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“The book of nature is written in the language of mathematics.”
Galileo Galilei (1623), The Assayer

Introduction and aims

Society today is ever more dependent upon technological competence for the
sustainable development of health, industry and environment; consequently
society needs technologically competent citizens (Osborne & Dillon, 2008). At
the heart of such technological competence is physics, and physics necessitates
mathematical competence (Redish, 2006). Physics and mathematics are strongly
interrelated, and this relationship becomes more apparent as students advance in
school. Mathematics is more than just a tool for working with physics problems;
the discourse of physics is mathematical in nature (Uhden, Karam, Pietrocola, &
Pospiech, 2011).

It is hence a great concern that both mathematics and physics achievements
in upper secondary school are in decline in a number of countries, including
Sweden and Norway (Mullis, 2009), especially because previous research
indicate that mathematical skills influence physics achievements (e.g. Lawrenz,
Wood, Kirchhoff, Kim, & Eisenkraft, 2009). However, the study of mathematics
in physics is a relatively small field within physics education compared to, for
instance, the field of conceptual change (Duit & Treagust, 2012). Conceptual
understanding deserves a great deal of attention in physics education; physics is
often regarded as a particularly difficult school subject (see e.g., Angell,
Guttersrud, Henriksen, & Isnes, 2004; Carlone, 2003; Duit, Niedderer, &
Schecker, 2007; Osborne, 2001). However, the nature of the students’
difficulties also involves the use of mathematics (Meltzer, 2002; Redish, 2006;
Uhden et al., 2011).

Researchers have investigated the challenges that students experience with
mathematics in physics (e.g. Buick, 2007; Hudson & Liberman, 1982; Meltzer,
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2002; Redish, 2006; Tuminaro & Redish, 2007), but this body of research on
mathematics in physics education does not explore which particular mathe-
matical competencies are pertinent to performance in physics tasks and
assessment items. Duit (2007) concluded his review of physics education by
stating that more research is needed “To design models of students’ competency
structures, drawing on data from achievement tests, favorably in a longitudinal
perspective” (p. 623). Moreover, the increasing emphasis on competence-based
curricula in educational initiatives around the world (De Jong, 2004; Mulder,
Gulikers, Biemans, & Wesselink, 2009; Westera, 2001) necessitates a greater
focus on the general mathematical competencies in physics education.

Mathematical competence in physics

Tuminaro (2004) argued that the reasons why students struggle with
mathematics in physics are: 1) students lack the prerequisite mathematical skills
needed to solve problems in physics and/or 2) they do not know how to apply
them to physics problems. Previous research within mathematics in physics
education seems to be divided along these two groups of difficulties. Studies
within the first group often explore correlations between mathematical skills and
success in physics achievement (e.g., Buick, 2007; Halloun & Hestenes, 1985;
Hudson & Liberman, 1982; Knight, 1995; Lawrenz et al., 2009; Meltzer, 2002;
Sadler & Tai, 2001). For instance, Meltzer (2002) studied the correlation
between learning gains in physics and mathematical skills. His study suggested
that students’ initial mathematical skills had a significant impact on their
learning gains in physics, while their initial level of physics concept knowledge
was unrelated to their learning gains.

The second main group of studies within research on mathematics in physics
education goes deeper into the causes of students’ difficulties with the
application of mathematics (Bing & Redish, 2009; De Lozano & Cardenas,
2002; Planinic, Milin-Sipus, Katic, Susac, & Ivanjek, 2012; Rebello et al., 2007;
Redish, 2006; B.L. Sherin, 2001; Torigoe, 2008; Tuminaro, 2004; Tuminaro &
Redish, 2007). These studies often focus on the problem of transfer where the
‘translation” from the physics concept to the formalized language of
mathematics represents a great challenge for physics students. Torigoe (2008)
demonstrated that students struggle with problems in physics containing
algebraic representations, and found that difficulties associated with symbolic
physics questions were more pronounced for the students most likely to falil
physics. Using cognitive load theory, he discussed how symbolic versions
demanded a higher load of cognitive resources than numeric versions of the
same problem.

However, neither the correlation studies nor the studies related to transfer
include different nations or longitudinal perspectives that could illuminate the
negative trend of declining achievements and interest in physics education. In
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addition none of these studies investigate empirically which mathematical
competencies are pertinent for physics competence.

This indicates a need for other types of studies like large-scale, cross-national
trend studies on the mathematical competencies pertinent for physics achieve-
ment. In the present study, we address this need and aim to explore the
importance of mathematics for physics achievement and the most pertinent
mathematical competencies in physics, using trend data from the large scale
international trend survey TIMSS (Trends in Mathematics and Science Study)
Advanced 1995 and 2008 in which four countries participated in both cycles
(Slovenia, Russia, Norway and Sweden). We address this aim in the following
research questions:

1. What is the difference between performances on physics items requiring
mathematics as compared to not requiring mathematics for Slovenian,
Russian, Norwegian and Swedish students and how have these
performances developed during the 1995 to 2008 period?

2. What is the difference between performances on physics items that
require different types of mathematical competencies pertinent to physics
for Slovenian, Russian, Norwegian and Swedish students and how have
these performances developed during the 1995 to 2008 period?

Theoretical Framework

We need a framework describing different types of mathematical competencies
pertinent in physics in order to calculate performances on physics items
requiring such competencies. Since no such framework exists (to our
knowledge), we hence synthesize theories from mathematics and physics
education.

Mathematical competence

There has been an increasing emphasis on mathematical competence rather than
theoretical knowledge within research on mathematics education (Kilpatrick,
Swafford, & Findell, 2001). Mathematical competence is a broad notion, and
involves factual knowledge, skills, and understanding, as well as the ability to
use mathematics in contexts and situations in which mathematics plays a role
(Niss 2003). This is in line with the general conception of competence in
educational research, which is perceived to be a cluster of knowledge, skills and
understanding “...which represents the ability to cope with complex,
unpredictable situations.” (Westera, 2001, p. 6).

The KOM Project headed by Mogens Niss was initiated by the Ministry of
Education in Denmark, who commissioned the development of a framework for
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mathematics competencies that could be implemented in upper secondary
schools (Niss, 2003). The idea of this project was to build the curriculum on the
concept of mathematics competence. Niss and his colleagues developed a
framework that is divided into two main groups of mathematical competencies.
The first group of competencies relates to the ability to ask and answer questions
in and with mathematics and includes; thinking mathematically; posing and
solving mathematical problems; modeling mathematically; and reasoning
mathematically. The second group of competencies addresses the ability to
manage mathematical tools and language. These include representing mathe-
matical entities; handling mathematical symbols; communicating in, with, and
about mathematics; and making use of aids (such as a calculator) (see Niss 2003
for details). The emphasis of mathematical tools in this second group of
competencies is particularly relevant to the present study.

Although the competencies within both groups may overlap a bit in terms of
required abilities, each competency maintains a unique major focus, a distinct
“centre of gravity” (Niss, 2003, p. 9).

Physics competence

Dolin (2002) has constructed a framework for physics competence that
intentionally parallels the set of competencies by Niss (2003) in the KOM
project. Similar to the KOM framework, Dolin’s physics framework targets the
general competencies that are needed for understanding, communicating, and
solving problems across all content knowledge within the given subject area.
Both Dolin’s and Niss’ frameworks presuppose attitudes, subject content
knowledge and knowledge about the nature of the subject (Dolin, 2002; Niss,
2003). A short summary of the physics framework is provided in Table 1 (left-
hand column). This table presents a mapping of key relevant mathematical
competencies within Niss’ framework (right hand side) onto Dolin’s framework
of physics competencies.
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Table 1. Niss’ mathematical competencies (right-hand side) required for physics competence
(left-hand side)

Physics competencies (Dolin, 2002) Relevant mathematical competencies (Niss,
2003)
1) perform physics thinking and reasoning Handling symbols, mathematical modeling

(such as: identifying and preparing key concepts
in order to solve tasks, asking relevant
questions, handling concepts, numbers, and
units and linking them to phenomena,
understanding and using symbols and equations,
following physics discourse, and deriving

formulas)
2) plan, perform and describe experiments handling symbols, mathematical modeling and
(and use equipment, determine the reliability handling of mathematical representations

and uncertainty of results, and understand the
relation between theory and experiment)

3) build and analyze models mathematical modeling
(Describe a physics problem and choose the
relevant variables, and create a mathematical
model that describes the problem)

4) work with different representations of the handling mathematical representations
same phenomenon

(understand, use, and/or switch between
representations such as graphs, pictures, and
experiments)

5) communicate in, with, and about physics handling symbols, mathematical modeling and
(search for and use information about concepts, handling mathematical representations

units, and numbers in tables, databases, etc,
solve and evaluate problems of a more general
scientific and technical nature, and
communicate physics discourse

We aimed to identify each of Niss’ mathematical competencies in the physics
framework of Dolin, so that the types of mathematical competencies identified
in Dolin’s framework would describe those pertinent in physics only. The types
of mathematics competencies not identified in Dolin’s framework are thus
important in mathematics only.

To exemplify, Dolin’s fourth competency, work with different
representations of the same phenomenon, involves the students’ abilities to shift
between different representations such as graphs, pictures, verbal phrases and
experiments, depending on the task and the variables involved. While physics is
comprised of a wide variety of representations (Angell, C., Bungum, B.,
Henriksen, E.K., Kolstg, S.D., Persson, J., Renstrgm, R., 2011), according to
Niss (2003), mathematical representations specifically refer to graphs, vectors,
numerical equations, and the like, Niss’ (2003) mathematical competency,
representing mathematical entities, is hence integrated into Dolin’s fourth
competency. Thus, handling representations seem to be a competency required
in mathematics and more importantly, also in physics.

Regarding Dolin’s second competency (plan, perform and describe
experiments), when a student is working with an experiment, he or she often has
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to produce a model of the reality in the language of mathematics and thus
perform mathematical modelling. Furthermore, upon writing the journal for the
experiment, a student may encounter formulas which need manipulation or
equations to be solved. Hence for this component of physics competence the
student is required to handle symbols. Moreover, experiments often involve
mathematical representations such as graphs.

There are however, competencies that are specifically required in
mathematics but not in physics. For instance within Niss’ first competency (out
of eight) called “thinking mathematically”, he describes how student’s abilities
related to thinking mathematically involves: “distinguishing between different
kinds of mathematical statements (including conditioned assertions (“if-then’),
quantifier laden statements, assumptions, definitions, theorems, conjectures,
cases)”. This is more typical of the subject mathematics than physics. One may,
of course, always argue that all sorts of mathematical competencies are
important in physics; however, we tried to identify the ones most common and
most pertinent in physics in upper secondary.

After having analyzed each of Dolin’s five competencies we identified the
most prominent mathematical competencies required in physics education.These
are handling symbols, mathematical modeling, and handling mathematical
representations.

Handling Symbols includes the following abilities: 1) decode and interpret
formal mathematical language and understand its relations to everyday
language; 2) translate from everyday language to formal mathematical language;
and 3) handle and manipulate formulae and equations.

Mathematical modeling (in a physics context) is defined as student’s ability
to create a mathematical description of the physical world by arriving at the
relationship between the variables. The student is not presented with a formula
or a graph but rather derives these independently based on the presented
variables.

Handling mathematical representations, involves the ability to utilize,
understand, and shift between, for instance, symbols, functions, diagrams,
graphs, and vectors.

Nilsen, Angell & Grenmo 6/21 2013©adno.no



Acta Didactica Norge Vol. 7 Nr. 1 Art. 6

A model of physics competence

: _ ‘ 2 process | ‘
Mathematics Mathematics

1. map 3. interpret

-

- [ Physical World
4. evaluate

Physical World

Figure 1. A model describing the transfer of knowledge between physics and mathematics

Bing and Redish (2009) applied a cognitive framework, building primarily on
the work of DiSessa (1993), and built a model describing the transfer of
knowledge between mathematics and physics (see Figure 1). They argued that
students operate in different modes (e.g. physics or mathematics mode) or what
they call frames, and the model describes how a student start in the mode of
physics where the physical system needs to be described. Then the student
enters into the mode of mathematics where mathematical operations and
manipulations are performed. The result has to be interpreted in the physical
world where the student is in a mode of physics and then validated according to
the problem statement. This model is useful, but does not, however, describe
what types of mathematics is required. We hence build our model on Redish and
Bings (2009) cognitive framework, but extend the part of the model concerned
with mathematics so as to include the different types of mathematical
competencies required in physics.

The three mathematical competencies highlighted in the previous section,
handling symbols, mathematical modeling, and handling mathematical
representations, contribute to only a portion of physics competence, which
involves more than mathematical abilities (like conceptual understanding).

Within the larger context of physics and mathematics competence, the three
applied mathematical competencies in physics are highlighted in Figure 2. This
figure displays a model of physics competence required in physics-related tasks
in secondary school and clarifies the relationship between the cognitive domain
of physics and the cognitive domain of of mathematics. The cognitive domain, in
this sense, directly refers to the context in which tasks are solved and hence a
type of cognitive mode (Erickson, 2006; Bing & Redish, 2009). For example, if
a student is working on a task in physics, (s)he is enacting schematic language
and conceptual knowledge in order to successfully complete this task that is
embedded in a physics context (e.g., experiments, classroom, books, etc.).
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Figure 2. A model of the relationship between physics competence and the most pertinent

types of mathematics competencies required to solve physics tasks in upper secondary
school.

The top cylinder in Figure 2 illustrates the cognitive domain of physics. This
domain may include two groups of physics competencies, those that require
mathematics and those that do not. The physics competencies represented in the
ovals directly refer to the physics competencies previously described in Table 1.
The physics competencies that require mathematical abilities are linked to
mathematical competencies which were also described in Table 1. Within the
cylindrical boundary of the physics domain, non-cognitive factors (e.g., attitude,
motivation, and self-efficacy) are also present and influence physics compe-
tence; however, these affective considerations are superfluous to the scope and
purpose of the present study and thus will not be highlighted in this model.

The lower cylinder in Figure 2 represents the cognitive domain of
mathematics. Three of the four ovals inside this cylinder represent the
mathematical competencies most pertinent to physics; Handling Symbols,
Mathematical Modeling, and Handling Mathematical Representations.

The fourth oval represents mathematical competencies that are solely
relevant to the subject of mathematics. Similar to the domain of physics, the
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domain of mathematics also includes non-cognitive factors, which, again, are
beyond the scope of this study.

In order to achieve the necessary physics competence required on a physics
task, a student may have to move between the modes of mathematics and
physics. Although the physics task may be quite mathematical in nature (e.g.,
the creation of, or reference to, a mathematical representation such as a graph),
physics is still the dominant mode in the beginning and at the end of the given
task. First, various elements such as concepts, units, or numbers have to be
linked to a physics phenomenon in order to determine the key elements that
characterize the system that describes this phenomenon. Then the student has to
switch to the cognitive mode of mathematics in order to access mathematical
competencies. For example, the competency Handling Symbols is accessed in
order to successfully manipulate and solve an equation. When performing
mathematical operations, the student thinks and acts in the mode of mathematics
(Erickson, 2006). Subsequently, re-entering the mode of physics is necessary in
order to interpret the answer and then to communicate and evaluate the answer
in a physics context.

Our model is developed for two purposes, to contribute to theory within the
field of mathematics in physics education, and to serve as a framework for our
methodology.

Method

We employed the theoretical framework previously described and illustrated in
Figure 2 to categorize the physics items from both 1995 and 2008 TIMSS
Advanced surveys. We then calculated achievements (defined in terms of mean
percentage of correct answers) for these categories. Finally, we compared the
achievements on these categories across time (1995 and 2008) and nations.

TIMSS

The TIMSS Advanced survey (in 1995 and 2008) examines students’
performance in advanced mathematics and physics in the last year of upper
secondary school. In order to compare countries and investigate trends from
1995 to 2008, the mean achievements of all countries were standardized
according to an International Average, which was set on a mean scale of 500
with a SD of 100 (Mullis, Martin, Robitaille, & Foy, 2009). This was done by
an IRT-model (item response theory), and the performance in 1995 was
recalculated to fit the model used in 2008 (Foy, Galia, & Li, 2009). This could
be done because approximately half of the items from TIMSS Advanced 1995
were not publically released and were reused in 2008 in order to allow for trend
analysis. Such items are called trend items.
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The frameworks of TIMSS and TIMSS Advanced are developed on the basis
of all the participating countries’ curricula, which include a content dimension
and a cognitive dimension: knowing, applying, and reasoning (Mullis et al.,
2009). This latter dimension strongly resembles our earlier definition of
competence (a cluster of knowledge and skills and how to apply these in
complex contexts), and so one may argue that physics achievement in TIMSS
Advanced is a measurement of important aspects of physics competence. In
order to ensure validity, an extensive number of items are created, both multiple
choice (MC) items and open-ended, or constructed response items (CR). In
1995, there were 42 MC and 23 CR items (65 items in total), and in the 2008
iteration there were 44 MC and 29 CR items (73 items in total) (Mullis et al.,
2009).

All TIMSS and TIMSS Advanced surveys also examine contextual socio-
cultural factors by including student, teacher, and school questionnaires, and all
countries have to supply information about their curricula, educational policies,
and demographics (Mullis et al., 2009).

Participants

Our sample included participants from the TIMSS Advanced 1995 and 2008
iterations (N = 11524). This sample included students from Slovenia, Russia,
Norway, and Sweden in their last year of upper secondary school (12th grade).
Only students from these four countries participated in both iterations of TIMSS
Advanced (Mullis et al., 2009). Table 2 presents the by-country total number
and age of participants as well as the proportion of the age cohort covered by the
test population (called PCI - Physics Coverage Index) across the two iterations.
The large drop in PCI for Slovenia is due to a curricular reform, where, different
to 1995, physics was not anymore compulsory in 2008 (Office, 2013).

Table 2. A description of the TIMSS Advanced samples in 1995 and 2008

Country Sample Age PCI (%)
1995/2008 1995/2008 1995/2008
Slovenia 512/1120 18.8/18.7  39.0/7.5
Russia  985/3166 16.9/17.1  2.0/2.6
Norway 1048/1642 19.0/18.8 8.0/6.8
Sweden 760/2291 18.9/18.8 16.0/11.0

Item Categorization

As part of the TIMSS Advanced project, we have access to both released and
non-released items and were able to include them all in the categorization. We
employed our framework (illustrated in Figure 2) to create a coding scheme for
categorizing the TIMSS Advanced physics items for the 1995 and 2008
iterations.
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The physics items in both surveys were first coded according to the
following two categories: Math and No Math. Thus, an item was coded as Math
if the student has to use, find, or identify a formula and/or if the item explicitly
contains mathematical representations such as graphs, vectors, or equations. All
other items were categorized as No math.

The items coded as Math were further categorized into Handling Symbols,
Mathematical Modeling, and Handling Mathematical Representations in
accordance with our model described previously. An item was coded as
Handling Symbols if the student is required to manipulate a formula, solve an
equation, or plug numbers into an equation. Similarly, an item was coded as
Handling Mathematical Representations if the student is required to shift
between, understand, or use graphs or vectors (e.g., arrows representing
acceleration). Items related to Mathematical Modeling would include tasks in
which the student would have to arrive at a formula or relation between
concepts.

Our coding process was carried out in two cycles. During the first cycle, one
physicist and two mathematicians separately categorized all the items from the
two test iterations. These three researchers then discussed and resolved any
disagreements. The coding scheme was given to two additional researchers (a
mathematician and a physicist) who performed a second cycle of coding. A
group involving the two researchers from the second cycle and the physicist
from the first cycle discussed any further disagreements with the assigned
categories. The inter-rater reliability (IRR) (Fleiss' kappa; for details, see Fleiss,
Cohen, & Everitt, 1969) for the two cycles of coding was 0.61 and 0.79,
respectively.

We will now exemplify some of the items that caused disagreement among
the coders, and describe how these issues were solved. An item was coded as
Handling Symbols if the student is required to manipulate a formula, solve an
equation, or plug numbers into an equation. This latter requirement of plugging
numbers into equations was added to the coding scheme after the first cycle of
coding, due to disagreement regarding items such as this:

A stone is dropped from rest down a deep well. It takes 2 s to reach the bottom.
How deep is the well?

Assume that the air resistance on the falling stone is negligible and that the acceleration
due to gravity g = 9.8 m/s2.

a) 49m,b)9.8m,c)19.6m,d)39.2m, e) 78.4 m

The students were provided with a formula sheet, and so in this item they could
just plug the numbers into the formula and find the answer (19.6m). Although
the student is not required to manipulate formula as such in this item, according
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to Niss (2003), handling symbols also includes handling mathematical
expressions and formula. We hence included items like this in the category
Handling symbols.

Sometimes, an item required more than one competency, like the item
described below that requires both Handling Mathematical Representations and
Handling Symbols.

X
40

30

20
10

Distanse

0

-10

The graph above represents a cyclist approaching and passing the finishing line in a
race. If the cyclist weighs 60 kg, what is her momentum as she crosses the finishing
line?

2400 kg m/s, b) 800 kg m/s, ¢) 600 kg m/s, d) 0 kg m/s

In this item, the student has to use the graph to find the velocity, and then plug
this number into the formula for momentum. This item hence requires the
student to use a mathematical representation (i.e. the graph), and to handle
symbols by making use of the formula for momentum. After the first cycle of
coding, where items like this were coded differently, we agreed to focus on the
main competency required, or the competency that required the highest level of
cognition. In this item, the main requirement involves the ability to understand a
graph, and to read the slope of a graph to find the velocity. Multiplying the
velocity with the weight is less demanding and is not the main issue at hand.
This item was hence coded as Handling Mathematical Representations.

Calculating Student Responses

Student responses for TIMSS Advanced physics items were calculated in the
form of p-values, which are the percentage of students with a correct answer
within the context of this study. For two points items, partially correct answers
are weighted by a factor of 0.5. We calculated the p-value for each item, then the
mean p-values for all the competency categories previously described and then
the international average was subtracted from each of these mean p-values.
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Thus, a negative p-value in a category means that the students performed below
international average on items within this category.

Caution is required when comparing p-values. There were countries who
participated in 1995 that did not participate in 2008 and vice versa. Hence, the
two international averages are not directly comparable. However, about half the
items (called trend items) were the same across the two surveys. In order to
enhance reliability and validity, we also calculated p-values based entirely on
the trend items. The results from the analysis of trend items only, were
compared with the analysis of all items.

Results

Students’ Performance on Physics Items

Achievements, or mean p-values relative to the international average for the
categories Math and No math are provided in Table 3 along with the number of
items in each category. The table also provides the differences in each country’s
achievement in 2008 relative to 1995 within one category.

No. of items Norway Sweden Slovenia Russia

2008- 2008- 2008- 2008-
1995 2008 1995 2008 1995 1995 2008 1995 1995 2008 1995 1995 2008 1995

Math 42 33 14 1 -13* 14 -4 -18* 8 7 -1 7 4 -3

No
math 29 35 11 9 -2 7 3 -4 5 2 -3 6 2 -4

Table 3. Students’ achievements relative to the international average on the two categories
of physics items: Math and No Math in 1995 and 2008. * indicates a significant difference at
the .05 level

All the calculated p-values in tables 3 and 4 have standard error (SE) less than 3
percentage points (Lie, Angell, & Rohatgi, 2010). This means that if the
differences between the years 2008 and 1995 are above 5.9 (=1.96 times SE)
percentage points then the difference is significant.

For Norway, there was a statistically significant decrease between 2008 and
1995 on math related items, with a percentage-point difference of 13. Similarly,
there was a significant decrease between the two testing cycles for Sweden,
which had a percentage-point difference of 18. Thus, Norway and Sweden’s
achievements on items requiring mathematics declined significantly from 1995
to 2008, even though there were more items in the category Math in 1995 as
compared with 2008. Further, in 1995 all countries scored better on items
requiring Math than No math (however only Sweden significantly). In 2008
however, Norwegian and Swedish students performed lower on items requiring
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mathematics. There were no other significant findings from this portion of the
analysis.

In order to ensure reliability and validity, we performed the same type of
analysis on trend items only. The results from this analysis supported our results
(presented in Table 3) as the same profiles appeared (i.e., the large and
significant decline on items requiring mathematics for Norway and Sweden, and
no significant findings for Russia and Slovenia).

Students’ Performance on Physics Items Requiring Mathematics

Table 4 presents the results of our coding of math-related physics items and the
reported achievement on the subtotals of these categorized items. No items were
coded as relating to the competency Mathematical Modeling. Thus,
Mathematical Modeling, as defined in this study, was not present in the TIMSS
Advanced physics items for the two testing iterations.

No. of
items Norway Sweden Slovenia Russia

2008 2008
199 200 2008- 2008- - -
5 8 1995 2008 1995 1995 2008 1995 1995 2008 1995 1995 2008 1995

Handling
Symbols 26 24 154 0.0 -154* 153 -46 -19.9* 68 70 02 95 49 -46

Handling Math.
Representation
S 16 9 10.6 3.5 -7.1 65 -22 -87 9.0 6.3 -27 3.0 24 -0.6

Table 4. Students’ achievements on the two categories handling symbols and handling
mathematical representations in 1995 and in 2008 relative to the international
average.*indicates a significant difference at the .05 level

Performance on items categorized as Handling Symbols declined significantly
among Norwegian respondents (15 percentage points) and Swedish respondents
(20 percentage points) over the two iterations. Performance on items categorized
as Handling Mathematical Representations declined significantly among only
Swedish respondents (9 percentage points) over the two iterations. There were
no other significant effects from this portion of the analysis. The same results
appeared from the analysis of the trend items only.

Discussion

Empirical results

According to the International Report of TIMSS Advanced 2008, Norway and
Sweden used to be top performing countries in physics in 1995 and were also
the two countries with the largest decline in overall physics achievement
between 1995 and 2008 (Mullis et al., 2009). There were no significant changes
in the overall physics achievement during this time span for Russia and Slovenia
(ibid).
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Our main findings show that a large number of the physics items require
mathematics, especially the competency Handling Symbols. Norwegian and
Swedish students’ performance on these items declined significantly during this
time span. This suggests that the main reason for Norway and Sweden’s overall
physics decline could have been due to poor mathematical competence,
especially the competency Handling Symbols. This is in line with the Norwegian
report (Lie et al., 2010) and the Swedish report (Skolverket, 2009) from TIMSS
Advanced. Other possible reasons for the decline have been studied in an
analysis conducted by Lie, Angell & Rohatgi (2012). It showed that changes in
contextual and background variables (such as home background, instruction, and
school environment) had had little influence on changes in physics achievement
between 1995 and 2008.

Hence, our results, seen in light of previous studies, indicate that
mathematical competence may be of great importance to students’ physics
achievement and that the most important competency (at least in the TIMSS
physics context) could be that which requires students to handle symbols.

In order to address our main aim of exploring the role of mathematics in
physics in depth, we now turn the focus to possible reasons why our Nordic
students’ struggle with physics items requiring mathematics. Difficulties with
mathematics in physics could be related to 1) the prerequisite mathematical
competencies required in physics and/or 2) struggles with transfer between
mathematics and physics. Our model is an important frame of reference for this
discussion.

The prerequisite mathematical competencies of physics

Our definition of the category handling symbols in the model is quite similar to
the description of algebra in the TIMSS 2003 mathematics framework for grade
8 (Mullis et al., 2003). They overlap in the sense that they both describe basic
algebraic skills, such as manipulating equations. Hence, the basic algebra taught
in lower secondary school is a prerequisite skill for physics competence in upper
secondary school. To this end, it could be appropriate to seek explanations for
the Norwegian and Swedish physics students’ difficulties with physics items
categorized as handling symbols in results from TIMSS 2003 Mathematics for
eight graders. This may be especially relevant since the population tested in
TIMSS Advanced in 2008 is the same age cohort that was tested in grade 8 in
TIMSS 2003 five years earlier in Norway and Sweden (Mullis, Martin,
Gonzalez, & Chrostowski, 2004; Mullis et al., 2009). In TIMSS 2003,
Norwegian and Swedish eighth graders performed significantly lower than in
TIMSS 1995 in mathematics, a decline larger than most countries (Mullis et al.,
2004). Furthermore, they performed low on items in algebra compared with
other content areas in mathematics, and compared to Slovenia and Russia. In
conclusion, these four countries’ performance on algebra items in TIMSS 2003
Mathematics could hence be related to their performance in TIMSS Advanced
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2008 on physics items categorized as handling symbols. Findings from
secondary analysis of PISA 2003 support findings from TIMSS 2003: the
Nordic cluster of participating countries struggled the most with algebra in
mathematics, as compared with the Central Eastern European cluster, which
performed well on algebra (Olsen & Grgnmo, 2006).

Research within the field of mathematics education indicates that students
from a number of western countries struggle with algebra (e.g., Brandell,
Hemmi, & Thunberg, 2008) which in turn could be related to an extensive
Mathematics Reform (ibid). The ideas of this reform started in America in the
1980s and turned the focus from a traditional strong symbolic orientation with
emphasis on formal methods, to a reformist algebra with an emphasis on
solution of “real-world” problems (Kieran, 1992). These changes seem to have
affected mathematics as a school subject also in Norway and Sweden from the
mid 1990s. For instance, “Mathematics in daily life” was one of the main goals
in the mathematics curriculum of 1997 both for primary and lower secondary
Norwegian schools (KUF, 1996). The emphasis on “real-world” problems seems
to have been made at the expense of more formal mathematics, which often
involves drill and training, and this may imply that Norwegian students do not
develop the necessary fluency in handling algebraic symbols (Grgnmo &
Onstad, 2009; Grgnmo, Onstad, & Pedersen, 2010). Also in Sweden, the focus
In mathematics has been on realistic contexts with examples from everyday life
(Brandell et al., 2008). The focus on real-world problems in the Norwegian and
Swedish curricula is reflected in findings from a study using data from PISA
2003, where Nordic countries performed better on items with realistic contexts
than the Central Eastern European cluster (Olsen & Grgnmo, 2006).

In addition to the basic mathematics taught in lower secondary, the
mathematics taught in upper secondary school may also influence physics
competence. The Slovenian and Russian mathematics curricula in upper
secondary school (Mullis et al., 2009) seem to have been less touched by the
Mathematics Reform compared to Norway and Sweden. The extensive and
advanced algebra in the Russian and Slovenian mathematics curricula remained
almost unaltered from 1995 to 2008 (Mullis et al., 1998; Mullis et al., 2009).
Furthermore, in 2008 Slovenian participants enrolled in four years of
compulsory advanced mathematics while Norwegian and Russian participants
only had two years and Swedish participants three years (Mullis et al., 2009).
Russian students also had twice the amount of hours with advanced mathematics
per year compared to the other three countries (ibid). In addition, the most
advanced mathematics course was no longer obligatory for the Swedish physics
students who participated in TIMSS Advanced 2008 as compared to 1995
(Skolverket, 2009). Hence, Russian and Slovenian students had more
mathematics in 2008 than our Nordic countries, both in terms of hours of
instruction per year and in terms of number of years. The number of
mathematics classes taken has been shown to have a positive relationship with
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physics achievement in upper secondary (Lawrenz et al., 2009; Norvilitis, Reid,
& Norvilitis, 2002).

Struggles with transfer

Students’ difficulties with mathematics in physics may also be related to
struggles with transfer between physics and mathematics. In our model (see
Figure 2), physics competence is divided into two parts: physics competencies
that do not require mathematics and physics competencies that do require
mathematics. The latter require the students to move between the mode of
physics and mathematics, and this is when problems with transfer may occur
(Rebello, 2007; Angell, Kind, Henriksen, & Guttersrud, 2008). For example,
Rebello (2007) claimed that “...the main difficulty that students appear to have
does not lie in their lack of understanding mathematics per se, rather it lies in
their inability to see how mathematics is appropriately applied to physics
problems” (p. 30). In a study by Angell et al. (2008), the physics students
reported that the algebra required in physics in fact was simple, yet they could
not perform simple manipulations of equations. Further, they failed to see the
resemblance between the mathematical linear function Y(x) = ax + b with the
linear function for velocity v(t) = vo + at.

Torigoe (2008) argued that the symbolic language of algebra is especially
demanding for students’ cognition during transfer from mathematics to physics.
It is plausible that this transfer is even more demanding for students that lack
prerequisite algebraic fluency. When engaging in physics, a large part of our
Nordic students’ cognitive capacity could thus be preoccupied with basic
algebra rather than the physics phenomenon under study.

In addition to prerequisite algebraic skills, the type of context presented for
the students when they learn mathematics as a school subject is important. In
1995, physics was commonly used as a context for applied mathematics in
Norway and Sweden (Skolverket, 2009; UDIR, 1996). Also, the Swedish
TIMSS Advanced reports argue that there was less focus on physics examples in
the mathematics curricula for the participants in 2008 as compared to 1995
(Skolverket, 2009). When students are unfamiliar with a physics context in
mathematics, it could make transfer in physics harder.

One may ask though whether the responsibility of making the transfer easier
rests on mathematics only. Mulhall and Gunstone (2008) have pointed out that
physics teachers pay little attention to the place of mathematics in physics, and
Reddish (2006) claimed that physics teachers should take a greater responsibility
and teach students how to apply mathematics in physics. Moreover, Uhden et al.
(2011) claimed that “the knowledge about a supportive use of mathematics in
physics education is still fragmentary” (p. 2) within research in physics
education.

To this end, further research on how to incorporate and apply mathematics in
physics is needed.
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Contributions and Implications

Our study contributes to the interdisciplinary field of mathematics and physics
in three ways. First, we have developed a model for the interrelation between
physics and mathematics, which may be helpful in further research within this
field. Second, we have based our theories and empirical findings on theories of
competence (rather than knowledge or skills) (Westera, 2001). And third, our
results indicate that mathematical competence could be related to physics
performance and that the mathematical competency most pertinent to physics
performance (as measured in TIMSS Advanced) may be that which requires
students to handle symbols.

In order to account for the role of mathematics in physics, there seems to be
a need to focus on traditional algebra and physics contexts in the mathematics
curricula in lower secondary. Furthermore, in upper secondary, physics could
gain from a greater emphasis on how to apply mathematics, in physics. In
general, we suggest that it might be time to balance the focus in mathematics
between traditional algebra and everyday mathematics and the focus in physics
between quantitative approaches ( that require mathematical competencies) and
qualitative (that do not require mathematical competencies). The interconnection
between mathematics and physics in secondary school needs strengthening, and
this is important for the future generation to be able to enroll in the much-needed
STEM (Science, Technology, Engineering and Mathematics) subjects.
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