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Abstract
In this paper we describe a teaching approach focusing on modelling in
physics, emphasizing scientific reasoning based on empirical data and using
the notion of multiple representations of physical phenomena as a
framework. We describe modelling activities from a project (PHYS 21) and
relate some experiences from implementation of the modelling approach in
Norwegian upper secondary physics classrooms.

Background
Models in physics and physics education
It may be argued that physics, more than the other
sciences, tends to use modelling as a research tool.
Within many branches of the physical sciences
today, research is essentially about developing
and improving models (usually formulated in
mathematical language) describing phenomena
such as climate, the atomic nucleus, or the
universe (Chonacky 2006, Gilbert 2004, Winsberg
1999).
Models and modelling consequently
receive increasing attention from the science
education community as important components
of a contemporary science education (e.g. Gilbert
2004, Gilbert and Boulter 2000, GIREP 2006,
Greca and Moreira 2002), both because they
reflect the nature of physics and because modelling
activities are considered useful for learning
physics concepts and processes. For instance,
Hestenes and his group have developed ‘The
Modelling Method of High School Physics
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Instruction’ (see Hestenes 1987, Hestenes 1996,
Wells et al 1995), which is said to correct
many weaknesses of the traditional lecture–
demonstration method, including fragmentation of
knowledge, student passivity, and persistence of
naı̈ve beliefs about the physical world. This group
emphasizes the similarities between modelling as
a cognitive process (as a tool in the individual’s
learning of physics) and as an activity in physics
research.
Another approach is VnR (variables and
relationship), which is a computer-based dynamic
modelling tool, where the aim is to focus
on the patterns in the mathematics rather than
calculations (Lawrence 2004).
Vitor Duarte
Teodoro (2002) has developed Modellus, which is
an educational software that makes it possible for
students to investigate science phenomena through
model building and to use mathematics to create
and explore models interactively. Students should
be able to start making models from identification
of variables, interpret equations, and make visual

0031-9120/08/030256+09$30.00 © 2008 IOP Publishing Ltd

An empirical-mathematical modelling approach to upper secondary physics
representations without advanced programming.
Modellus activities show how mathematics and
physics have a unity that is very difficult to
see with traditional approaches (see also Teodoro
2004).
The consequences of a ‘modelling view of
physics’ for physics teaching would be that
physics education should give students a view of
the nature of physics as a modelling enterprise; and
physics education should train students to become
competent modellers and interpreters of models.
To become competent modellers, students
need practice in performing reasoning processes.
Scientific reasoning, particularly reasoning on
the basis of empirical evidence, has proven
difficult for physics students.
For instance,
Leach (1999) observed that many students are
not able to evaluate the logical implication
of data for knowledge claims.
He pointed
out that many students struggle with the coordination of theory and empirical evidence,
and he suggested that science curricula should
include ‘the model-like nature of much scientific
knowledge, the ways in which predictions are
generated and observations are evaluated in terms
of stated theories, and the ways in which public
scientific knowledge is validated through both
social and empirical processes’ (pp 803–804).
Thus an important component in a modelling
approach to physics education would be to
give students an understanding of reasoning
as an essential mediator between experimental
observations and theory/model, strengthening the
connection between experimental and conceptual
representations (see below).
Multiple representations of physical phenomena
Physics has a long tradition for being regarded as
a particularly difficult school subject (Angell et al
2004, Carlone 2003, Osborne and Collins 2001).
Dolin (2002), with basis in Roth (1995), has
suggested that physics appears difficult because
it requires students to cope with a range of
different representations (experiments, graphs,
verbal descriptions, formulae, pictures/diagrams)
and to manage the translations between these
(Dufour-Janvier et al 1987). In a project (PHYS
21) in Norwegian upper secondary schools, we
have applied a conceptualization of working with
physics in terms of multiple representations.
May 2008

The phenomenon ‘free fall’ may serve as an
example: dropping a certain object from a certain
height to observe or measure its motion is a simple
experimental representation of the phenomenon;
the velocity may be represented graphically as
a function of time, and a sketch of a falling
object (perhaps with force or velocity vectors) is
a pictorial representation. Defining change in
velocity with time as acceleration is a conceptual
representation, and the formula v = v0 +at , which
in this case reduces to v = gt , is one of the
mathematical representations.
Understanding the physical description of the
phenomenon involves learning to simultaneously
apply and translate between the various representations, and to refine one’s mastery of each
representation, for instance by acquiring the appropriate physical concepts and terminology and
mathematical ‘tools’ such as differentiation and
integration. For example, the ability to experience a phenomenon and instantly ‘see’ a graph
of and a mathematical relationship between relevant variables—the ‘simultaneous’ application of
and smooth interchange between the forms of
representation—is an ability which distinguishes
the trained physicist or physics student from the
novice.
In this conceptualization, working with
physics always involves working with representations of a physical phenomenon. According to
Prain and Waldrip (2006), a focus on students’ understanding of multiple representations may contribute to effective science learning by catering
for students’ individual learning needs and preferences and promoting students’ active engagement
with ideas and evidence.
Dolin (2002) and De Lozano and Cardenas
(2002) hold that the ‘translation’ from physical situations to the formalized language of mathematics
represents a particular challenge for physics students. Erickson (2006), in line with our own experiences, found that students solving practical tasks
tended to work in either a mathematical mode or
a physical mode. A similar observation was made
by Taber (2006). The students, for example, easily identified the ‘slope’ and the ‘interception’ in
linear equations when being in a mathematical
mode, but found it difficult to identify the roles of
the corresponding constants in a physics formula.
Thus, experimental representations and mathematical representations and the relation between these
PHYSICS EDUCATION
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have been especially emphasized in PHYS 21. An
increased focus on empirical-mathematical modelling in physics may be expected to give students
the training they need to ‘interpret’ a physical situation in terms of mathematical relationships.
An empirical-mathematical modelling approach
to physics instruction
As a response to the challenges and considerations
presented above, we have employed an empiricalmathematical modelling approach, by which we
mean physics teaching emphasizing

• activities in which students employ multiple
representations of physical phenomena to
conduct experiments and construct and
evaluate mathematical models of the
phenomena; and
• core messages that physics is a collection of
‘models of natural phenomena’, often
expressed in a mathematical language, and
that ‘doing physics’ means working with
models in a wide sense of the term.
We believe that working with multiple
representations within a modelling approach may
help students to see relations between different
representations and to use this actively in their
learning process. This approach was implemented
in project PHYS 21, which will be presented next.

The PHYS 21 project
In order to try out these ideas in the classroom,
we launched project PHYS 21 in Norwegian upper
secondary schools with the aim of combining
an increased focus on representations of physical
phenomena with activities and teaching emphasis
on models and modelling. The project took
place over a period of three years (2003–2006),
and about 20 physics teachers participated in the
initial phases of the project, whereas 6 schools, 13
teachers and 289 students took part during the last
(full implementation) year.
A teacher booklet introduced the view of
physics applied in the project, aspects of scientific
method and scientific reasoning, examples of
scientific models and the modelling process, and
suggestions for student modelling activities. A
similar booklet was produced for students.
The curriculum itself was an adaptation of the
ordinary national curriculum, with the exception
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that one out of eight stated attainment targets
(thermophysics) was taken away and replaced
with modelling. However, the idea was not
to teach modelling as a separate topic, but as
a line throughout the course. Teachers who
participated in PHYS 21 were introduced to
a rationale for physics emphasizing teaching
about modelling, as well as teaching students
to do modelling. Emphasis was put on making
the various representations (and the transitions
between them) clear to students and helping them
develop a perspective on their own understanding
and learning and possibly refine their learning
strategies in physics. The relationship between
mathematics and physics was emphasized, and
there was a focus on scientific reasoning related
to experimental results, particularly by proposing
hypotheses and testing them out experimentally.
One topic in particular, forces and motion,
was taught with a modelling approach.
In
other topics teachers were asked to implement
modelling perspectives as a frame for their
teaching and include laboratory tasks training
students’ modelling skills.

Modelling activities in PHYS 21
In this section we present some of the modelling
activities used in the PHYS 21 classrooms.
Bending the ruler
This introductory exercise was designed to
introduce the empirical-mathematical modelling
idea to the students in a very simple experiment
requiring little equipment and no specialized
physics knowledge. Students were invited to make
a model of the displacement of the tip of a clamped
ruler as a function of load (figure 1). The load
could be different numbers of identical objects like
knives or spoons. That way, the load would be
measured in ‘number of objects’, and there was no
need for introducing a unit for force at this stage.
The experiment yielded a roughly linear model.
Elongation of jelly babies
Also related to elasticity, but somewhat different
in nature, was the exercise in which students
were to find a relation between the force and
the elongation on stretched jelly babies (elastic
jelly sweets). They did measurements (figure 2),
May 2008
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Figure 3. Plot of the force as a function of elongation
for a stretched jelly baby.

Figure 1. Measuring the displacement of the tip of a
clamped ruler as a function of load.

Figure 2. The elastic jelly sweet is stretched and the
force measured with a spring scale.

plotted data points in a diagram, suggested a ‘best
fit line’, and from this constructed a model in
the form of a mathematical expression (typically
a linear relationship valid within certain limits,
corresponding to Hooke’s law) (figure 3).
The elastic properties of the jelly change when
the jelly baby is stretched close to its breaking
point. Also, the dependence of elasticity on
colouring agent may be studied, since it appears
that jelly babies of different colour have different
elastic properties.
Finally, a jelly baby that had already been
stretched close to its breaking point gave a different slope of the graph when a second elongation
was performed. This modelling exercise provides
excellent opportunities to discuss such issues as a
model’s domain of validity, choice of experimental
conditions, experimental uncertainty and sources
May 2008

Figure 4. The fall of muffin cups may be studied by
using a data logger with a motion sensor.

of error, and interpretations of graphs in terms of
mathematical expressions and physical quantities.
Air resistance on falling muffin cups
In this exercise, we introduce some more
complexity, using second-order equations and a
data logger. The task was to investigate how air
resistance depends on speed when paper muffin
cups are falling (Angell and Ekern 1999). Paper
muffin cups fall nicely and evenly when dropped,
and they very soon reach terminal velocity. Their
motion may be recorded using a data logger
(figure 4). 2–5 cups may be placed inside
one another, forming an object with the same
PHYSICS EDUCATION
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Figure 6. The repulsive force between the poles of two
bar magnets may be measured by placing one magnet
on a sensitive scale and carefully varying the distance
to the magnet above it.

surface but with 2–5 times the weight of one.
This investigation may well be performed as a
hypothesis testing exercise. Hypothesis 1 could be
that air resistance is proportional to the terminal
speed; hypothesis 2 that it is proportional to the
terminal speed squared. Simple analysis shows
that hypothesis 1 implies a linear relationship
between the weight of the falling muffin cups and
speed; hypothesis 2 a linear relationship between
weight and speed squared (figure 5).
The force between two bar magnets
This exercise only requires a simple equipment,
but demands attention to experimental error. Furthermore, it involves more complex mathematical
relationships, and there is no obvious ‘right answer’ (in the form of a model). Students investigated the force as a function of distance between
the poles of two bar magnets. One magnet was
clamped in a vertical position (which was varied
during the experiment); the other was placed on a
sensitive electronic scale indicating the repulsive
force between the two magnetic poles (for practical reasons, the experiment worked better with
260
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repulsive than with attractive forces) (figure 6).
Interestingly, the different groups of students got
quite different results in this exercise, but most of
them found a 1/x n dependence when n was between 1 and 2, with x being the distance between
the magnets. It should be remarked that the result
of this investigation depends quite heavily on the
type of magnets used and the geometry. For instance, short ‘squat’ magnets with larger area of
the poles and shorter distance between the poles
gives a relationship of the above form but with n
of about 3–4 (Gayetsky and Caylor 2007).

Assessment of students’ modelling
competency
As part of the PHYS 21 project we have also
worked with how students’ mathematical modelling competency may be assessed. We have suggested and trialled a paper-and-pencil test where
‘mathematical modelling competency’ is operationalized as the ability to reason scientifically and
to see the connection between multiple representations of a phenomenon. Detailed accounts of this
assessment instrument and outcomes when using
it are presented in Guttersrud (2007).
In the example from the test presented in figure 7, question (1) requires translation between
experimental and mathematical representation and
May 2008
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Figure 7. An example of problems designed to measure students’ mathematical modelling competency (see
Guttersrud (2007)).

question (2) between conceptual and mathematical representation. Both questions require understanding of how to describe a physical situation
with general mathematical expressions. Of the almost 500 students (both PHYS 21 project students
and regular upper secondary physics students) who
completed the test, 67% gave the correct response
to the first question and 37% to the second. The
two most ‘popular’ distractors A and B in question 2 refer to the constants a and b in the general
May 2008

mathematical expression given, while distractor C
refers to global warming, the underlying concept
of the items. Despite a new context and new parameters, students are assumed to be capable to
solve the problem in question 1 in view of prior
experience with analogous situations. Question 2
challenges students’ analytic abilities. Both questions discriminated clearly between the competent
and the less competent students.
PHYSICS EDUCATION
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Experiences and recommendations
Classroom implementation of the PHYS 21
modelling approach
Classroom observations and results from teacher
and student questionnaires and interviews indicate
that although implementation of the PHYS 21
approach varied quite widely among project
classrooms, there was a certain shift in emphasis
such that project students reported more emphasis
on representations and teachers reported that
project participation had changed their teaching
practice ‘to some extent’ and that the ‘modelling
idea’ was prominent in their teaching during 15%–
30% of classroom time. Most teachers had applied
the modelling approach when teaching mechanics,
but they found it difficult to continue in ‘modelling
mode’ in their teaching of other topics. It was not
easy for them to see how to implement modelling
within other topics such as electricity or light
and waves. McDermott et al (2000) pointed
out that standard physics courses at universities
do not provide prospective teachers with a good
preparation for designing modelling exercises and
working with open-ended investigations in the
classroom.
Although project teachers were in general
committed to the project and mainly followed
project guidelines, the project also illustrates
clearly how curriculum ideas are interpreted and
adapted to individual teachers’ ‘identities’ and
personal backgrounds. Each teacher’s specific
interests ‘merged’ with the modelling ideas and led
to particular foci. The new curriculum ideas were
adapted to teachers’ ways of doing and reflecting
on teaching, and most teachers found a place for
modelling in their personal rationale for teaching
physics.
In PHYS 21, we argued for modelling from
two main perspectives. The first concerned the
nature of physics as models of reality and the task
of physicists to construct and apply models, and
this perspective was seen as implying that students
should learn about science as models and that they
should learn ‘the tools of the modelling trade’.
The second perspective concerned modelling as
a powerful tool in the teaching and learning of
physics. Classroom observations and teacher
interviews show clearly that the last dimension—
modelling as a method to teach physics content—
was found most attractive by the teachers and most
262
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closely matched the teachers’ ideas for renewing
physics.
Some teachers in PHYS 21 reported difficulties in getting students to adopt the way of thinking
and working with physics employed in the project,
claiming that students had ‘a quite clear expectation of what they are going to learn and how they
are going to learn it’. It has been documented before (e.g. Angell et al 2004) that students have certain expectations concerning how ‘proper physics
teaching’ is conducted. These expectations are often influenced both by school culture (and school
physics culture in particular (Carlone 2003)), but
also by parents, peers, etc (Geelan 1997). These
strong expectations are related to student beliefs
about the nature of the subject matter and about
appropriate teaching and learning strategies when
working with physics. This issue illustrates the
need for a stronger and more explicit focus on
developing students’ learning strategies and their
meta-understanding of physics and physics learning (see below).

Students’ outcomes of the PHYS 21 approach
As already mentioned, implementation of the
PHYS 21 approach varied widely among classrooms, and our project design did not allow for
controlled investigation of the performance of
project students in relation to that of regular students. However, questionnaire and test data indicate that although students in the project became
more aware of the modelling nature of physics,
they did not score higher than their peers in ‘regular’ classrooms on the modelling achievement test.
Coping with multiple representations, it seems, is
an ability relating to reasoning skills developed by
high achieving physics students in general. Skilled
modellers

• display an understanding of the nature of
science compatible with acknowledged views
(e.g. Abd-El-Khalik et al 2002),
• are able to regulate their own learning and
apply elaborative learning strategies when
processing new knowledge in physics, and
• are more aware of, and able to decipher the
use of, multiple forms of representation
during physics lessons.
May 2008
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Conclusions and recommendations
In this paper, we have argued that modelling
should be given a more prominent role in physics
education, based on the nature of physics and
on research on the teaching and learning of
physics. We have suggested the framework with
multiple representations of physical phenomena as
a good basis for developing meaningful learning
activities for students in a physics course focused
on modelling. Moreover, we have described
modelling exercises used in the project and looked
briefly at the assessment of students’ modelling
competency.
A main conclusion from the achievement
test and student questionnaire is that students’
understanding of the nature of science, their
learning strategies and their competency to
handle multiple representations appear to reinforce
each other (Guttersrud 2007).
In particular,
we believe that students who have acquired
appropriate learning strategies are more able to
‘decode the language of physics’ (i.e. the use of
multiple representations during physics lessons)
and hence bring the teacher’s and textbook’s
use of representations to fruition in their own
processing and learning of physics. We therefore
suggest that the empirical-mathematical modelling
approach and the focus on representations is
worth elaborating further, but that it needs to be
accompanied by explicit but integrated attention
to the nature of science and students’ learning
strategies.
Received 17 October 2007
doi:10.1088/0031-9120/43/3/001

References
Abd-El-Khalik F, Bell R L and Schwarz R S 2002
Views of nature of science questionnaire: toward
valid and meaningful assessment of learners’
conceptions of nature of science J. Res. Sci. Teach.
39 497–521
Angell C and Ekern T 1999 Measuring friction on
falling muffins cups Phys. Teach. 37 181–2
Angell C, Guttersrud Ø, Henriksen E K and
Isnes A 2004 Physics: frightful, but fun. Pupils’
and teachers’ view of physics and physics
teaching Sci. Educ. 88 683–706
Carlone H B 2003 Innovative science within and
against a culture of ‘achievement’ Sci. Educ.
87 307–28
Chonacky N 2006 Has computing changed physics
courses? Comput. Sci. Eng. 8 4–5
May 2008

De Lozano S R and Cardenas M 2002 Some learning
problems concerning the use of symbolic language
in physics Sci. Educ. 11 589–99
Dolin J 2002 Fysikfaget i forandring. (‘School physics
in a process of change’) IMFUFA Roskilde
University Denmark
Dufour-Janvier B, Bednarz N and Belanger M 1987
Pedagogical Considerations Concerning the
Problem of Representation (Problems of
representation in the teaching and learning of
mathematics) ed C Janvier (Hillsdale: Lawrence
Erlbaum)
Erickson T 2006 Stealing from physics: modeling with
mathematical functions in data-rich contexts
Teaching Mathematics and its Applications
25 23–32
Gayetsky L E and Caylor C L 2007 Measuring the
forces between magnetic dipoles Phys. Teach.
45 348–51
Geelan D R 1997 Weaving narrative nets to capture
school science classrooms Res. Sci. Educ.
27 553–63
Gilbert J K 2004 Models and modelling: routes to more
authentic science education Int. J. Sci. Math.
Educ. 2 115–30
Gilbert J K and Boulter C (ed) 2000 Developing
Models Science Education (Dordrecht: Kluwer)
GIREP 2006 Modelling in Physics and Physics
Education Conf. (Amsterdam NL August 2006)
Greca I M and Moreira M A 2002 Mental, physical and
mathematical models in the teaching and learning
of physics Sci. Educ. 86 106–21
Guttersrud Ø 2007 Mathematical Modelling in Upper
Secondary Physics Education. Defining, Assessing
and Improving Physics Students’ Mathematical
Modelling Competency PhD thesis University of
Oslo, Department of Physics
Hestenes D 1987 Toward a modeling theory of physics
instruction Am. J. Phys. 55 440–54
Hestenes D 1996 Modeling Methodology for Physics
Teachers Proc. Int. Conf. on Undergraduate
Physics Education (College Park August 1996)
http://modeling.la.asu.edu/modeling/
MODELING.pdf
Lawrence I 2004 Modelling simply, without algebra:
beyond the spreadsheet Phys. Educ. 39 281–8
Leach J 1999 Students’ understanding of the
co-ordination of theory and evidence in science
Int. J. Sci. Educ. 21 789–806
McDermott L C, Shaffer P S and Constantinou C P
2000 Preparing teachers to teach physical science
by inquiry Phys. Educ. 35 411–6
Osborne J and Collins S 2001 Pupils’ views of the role
and value of the science curriculum: a focus-group
study Int. J. Sci. Educ. 23 441–67
Prain V and Waldrip B 2006 An exploratory study of
teachers’ and students’ use of multi-modal
representations of concepts in primary science Int.
J. Sci. Educ. 28 1843–66
PHYSICS EDUCATION

263

C Angell et al
Roth W M 1995 Authentic School Science (Dordrecht,
NL: Kluwer)
Taber K S 2006 Conceptual integration: a demarcation
criterion for science education? Phys. Educ.
41 286–7
Teodoro V D 2002 Modellus: Learning Physics with
Mathematical Modelling PhD thesis Universidade
Nova de Lisboa
Teodoro V D 2004 Playing Newtonian games with
Modellus Phys. Educ. 39 421–28
Wells M, Hestenes D and Swackhamer G 1995
A modeling method for high school physics
instruction Am. J. Phys. 63 606–19
Winsberg E 1999 Sanctioning models: the
epistemology of simulation Sci. Context 12
275–92

Carl Angell (an associate professor) is
head of the Physics Education Group at
the University of Oslo. He was a high
school teacher in physics for many years
before he came to the Department of
Physics in 1988, where he has worked
since with science teacher education and
in-service training for teachers. His
research interests are students’
understanding of physics, and teaching
and learning physics more generally.

264

PHYSICS EDUCATION

Dr Per M Kind is a lecturer at the
School of Education at the University of
Durham. Prior to this he has worked at
the Norwegian University of Science and
Technology, Trondheim, and at Telemark
University College, Notodden, Norway.
His research interests are teaching and
learning of scientific competencies in
physics and general science. He also has
an interest in attitude research and the use
of practical work in science teaching.

Ellen K Henriksen received her PhD in
physics education in 1999, and since then
she has been working at the Department
of Physics, University of Oslo, with
physics education research and
development, science teacher education
and in-service training for teachers.
Øystein Guttersrud has a master’s in
physics education and has recently
received his PhD. His research interests
and also his PhD thesis are about
mathematical modelling in physics
education, learning strategies in physics
and the nature of science. He is now
working at the Norwegian Centre for
Science Education at the University of
Oslo.

May 2008

