is divided into groups and pupils are left completely free to
explore and experiment as they want. The spontaneous generation of groups is allowed. The
only restriction on group generation is related to the number of pupils for each apparatus: equal
number of pupils for each apparatus with a minimum of 4 and a maximum of 5 pupils for each
one to promote cooperative learning.

For this experimental activity, we provide the students with a pair of big magnetic plates (with a
surface of 10x20 cm) with their holder, analogue micro-ammeters and many coils with different
areas and numbers of windings (Fig. 1).

Figure 1: Experimental equipment.

The goals of the last plenary discussion (the third phase) is to look at the ways in which the
comparison of pupils’ ideas produce a global vision from the local one (Bradamante et al 2005)
following the process of cooperative learning that pupils carry out to individuate a shared ex-
planation of the observed phenomena.

4. INSTRUMENTS AND METHODS

The problem of generating an electric current without a battery is placed in the context of the
analysis of the magnetic effects related to a current in terms of a challenge to play with assigned
resources following the popular problem solving approach (Watts, 1991). All pupils involved
in this experimentation have already seen and played with magnetic toys or have used them in
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another section of the GEI exhibit (offered in the same context during the annual festival of
science “YOUng 2009”) and can describe the principal property of mutual interaction between
these particular objects. The introductory phase provides a review of the phenomenological
aspects related to the presence of magnetic fields and electric currents. By using a compass
and creating resonance with the students’ idea of the Earth’s magnetic field, pupils introduce
the idea to associate with each magnet a magnetic field (Fedele et al., 2006). Through an
experimental approach, pupils can reach an operational definition of electrical current (Testa
& Michelini, 2008). The micro-ammeter, which is not part of the everyday experience of the
pupils, is recognized in an operational way as an instrument able to detect and measure the
intensity of an electric current. Using a compass and an @rsted-like GEI exhibition equipment
set-up (Michelini et al, 2003), we can show them that there is a correlation between electric
current and magnetic field. The assigned task is to explore if is possible carry out the reverse
process and to study the principal elements needed for its realization using the instruments
provided. The preliminary exploration is aimed at helping the students to localize the region of
their knowledge useful to do this experimental exploration with a problem located in their zone
of proximal development (Vygotskij, 1997).

In the experimental phase, pupils, working in small group, experiment themselves with the phe-
nomena and use the experimental apparatus provided how they wish. In this phase the teacher’s
role is marginal: students must be free to explore the phenomena. The teacher has only to ob-
serve the student behavior and should intervene as little as possible. Communication between
different groups is not forbidden, but each student has to write on his personal worksheet. Each
student decides to write, draw or both to describe the apparatus and to explain how he or she is
able to experimentally produce electromagnetic induction.

In the third phase, during the plenary discussion, a teacher listening to a student proposal repro-
duces it in the exactly the way in which the student says: all students reason how the particular
procedure works, comment on it, suggest modification identifying gradually what are the key
points of the procedure. Even in this phase a Roger-like discussion must be encouraged for the
creation of a general set of procedures and cases from which the key points needed to give an
interpretation of the phenomena arise.

5. DATA ACQUISTION

Data were collected separately for the three classes. During the two big group discussions an-
other researcher takes note of the dialogue and during the experimental phase data are collected
using non-structured worksheets. In this paper, we focus our attention on the spontaneous ap-
proaches of the pupils in the analysis of the phenomena. Particularly we focus our attention on
what students wrote and drew on their worksheet during the exploration phase. Data acquisition
is done by giving each student simple worksheets on which they can write or draw what they
see and what they think is important to obtain the desired effect.

All the 12 six years old student drew a picture of the experiment and 6 of these also wrote a short
sentence about the experiment. Of the 17 eight years old students 4 pupils only drew a picture,
8 pupils only wrote a short sentence, 3 did both and 2 students returned a blank worksheet.
Finally all the 23 ten years old student wrote one or more sentences and only 3 of them also
drew a picture.
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6 years old (12 | 8 years old (17 | 10 years old (23
pupils) pupils) pupils)
Experimental apparatus 12 15 23
Magnet 11 5 10
Distance regulator 11 2 4
Ammeter 10 1 16
Index 5 7 9
Graduate scale 7 3 4
Coil/Circuit 11 12 13
Surface 2 1
Number of circumvolution 8 2 1
Connection 11 3 3
Ammeter-Circuit 10 3 3
Ammeter-Magnet 1

Table 1: Elements of the physical apparatus.

6 years old (12 | 8 years old (17 | 10 years old (23
pupils) pupils) pupils)
Physics Entities 6 8 21
Magnetic poles 1 1
Magnetic field 2 3 5
Electric tension 12
negative and postive 12
Electric current 2 4 1
negative and positive 1
Energy 3 6
negative and positive 5
Transient 1 3 17

Table 2: Physics entities.

To do a content analysis of students” worksheets we start focusing our attention on some key-
words and key elements present in them. Using a dictionary based approach, we look at which
are the element of the experimental apparatus that are present in students’ descriptions (Table.
1) and which are the physics entities that pupils introduce to explain the phenomena (Table 2).
Moreover we look at which are the procedures that they explicitly write on their worksheet to
produce electromagnetic induction and in which ways they recognise the effect (Table 3).

6. DATA ANALYSIS

RQ1 Looking at Table 1, it is manifest how the six years old pupils describe each element of the
experimental equipment in detail. For instance many of them represent on their worksheet the
graduate scale (7/12) and the index (5/12) of the ammeter and the various numbers of windings
of each coil (8/12). Two pupils also underline the different areas of the coils. This detailed
description of the experimental equipment allows the six years old pupils to detect all the simple
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6 years old (12 | 8 years old (17 | 10 years old (23
pupils) pupils) pupils)
Action needed to produce 5 3 15
electromagnetic induction
Circuit Movement 5 3 12
Circuit Rotation 1
Relative motion between cir- 2
cuit and magnetic field
Relative motion between cir- 2 9
cuit and magnets
Effect detection 3 2 4
Movement of circuit and 3 2 2
movement of index
Index don’t move if circuit 2
moves between magnets

Table 3: Procedures and observations.

variables and parameters related to electromagnetic induction. In this way they can underline
the presence of elements, such as the distance regulator of the magnets’ holder (11/12), that,
due to the structure of the experimental equipment, are related to physics quantities that are not
strongly relevent here. Six year old students also describe the cable connections between the
various elements (11/12).

The eight years old pupils focused their attention on elements, such as the ammeter’s pointer
(7/17) and the circuits (12/17), that during the experimental exploration are in motion and that
are strongly related with the generation and detection of the phenomena. The ten year old pupils
also focused their attention on particular elements of the apparatus, but beside the ammeter’s
pointer (9/27) and the circuits (13/23), they identified magnets (10/23) and ammeter as impor-
tant elements (16/23). This selection of some important elements denotes tendencies to give a
functional description of the experimental apparatus: pupils focus their attention on what they
consider to be related to the investigated phenomena.

RQ2 Pupils highlight the central role of the ammeter and the movement of its pointer as an
instrument useful to show qualitatively the presence of electromagnetic induction effects mea-
suring the current flowing in the circuit (10/12; 9/17; 16/23; respectively for pupils of 6 - 8 -
10 years old). A small number of students (6/52) try to give a quantitative description using
the ammeter’s graduated scale. For instance a 10 years old student wrote: “The circuit with 70
(windings) can also arrive to + 30. The circuit with 60 (windings) can arrive to +10”.

Furthermore it is truly important that 2 pupils state that if the circuit is moved between the mag-
nets the ammeter’s pointer does not move. That is important because it denotes the capability to
understand that to analyse a phenomenon it is necessary to highlight also the situation in which
it does not occur.

To produce electromagnetic induction they underline the role of the circuit movement. More-
over 2 of six year old students and 5 of ten year old students state that this movement is relative
between circuit and magnetic field, while 2 six year old and 9 ten year old pupils state that the
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movement is between the circuit and magnets. For instance a 6 year old pupil wrote “pointer
move when circuit is insert in the magnetic field”. A ten year old pupil states all these proce-
dures and also notes that an electromagnetic induction effect can occur also when the circuit
rotates. Particularly she wrote:

“If the circuit moves to the outside vertically, pointer first go in the negative then
in the positive range. If you move the circuit vertically above the two magnets the
pointer don’t move too much, but if the circuit is put horizontally, pointer moves
more. If you move the circuit more quickly and spread the magnets nothing hap-
pens. If you move the magnet faster the pointer overcome 20. Instead moving
the circuit slowly the pointer does not exceed 10. If you rotate the loop inside the
magnet the pointer goes into the positive.”

RQ3 Several important physics entities were used by the students to describe the phenomena
they observed. When pupils deal with particular physics entities, such as magnetic field (10/52),
electric current (7/52), electric tension (12/52) and energy (9/52), it does not mean that they
have a physics idea of these entities, but only that they have already heard these particular
words. However, pupils approaching the analysis of electromagnetic induction in a context like
that in our activity start to associate these words with specific situations and start to handle these
physics concepts.

RQ4 Starting handling these physics concepts pupils give explanations of the single situation
in which they identify that electromagnetic induction occurs. More than half of the ten years
old pupils asserted that one of the main important characteristics of electromagnetic induction
is that it is a transient phenomena and wrote that related to the electromagnetic induction there
is a generation of electric current (7/52) or tension (12/52) in the circuit. They do not deal
with electromagnetics in terms of a variation of the electromagnetic field interlinked with the
circuit, but in terms of movement or rotation of the circuit related to the magnet or the magnetic
field. So they spontaneously link some specific situation to the changing of particular physics
entities without achieving a vision of synthesis. To allows pupils to reach this synthesis the
pupils’ analysis of the phenomena had to be stimulated as in the third phase. That does not
mean that pupils can not reach this synthesis by themselves, but that (referring to our data)
pupils spontaneously do not try to give a global explanation, but had to be encouraged in their
experimental exploration to reach it.

7. CONCLUSIONS

Our empirical research is based on operational exploration minds-on and hands-on. A situation
in which primary pupils can explore electromagnetic interaction is organized in an informal
environment. Asking students to identify the important elements and to explain the phenomena
in each situation, the pupils’ way of thinking and reasoning are analyzed. Pupils give a first
meaning of some physics entities that they have already encountered in their everyday life as
simple words without a precise meaning. Our data moreover show how primary school pupils
can face the analysis of a situation concerning electromagnetic phenomena and can start to
handle physics entities giving them a first operational definition. Primary school pupils, after
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a briefly introductory phase (messing phase), carry out this process spontaneously during the
exploration of the phenomena. The task of describing the procedure, activates pupils’ reflection
on the condition to obtain the desired result (induction phenomenon) and pupils recognize many
situations suitable to produce electromagnetic induction. That denotes a capability to analyze
methodically many individual simple situations, extracting from them the principal important
aspect related to the general phenomena that we want to investigate.
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ABSTRACT

Does science explain or describe? This debate became more intensive among
philosophers at the beginning of the 20" century and is also an important issue
for some scientists and educators. Many theories sustain the idea that science ex-
plains phenomena through the construction of models, but it seems that the success
of an explanation depends on its capacity to promote some kind of feeling of under-
standing and is also influenced by the context of each period. Despite its relevance,
this aspect of the Nature of Science (NOS) has not received enough attention in
scientific education lately. In this work, we bring specific aspects concerning such
an issue with the purpose of defending the inclusion of these discussions in physics
teachers’ training courses and syllabuses.

Keywords: Explanation, Description, Nature of Science, Physics Education.

1. EXPLANATION VS DESCRIPTON DEBATE

It is very reasonable to label Physics as a human attempt to understand nature. However, there
are different ways one can do that. Let us imagine a simple situation where a person observes a
falling body. A question to be asked could be: why does it fall? This question demands a reason,
a cause, an explanation for the fall. Another possibility is: how does it fall? This second one
doesn’t demand a cause, but a description of what is happening. Attempts to ask whys and
hows towards nature are frequent along the history of science. In fact, the explanation versus
description debate is fairly intense in philosophical research. Despite its relevance, this aspect
of the Nature of Science (NOS) has not received enough attention in the scientific education
lately.

At one extreme of this debate, we find the argument that science is basically about description
(instead of explanation) which denies the very possibility of asking for the causes of natural
phenomena. For Bertrand Russel (apud Weinberg, 2002) “the word ‘cause’ is so inextricably
bound up with misleading associations as to make its complete extrusion from the philosophical
vocabulary desirable”. Ludwig Wittgenstein (apud Weinberg, 2002) also criticizes the search
for explanations when he mentions that ““at the basis of the whole modern view of the world lies
the illusion that the so-called laws of nature are the explanations of natural phenomena”.
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David Hume is well known for his strong criticism of metaphysics and for claiming that the
notion of casual relation is constructed through experience, not by reason. Ernst Mach, one of
the main philosophers who influenced Logical Positivism!, follows the same line of denying
the possibility of Physics in answering why-questions and sustains that physical theories are
abstractions created by scientists based on their sensorial perceptions. Therefore, he believes
that a physicist should not try to explain the world, but only describe it.

An interesting approach to the relation between Mathematics and Physics and the so called
“explanation versus description debate” is given by Morris Kline (1959). According to him,
Galileo’s studies on free fall aimed at the description of the movement, instead of searching for
its causal explanation. When discussing the meaning of Galileo’s equation of the free fall, Kline
argues that:

[...] the mathematical formula is a description of what occurs and not an investiga-
tion into casual relationships. The formula d = 16t2 says nothing about why a ball
falls nor whether balls have fallen in the past or will continue to fall in the future.
It gives merely quantitative information on how a ball falls (Kline, 1959, p.179,
our emphasis)

This emphasis on description can also be found in Fourier’s Analytic Theory of Heat, where
he explicitly abandons any kind of casual inquiries about the nature of the heat and focuses on
setting forth the mathematical laws which the elements of the theory obey. Indeed, this can be
confirmed by his first words in this classic, which are: “Primary causes are unknown to us”
(Fourier, 1858, p.1). Another clear example is Feynman’s approach on quantum electrodynam-
ics. In the beginning of his QED book, he exposes the present stage of the theory as a “mere”
description:

The situation today is, we haven’t got a good model to explain partial reflection
by two surfaces; we just calculate the probability that a particular photomultiplier
will be hit by a photon reflected from a sheet of glass. 1 am going to show you
“how we count the beans” - what the physicists do to get the right answer. | am

"Logical Positivism is a philosophical system proposed in the early decades of the twentieth century by the
philosophers of the Vienna Circle. Their main thesis is to refute any theological or metaphysical influence on
knowledge construction, arguing that all things should be explained solely by the logic and empirical observation
(Chalmers, 1986). In a general and sometimes simplified way, the term “logical positivism” can be found in the
research literature of physics education with the intention of indicating a radical empiricist and anti-metaphysical
posture. Albeit imprecise from philosophical point of view, the terms “positivism”, “logical empiricism” or “neo-
positivism” appear frequently in the literature as synonymous with logical positivism, expressing a concept of
neutral and objective observations of natural phenomena. Generally, the Science Education literature refers to
these expressions with the aim of representing the belief in the existence of one universal scientific method, which
allows neutral and accurate information about natural phenomena. These educators advocate the importance of
Science Education to incorporate, for example, the key issue brought by the modern philosophy of science that
every observation has a certain theoretical content, which characterizes science as a human construct, influenced
by its socio-cultural context. Due to the end of the hegemony logical positivism such researchers argue that this
allowed a more humanistic understanding of scientific practices. As a result of this process, sociological, historical
and psychological aspects of individuals and communities of experts also began to be taken into account for the
understanding of science.
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not going to explain how the photons actually “decide” whether to bounce back or
go through; that is not known. (Probably the question has no meaning). I will only
show you how to calculate the correct probability that light will be reflected from
glass of a given thickness, because that’s the only thing physicists know how to
do! (Feynman, 1985, p. 24, our emphasis)

From Feynman’s quotation, one might feel that having only a set of description rules is not good
enough. Would it not be better if we could create a model which enables us to explain these phe-
nomena and make predictions? Is this actual stage of quantum electrodynamics only temporary
so that physicists will continue the search for explanatory laws? The answer to these questions,
according to Piaget (1977), is yes; representing the other reasoning of this debate. The author
argues that the notion of explanation is strongly related with the idea of causality, especially
in physics. According to him, to explain is to answer the question “Why?”. It involves deep
comprehension and not only description. In a somehow contradiction to Feynman’s posture,
Piaget argues that:

[...] regardless of positivists restrictions, No creative physicist focuses only on
descriptive laws in his investigations, there is always, implicitly or explicitly, the
search for casual laws [...]. In all physical fields, models, which are basically
deductive structures, are built without limiting themselves to the simple description
of phenomena (Piaget, 1977, p. 15, our emphasis).

Steven Weinberg seems to agree with Piaget’s point of view when he manifests his belief in
the explanatory power of the Standard Model of elementary particles. “I had thought that we
had been doing a pretty good job of explaining the observed properties of elementary particles
and forces, not just describing them” (Weinberg, 2002). In his paper Can Science explain
everything? Anything? he gave an extremely unusual definition: “explanation in physics is
what physicists have done when they say Aha!”. Concerning the explanation versus description
debate, he states that:

Within the limited context of physics, I think one can give an answer of sorts to
the problem of distinguishing explanation from mere description, which captures
what physicists mean when they say that they have explained some regularity. The
answer is that we explain a physical principle when we show that it can be
deduced from a more fundamental physical principle (Weinberg, 2002, p. 261,
our emphasis).

Following the classical proposals of Popper and Hempel, the epistemologist Mario Bunge
(1967) explicitly assumes that Physics do aim at making explanations and that they are strongly
related to theories:

In every case, within advanced science and as far as logic is concerned, explanation
is deduction within a theory. In a physical explanation the premises are pieces of
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physical theories, supplementary hypotheses, data, and mathematical laws. If the
conclusion is general and refers to an objective pattern, one has explained a law;
if the conclusion is singular and refers to a circumstance, one has explained a fact.
In the latter case the explanation is called a prediction (Bunge, 1967, p. 78).

According to Bunge (1967), there are two kinds of explanations in physical theories. The
ones that don’t make any reference to the inner “mechanism” of the phenomena - like using
variational or conservational principles to explain laws of motion - are called subsumptive ex-
planations. On the other hand the interpretive explanations are associated to a “mechanistic”
theory - like the statistical explanation of a thermodynamic law or the mechanical explanation
of the electromagnetic field - once they “do say something about such a mechanism and are
therefore scientifically deeper and psychologically more satisfying than a mere subsumption
of one statement under a set of premises” (Bunge, 1967, p. 79, our emphasis).

We don’t intend to argue in favor of one or the other position of this philosophical debate, but
to show that the theme is both current and relevant, and must be taken into account when one
wants to understand the process of explanations in the context of science education.

2. SCIENTIFIC EXPLANATIONS: A PSYCHOLOGICAL APPROACH

Some aspects of the nature of scientific explanations in the context of philosophical discussions
were presented. However, for an explanation to be accepted as valid by an individual, promoting
a “feeling of understanding”, it must have some attributes that go beyond that scope.

In a study conducted by Brewer, Chinn & Samarapungavan (1998), from a psychological ap-
proach, the subjective dimension of understanding that can be provided by an explanation,
seems to predominate over the purely philosophical. This study highlights the features that
validate a scientific explanation for non-scientists, children and scientists.

The authors wish to distinguish explanation from other conceptual processes as description or
evaluation. According to them, explanation is a report that provides a conceptual framework
for a phenomenon supplying the individual with a “feeling of understanding”. This conceptual
framework may be a fact, a law or a theory and always goes beyond the phenomenon that it
seeks to explain, becoming a more general framework that integrates various aspects of the
world. Thus, submitting a phenomenon to a wider conceptual framework, would reduce its
arbitrariness. They mention the works by Woodward, Friedman & Kitcher defending similar
ideas, i.e., that something can only be considered an explanation, when you can submit it to a
conceptual framework which is larger than the original phenomenon.

Regarding the discussion between philosophers of science and scientists on the nature of scien-
tific explanations, Brewer et al. (1998) believe that the debates of the last 40 years point to a
hypothesis put forward by them, according to which scientific explanations: (i) provide a con-
ceptual framework for the phenomenon, (ii) go beyond the original phenomenon, (iii) integrate
a range of phenomena, (iv) show how the original phenomenon follows from the structure, (v)
provide a feeling of understanding, (vi) should be testable.

According to the authors, the quality of an explanation for non-scientists can be assessed by
some attributes: a) Empirical accuracy; b) Scope, so that it covers a wide range of phenomena;
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c¢) Consistency; d) Simplicity; e) Plausibility: the degree to which a particular explanation is
consistent with the highest personal convictions of the individual subjective. The last attribute
is called “Irrational” beliefs - believing in creationism or in the presence of aliens for example
- and is frequently important for the non-scientists differing them from scientists. Brewer et al.
stand that this is an important topic for further investigation.

As for the scientists, a scientific explanation must have, additionally from the first five men-
tioned, other attributes such as: f) Accuracy: the capacity to produce accurate predictions; g)
Formalism, once it can be expressed mathematically; h) Fertility: providing guidance for future
research.

For the authors, explanations that have such attributes are those which provide a better feeling
of understanding to the reader/hearer, being those children, non-scientists or scientists. Their
proposal seems to reinforce the hypothesis that the most important decisive factor for accept-
ing an explanation is its capacity to satisfy (psychologically) the reader/hearer. Although this
criterion cannot be considered valid from a philosophical point of view, due to the fact that
it is eminently subjective, it seems to be essential when one considers the context of science
education. Taking into account the explanation versus description philosophical debate men-
tioned before, it is possible to infer that students tend to prefer causal explanations - focusing
on why questions - because they are normally more satisfying and promote a better feeling of
understanding.

3. SCIENTIFIC EXPLANATIONSIN SCIENCE CLASSROOMS

Why do clothes dry faster on windy days? Why is the sky blue? Why a ship does not sink? Why
there are four seasons in one year? These and other questions of that nature can be easily found
leafing through textbooks or observing physics classes. The vast majority of them demands an
explanation and has a strong appeal for the phenomena’s causes and the laws associated with
them. Martins et al. (1999) argue that it is almost a consensus that the most fundamental task
of a science teacher is to explain, however, call attention to the serious consequences of the lack
of a systematic research in this area:

It is curious, if not surprising, that explanations are not being focused by system-
atic studies or researches in the area of science education. Similarly, the activity
of explaining has not been treated as something that can be understood, learned or
taught. These facts give rise to severe consequences whose impact is felt in the
classrooms. For example, the implications for teacher training (initial and in ser-
vice) are evident. Since there is no systematic investigation or analysis of what is
involved in the task of explaining, the experience of senior colleagues become the
only “teachers” possible for those who start in the profession (Martins et al., 1999,
pp. 30-31).

Based on research with teachers and students of secondary schools in London (Ogborn et al.
1996), the authors argue that the structure of explanations for questions like those mentioned are
similar to stories. In this sense, one of the teacher’s attributions would be to provide students
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with some entities (atom, power, heat, etc.) and describe the role that each of these charac-
ters/actors play in the story that makes up the explanatory structure.

After a question like why the lamp comes on after flipping the switch?, the teacher would char-
acterize or define the actors (electrons, current, voltage, resistance, power, etc.) and the roles
played by them (voltage provides energy to electrons, they move through wire, which has re-
sistance and dissipates energy, etc.) in order to systematize the explanatory structure that will
“take account” of the phenomenon to be explained.

Summarizing the process of constructing explanations, the authors emphasize that it involves:

« Creating differences - between what the student knows and what he should know, between
he should know and what he wants to know; between scientific knowledge and common-
sense knowledge. These differences are sources of motivation for explanations.

* Building entities - which do not normally inhabit the everyday world of students and are
the protagonists of the stories. Thus, much of the work of explanation in science classes
involve descriptions, labels, or definitions and the construction of entities is also seen as
the construction of further explanation.

* Transforming knowledge - scientific knowledge needs to be transformed/ implemented to
be addressed in the classroom and one of the crucial strategies in this process is the use
of metaphors and analogies.

» Give meaning to what is material - highlighting the role of demonstrations in science
classes, since they are used as a way to get students to perceive the world as the theory says
it is. Scientific theories speak of a world behind the appearances and the demonstrations
try to bring this world to the underlying surface.

According to their analysis focused on the school environment, Ogborn et al. (1996) argue
that the explanations: a) occur as part of broader explanatory frameworks, b) are influenced
by the characteristics of the teacher: his personal history, his prior relationship with the class
and his stock of explanatory resources, ¢) have to be seen in the context of interactions that are
happening, i. e., belong to a live interactive context, d) are dependent on the subject, that is, the
way of explaining is content dependent.

The research resources of the study conducted by this group (Martins et al. 1999 and Ogborn
et al. 1996) consist mainly of teaching episodes extracted from real classroom activities. The
authors also propose an interesting categorization of the styles of explanation adopted by many
teachers analyzed by them. Adopting another approach, we argue that an epistemological re-
flection on the topic explanations may contribute to an enhanced vision of the teachers on the
role of scientific explanations in the classroom.

4. IMPLICATIONS FOR TEACHER TRAINING PROGRAMS

An ordinary high school physics teacher probably would not deny that part of his work is to
provide explanations of physical phenomena to his students. However, the brief overview of
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the explanation versus description debate, the psychological aspects related to this issue and
the results obtained from classrooms observations are enough to demonstrate the complexity
of the theme. In our point of view, some of these philosophical issues should be integrated to
physics teachers’ training curriculum, since they provide the meaningful aspects of the Nature
of Science (NOS) (Abd-El-Khalick & Lederman, 2000). Researchers point out that one way
to enhance science teachers’ conceptions about NOS is through History and Philosophy of
Science approaches (Abd-El-Khalick, 2005). Therefore, we believe that the combination of
philosophical debates with historical case studies can turn out to be a promising pedagogical
strategy for improving students’ understanding of the development of scientific knowledge.

In order to illustrate the relevance of the theme for teacher training programs, we will analyze a
brief description of a classroom situation extracted from Ogborn et al. (1996) where the teacher
Alan tries to make his students think about gravity:

Alan: Why do the planets keep going round the Sun? Are they joined onto the
Sun?

Student: No.

Alan: - in any way? So what actually keeps them going round? Why don’t they
just go off by themselves? Why do they stay in those nice little orbits?

... Alan: The planets keep on spinning round the Sun because they’re held in place
by something called gravity (Ogborn et al., 1996, p. 98, our emphasis).

Is Alan aware of the complexity related to explanations, like some of the aspects mentioned in
this work? When he asks three times “why” is he expecting an explanation for the fact that
planets orbit the Sun? Considering the specific case of gravity, this issue becomes even more
critical, when we take into account that Newton didn’t aim to answer the question related to the
gravity’s cause in his Principia. His main task was to describe how planets orbit the Sun; he
did not refer to casual explanations. In other words, we can say that the teacher is asking his
students something that Newton himself did not try to answer.

What is the “feeling” of understanding proportioned by “held in pace by something called grav-
ity”? When the teacher mentions gravity, it may seem to him that he is offering a reasonable
and sufficient explanation. However, if this word is not followed by the description of entities
in order to build an explanatory structure for such phenomenon, it is completely meaningless.

Our argument is that if this particular teacher were exposed to some discussions, such as the
explanation versus description debate or the aspects needed to promote a “feeling” of under-
standing, during his formation, these questions would be better thought and the didactic strategy
could have been different.

In fact, several researches indicate serious problems concerning the teachers’ conceptions of
NOS. An analysis of the views of numerous groups of science teachers about the scientific
work was done by Gil Perez et al. (2001), identifying distorted views of NOS. Their research
shows empirical inductivistic, atheoretical, ahistorical, dogmatic, elitist and linear conceptions.
The authors suggest that science education has been reinforcing and propagating these views.

Other researchers have highlighted the importance of teacher preparation to deal with knowl-
edge of History and Philosophy of Science, and with its distortions, in science education.
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Allchin (2004) emphasizes the importance of developing actions to support teachers in their
research and their teaching practice. The main concern is not to train specialists in history or
philosophy of the various scientific areas, but to support their teaching and provide subsidies for
the identification of pseudo-history, offering resources and alternatives to a critical interaction
with them.

In spite of the considerable amount of research available on this issue, it is possible to infer
that there is a huge gap between research results and their use by teachers in real school con-
texts. Diagnostic surveys have indicated the need for studies involving specific examples in
teacher education to support their work with HPS in a school environment (Abd-El-Khalick &
Lederman, 2000). Nevertheless, it is important to stress that the possibility of exploring the ex-
planation versus description philosophical debate in teacher training demands a more systematic
research effort.
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