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This doctoral thesis details the introduction of the theoretical distinction between transformation
and transduction to Physics Education Research. Transformation refers to the movement of
meaning between semiotic resources within the same semiotic system (e.g. between one graph
and another), whilst the term transduction refers to the movement of meaning between different
semiotic systems (e.g. diagram to graph). A starting point for the thesis was that transductions
are potentially more powerful in learning situations than transformations, and because of this
transduction became the focus of this thesis. The thesis adopts a social semiotic approach. In its
most basic form, social semiotics is the study of how different social groups create and maintain
their own specialized forms of meaning making. In physics education then, social semiotics is
interested in the range of different representations used in physics, their disciplinary meaning,
and how these meanings may be learned. Students need to gain representational competence
in interpreting and using the different representations they meet in their physics education
and this thesis examines how this might be achieved. Empirically, the thesis investigated
interactive engagement through the use of probeware. Such approaches have been shown to
promote learning, although the reasons why this occurs are less well understood. The above
matters are given consideration in three case studies that investigate the collaborative learning
of introductory physics students’ when using a particular probeware tool, the Interactive Online
Laboratory System or iOLab. The thesis presents two central findings. First, probeware tools
are found to be particularly effective in teaching and learning of disciplinary content when they
combine high pedagogical affordance with high disciplinary affordance with respect to the
intended learning goals. Second, transduction is shown to be central to teaching and learning
physics in the case study setting of student laboratory work. This is because the movement
between semiotic systems helps create the variation necessary for students to notice disciplinary
relevant aspects. Moreover, the results suggest that physics lecturers should pay particular
attention to students’ personal transductions as these provide insights into what, and how
learning is taking place. The thesis suggests that introductory level physics students will initially
view coordinate systems as fixed in a standard up-down orientation. The analysis demonstrates
how students can come to appreciate the movability of coordinate systems without the need for
mathematical calculations. It also suggests that part of the reason that interactive engagement
is effective is because it requires communication about physics conceptualisations with peers.
Finally, the thesis proposes a refined definition of representational competence and suggests
how such representational competence can be effectively developed. The implications of the
research findings for the teaching and learning of physics are discussed and suggestions for
future work are presented.
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Preface

This Preface provides an account of how it came to pass that [ uprooted myself
from my home country, South Africa, to pursue PhD studies in Sweden, and
how the central theme of this thesis came about. In telling this story, I, there-
fore, use personal pronouns and descriptions. Although I adopt the usual sci-
entific style of writing, which employs the passive voice and third-person ref-
erences, for the majority of the remainder of the thesis, in specific circum-
stances where | deem it appropriate to identify myself—as “I”—or my re-
search team who worked with me on this project—as “we” or “our”—,
personal pronouns will be used intentionally in specific circumstances.

This doctoral work represents for me far more than the ‘redacted’ contents
of this thesis document. Infused into the thesis are my thoughts and perspec-
tives about physics and the teaching and learning of the subject. These have
emerged over many years, for I have worked with teams of experts in experi-
mental physics research laboratories, have lectured to thousands of university
students and engaged with them in teaching laboratories. Students have inter-
acted with me in problem-solving sessions such as tutorials and consulted with
me in one-on-one sessions. In the six years prior to commencing my doctoral
studies, | had the privilege to learn from students as they engaged with each
other, with their lecturers and teaching assistants in problem-solving tasks in
interactive learning environments—these enriching experiences occurred
while I was teaching on a physics course designed for students from educa-
tionally disadvantaged backgrounds at the University of the Western Cape
(UWC) in Cape Town, South Africa.

My journey with this PhD study started with a strong commitment to build
my knowledge of, and capacity in, providing access to university physics to
students from disadvantaged backgrounds in South Africa. I have been teach-
ing physics at the undergraduate level since 1991 and have been a full-time
lecturer in physics at three South African universities since 2005. In early
2016 I started a research collaboration with the Physics Education Research
group at Uppsala University (UUPER) in order to help improve the teaching
and learning of physics at the undergraduate level, in particular the entry-level
for educationally disadvantaged students. The division head and program pro-
fessor of UUPER, Professor Cedric Linder, has maintained close ties with the
University of the Western Cape (UWC) in Cape Town, South Africa, where
he was the head of the Physics Department before taking up the professorship
position in Sweden in 2000. Over the years, Professor Linder has fulfilled a



key mentorship role for UWC Physics staff members such as myself and has
remained committed to assisting the transformative work in the South African
higher education context.

I applied for a full-time PhD position at Uppsala University in 2016 as, in
addition to continuing the collaboration between UWC Physics and UUPER,
I realised that exploring the theoretical aspects of physics (with respect to the
teaching and learning thereof) being investigated by UUPER would further
my aim to learn more about what it means to do and learn physics.

In a personal sense then, my thesis tells the story of how several of my
questions and interests as a physicist and physics educator came together and
were answered. Further, what seemed at first to be disparate elements—such
as abstract mathematical tools, work with laboratory equipment, developing
physics conceptual understanding, and developing representational compe-
tence—emerged as crucial links in the central thread of this thesis. More spe-
cifically, the research work brought together my interests in mathematics, rep-
resentational competence, probeware and interactive engagement in physics
work, in a way that produced an updated theoretical lens through which these
aspects of physics work, which have been identified as important for learning
physics, may be analysed. This will be introduced in the following sections of
this chapter.

Mathematisation in physics teaching and learning

Students are known to struggle with mathematical conceptual understand-
ing—see the discussion in Section 1.1.1. Clearly this situation can potentially
have serious negative effects on physics teaching and learning. In the South
African tertiary education context, where only 4% of learners leave school
with a pass at the 50% level in mathematics (note that in South Africa the pass
rate is actually only 30%), it is of paramount importance to ensure that stu-
dents are afforded as much assistance as necessary to ensure success in their
introductory mathematics and physics courses.

When the PhD position became available, | had already been working with
the UUPER group as a visiting researcher for three months. Based on my ex-
perience of student difficulties in working with mathematical resources in
physics learning situations, the broad initial objectives of the PhD were con-
ceived as embarking on a series of studies to explore the teaching and learning
relations between mathematical knowledge and constructing appropriate ways
of understanding and applying these resources or tools for and in physics. As
a physics educator at the introductory level, I had a number of unresolved
teaching concerns. For instance, how could students, across a broad range of
preparedness (from those deemed “well-prepared” to “under-prepared”), be
helped to appropriately link their mathematical knowledge to proper under-
standings of physics concepts, and how could they learn about applying math-



ematical formalism in physics problem solving without losing sight of the un-
derlying physics ideas? It has plagued my ‘physics teacher conscience’ that
many of my students only displayed limited success in performing mathemat-
ical calculations, and those who were successful found it difficult to correctly
interpret the results and extract the appropriate features of the physics infor-
mation the problem was targeting. Moreover, it seemed to me that for students
the mathematical equations took precedence over the physics on display in the
other representational forms—for example, student-produced diagrams and
other modelling representational formats often seemed to be completely dis-
connected from the choices students made when they proceeded to the math-
ematical solution to problems.

Representational competence in physics teaching and learning

More generally, difficulties with applying mathematics in physics are only
part of the complex of learning challenges experienced by university entrants.
In the South African context, based on both published' and anecdotal evi-
dence, the issues of learning physics in a second language and the lack of
meaningful exposure to working with laboratory equipment exacerbates mat-
ters. Further to this, my more than two decades of experience in teaching phys-
ics with a strategic multi-representational approach—verbal descriptions,
sketches, diagrams, graphs, equations, etc.—, taught me that students find it
hard to meaningfully connect all the different representational forms in a given
task or problem, and to extract the intended conceptual understanding/s.

This ‘seat-of-the-pants’ awareness of a well-known learning difficulty
within introductory physics courses seemed to be aligned with both the theo-
retical perspectives adopted by the UUPER team as well as a relatively under-
emphasised, yet important research area in PER, that of multi-representational
problem solving and representational competence?’.

Initially my interests were simply to gain new insights into how to assist
students to become more proficient in using a range of representational sys-
tems—e.g. diagrams, graphs and equations—to solve physics problems more
effectively. My research journey however opened my eyes to the complexities
of the learning challenges students encounter when applying these approaches
in their work. For it is one thing to be able to solve a range of physics problems
across different topics and in different situations in ways experts do. And it is
another, arguably more complex teaching aim, for students to develop the

I Although this thesis does not attempt to address these issues directly, I provide the following
reference as representative of the Southern African STEM (Science, Technology, Engineering,
Mathematics) education research community’s interest in a broad range of socio-cultural factors
affecting the learning of science subjects by African students of diverse backgrounds and lan-
guages. The sheer number of research articles on these issues is great,; a large number are pub-
lished under the auspices of the Southern African Association for Research in Mathematics,
Science and Technology Education (SAARMSTE), (for example, see Vale & Westaway, 2020).
2 See Sections 3.3.1 and 6.4 of this thesis, as well as Paper V.



deeper understandings of the underlying physics concepts which physics edu-
cators claim as their primary learning goal for their students.

Probeware in physics teaching and learning

An ‘Apartheid legacy” effect on undergraduate science education in South
Africa is the lack of experience that secondary school learners, particularly
from disadvantaged communities, have in working with physics devices, es-
pecially in hands-on practical work. Anecdotal evidence suggests that one
consequence of this lack of exposure is that many students enrolled in intro-
ductory level physics courses are unable to handle concepts and measurements
from experimental work correctly.

A laboratory teaching tool, the iOLab (acronym for “an interactive Online
Laboratory system”), developed by an expert team of physicists, engineers
and physics education researchers at the University of Illinois Urbana-Cham-
paign, had become available by the time I had started negotiating my collab-
oration with UUPER in 2015.

This probeware* tool was of interest to the UUPER group as it is a physics
device designed specifically for pedagogical purposes, and one which pos-
sesses interesting features from a theoretical perspective. A research project
investigating the teaching and learning advantages of such a laboratory teach-
ing device therefore matched my interests with that of UUPER. Specifically,
my interest in how such a tool could be used effectively in helping students
from diverse backgrounds understand physics concepts better, and experience
learning more directly—a ‘promise’ often linked to the deployment of such
pedagogical aids.

Interactive engagement in physics teaching and learning

One feature of the South African schooling context is that learners are gener-
ally taught science in passive ways, where the teacher is the sole authority.
During my time working with the PER group at UWC, as part of a team made
up of two lecturers, an academic literacy expert, and trained teaching assis-
tants, 1 focused on teaching on an extended curriculum programme (ECP)’
physics course. These courses are an attempt by universities and the South

3 Apartheid was the system of legislated racial segregation that was enforced between 1948-
1994. A cornerstone of Apartheid was an Education system which severely disadvantaged the
majority of South Africans in terms of access to resources.

4 Probeware is a term used to describe tools that allow users to interact with real-time updated
information measured by sensors—see Tinker (2000).

3 ECP courses have a long history in South Africa. Hutchings & Garraway (2010) provide a
truncated compendium of ECP provisions in SA. They are essentially designed to give broader
access to tertiary education to all population groups, who through previous educational disad-
vantage do not always meet the entrance requirements, especially in the more mathematical and
technically oriented disciplines such as science, engineering, medicine, etc. For a broader per-
spective on the role of Academic Development Programmes in the history of South African
Higher Education, see L. Scott (2009).



African educational authorities to boost the through-put rates of students from
diverse backgrounds, learning in STEM (Science, Technology, Engineering,
Mathematics) and other fields of study such as medicine. A typical design
feature of such courses is that the first year of study is stretched over two years
of full-time academic work.

At UWC, during the development of our ECP physics course, we adopted
a less ambitious version of the SCALE-UP® classroom setup. This active
learning environment, which has been shown by Beichner et al. (2007) to lead
to better student learning outcomes, also promised to deliver on the UWC
PER’s aim to introduce students to the ways in which physicists, from a socio-
cultural perspective, work collaboratively to co-construct physics meanings in
discourse activities. The majority of classroom activities were therefore de-
signed as interactive engagement (IE)’ tasks, as opposed to the traditional ap-
proaches many physics lecturers at universities around the world still employ.

In addition, our Research Programme Professor, Cedric Linder had secured
a major research grant from the Swedish Research Council (Vetenskapsradet)
which prompted the UUPER group to move towards investigating IE using a
new methodology that, for the first time, combined social semiotics with var-
iation theory in relation to students making meaning of physics (and chemis-
try) concepts.

A social-semiotic framework in physics teaching and learning

UUPER have been developing a social semiotic framework for the teaching
and learning of physics since 2005—see for example Airey & Linder (2009,
2017). Key to this approach is viewing physics as a discourse, and asking what
is required to effect meaningful learning of physics, and why this may be so.

When conceptualising my research with my supervisor, John Airey, I rec-
ognised the potential value of adopting an analytical approach that utilises a
social semiotic framework to delve into the intricacies of analysing physics
learning activities, especially interactive engagement tasks involving labora-
tory work with a probeware tool such as the iOLab. An initial project goal was
therefore to explore ways to make the learning of new physics ideas more
accessible to students within these types of learning environments.

I designed a pilot case study in 2016 to explore some of the issues discussed
above. The preliminary analysis of the data showed a richness of resource-
usage by students which involved them shifting meanings between semiotic
systems in demonstrable ways in an interactive student-laboratory setting.

¢ SCALE-UP is an acronym for Student-Centered Activities for Large Enrollment Undergrad-
uate Programs. More recently, the name behind the acronym has been amended—it now stands
for Student-Centered Active Learning Environment with Upside-down Pedagogies.

7 Interactive engagement (IE) is well-established in PER as a productive approach to achieving
gains in student conceptual understandings—see the definition of Hake (1998) in Section 1.1.4,
and note the contrast with traditional teaching approaches.



Therefore, in preparation for the 8" International Conference on Multimodal-
ity (8ICOM) which took place later that year, my supervisor suggested [ might
like to explore a social semiotic distinction between two types of movements
of meanings — transformation and transduction®. Here, transduction seemed
to be the most appropriate term to describe the students’ usage of resources
and I quickly realised that transductions were in fact inherently more powerful
in learning situations than transformations. The central focus of my thesis then
became investigating the role of transduction in physics in general and its im-
portance for the teaching and learning of physics in particular.

Chapter 1, which follows, presents how these same interests informed the de-
velopment of the research questions for the study.

8 For this thesis, I use a definition from Bezemer & Kress (2008)—please refer to Sections 3.4.6
and 6.1 of this thesis for a full unpacking of this term within the updated social semiotic frame-
work used and developed for this thesis.



1. Introduction

In the Preface I described my journey from being a university physics teacher
to becoming a researcher in PER. My initial interests were in the role of math-
ematics in physics and the development of student representational compe-
tence. Through my initial pilot study, I also became interested in the use of
probeware and the role of interactive engagement in the teaching and learning
of university-level introductory physics courses. As mentioned in the preface,
the distinction between transformation and transduction became central to my
analysis of the initial pilot study where I quickly realised that transduction
offered much greater possibilities for learning. It was transduction, then, that
became the central pillar of this thesis.

In what follows I briefly introduce each of these aspects and show how they
led to the research questions for this thesis. Thereafter I briefly describe my
three case studies, and summarise my research articles. After a list of specialist
terminology, I conclude this chapter with a synopsis of the thesis.

1.1. Research interests
1.1.1. Mathematics in Physics

This thesis work started with an awareness that Physics Education Research
(PER) had begun to produce compelling evidence that many physics students
either enter university or leave introductory courses lacking essential elements
of mathematics conceptual understanding (for example, see Brahmia, 2019;
Brahmia, Boudreaux, & Kanim, 2016; Shaffer & McDermott, 2005). That stu-
dents struggle with mathematics concepts is well known’. For physics learning
with mathematics (what has become known as ‘mathematisation in physics’
in PER), there is likely to be a range of negative outcomes, for example, se-
verely limiting the possibility for students to work appropriately and produc-
tively with problem solving, and negatively affecting physics learning at the
more advanced levels of study!.

° For example, [ was struck by the work of Duval (2006) who analysed from a cognitive per-
spective the challenges for students learning mathematical concepts in an appropriate way.

10 Note here the work of Brahmia, Olsho, Smith, & Boudreaux (2019); Christensen &
Thompson (2012), and M. Eriksson, Linder, & Eriksson (2019), who showed that even in well-
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My particular research interest here became how mathematics, as a repre-
sentational system (semiotic resource system), links into the development of
disciplinary-correct understandings of physics concepts in relation to what the
mathematical resource system'' affords for disciplinary-appropriate construc-
tion of physics concepts.

1.1.2. Multiple representations and representational competence

As discussed in Section 1.1.1 and in later chapters (Sections 2.3.3 and 3.3)'2,
the problem of using mathematical resources in physics work is well-known
and described in the literature. However, providing an adequate bridge for stu-
dents between school and university physics is a multifaceted problem—stu-
dents have to learn how to connect the semiotic material in a range of semiotic
resource systems which give access to facets of physics concepts (see Airey
& Linder, 2009). Mathematics is but one semiotic resource system used in
physics.

Starting with the seminal research articles of Van Heuvelen (1991a,
1991b), some physics education researchers have pursued a research direction
investigating the role of multiple representational systems in developing ex-
pert-like problem-solving abilities of students. These PER areas, of im-
portance for this thesis, will be explored in more detail in the following chap-
ters.

Further, for students to learn how to “think like a physicist” (Van Heuvelen,
1991a)—solving physics problems like experts—lecturers have to consider
carefully how to assist them in bringing these multiple ‘modes’ of representa-
tion together in more meaningful ways. The notion of representational com-
petence within the context of a multimodal social semiotic approach is
adopted here. This is an important yet relatively unexplored area of research.
This thesis seeks to add to our knowledge and understanding of how to de-
velop students’ representational competence when they are engaged in learn-
ing physics.

1.1.3. Probeware — pedagogical tools for physics learning

As discussed in the Preface, an early focus for this thesis work was the role of
probeware, specifically the iOLab laboratory teaching tool. From a physics
teaching perspective, this thesis explores, (i) giving students access to working

researched areas such as 1-D kinematics and algebraic signs, student difficulties with rudimen-
tary mathematics concepts in physics persist.

1 In this thesis each representational system is conceived of being constituted of a range of
semiotic resources, which for physics have specific meaning-making potentials or disciplinary
affordances. Pedagogical affordances refer to the usefulness of resources to learn physics, but
are not necessarily used nor prized by the physics community as disciplinary (Airey, 2015).

12 See also the discussion in Paper II.
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meaningfully with physics devices, (ii) affording students hands-on experi-
ences of real-world phenomena, and (iii) helping students learn how to con-
nect their hands-on experiences to physics concepts.

From a theoretical perspective, this thesis seeks to deepen our understand-
ing of how attributes of probeware tools (such as the iOLab) may be used in
physics laboratory tasks to promote student conceptual understanding. In ad-
dition, there is an interest in how such tools could be used effectively so that
students experience their learning as their own, i.e. construct meanings for
themselves (a promise packaged with the deployment of the pedagogical ad-
vantages of probeware).

1.1.4. Interactive engagement

In a seminal paper, Hake (1998) established interactive engagement (IE)
within PER to be a ‘backbone’ of effective tertiary level and high school phys-
ics curricula. Hake discusses interactive engagement as follows:

...[activities] designed at least in part to promote conceptual understanding
through interactive engagement of students in heads-on (always) and hands-on
(usually) activities which yield immediate feedback through discussion with
peers and/or instructors, ...

(Hake, 1998, p. 65)

Central to his definition of IE methods is the requirement that students be ac-
tively engaged in activities that ensure peer-to-peer and peer-to-instructor
feedback.

The conceptual framework described in Chapter 3 offers a lens that allowed
me to explore the semiotic domain that exists between individuals when they
make and remake meanings in physics communicative practices (such as stu-
dents learning in IE laboratory tasks). I chose this framework with the antici-
pation that such an approach would lead to insights into what is required to
effect meaningful learning of physics concepts in IE tasks, and why this may
be so.

1.2. Developing social semiotic theory — transduction

Within the field of social semiotics, the term transformation is commonly used
to describe the recasting of information within the same semiotic system, e.g.
changing from one graph to another. A second term, transduction, is used to
describe the recasting of information within a different semiotic system e.g.
changing from a graph to an algebraic representation (see Bezemer & Kress,
2008, p. 169). As discussed in the Preface, my initial task in the research group
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was to establish whether the addition of this distinction to the existing theo-
retical framework developed in Uppsala could bring new insights to the field.
This one decision affected the whole course of this thesis.

In a pilot case study, a laboratory task was developed for use in university
settings, where the primary purpose of the study was to establish whether add-
ing a distinction between transformation and transduction would contribute to
the development of the multimodal social semiotic framework for the teaching
and learning of physics.

It was also anticipated that findings of the study would contribute to our
understanding of how students may learn physics more productively. Whilst
at the same time, providing physics lecturers with nuanced insights into how
to assist students to this end.

The richness of the empirical data generated from the pilot study set the
research on a path that firmly established transduction as the central theme of
this thesis. Transduction was thus incorporated in a fundamental way into the
conceptual framework—details in Chapter 3—and became the basis for ana-
lysing the empirical data generated in all three case studies used (see Section
1.4). To this end my overarching research question for the thesis was framed
in terms of transduction.

1.3. Research questions

Overarching research question:

What might transduction—a theoretical construct common in the field of
multimodal social semiotics—contribute to social semiotics research work
in PER?

In attempting to answer the overarching research question, the following six
research questions emerged:

RQI1. How can the role and functions of physics devices be described
when applying the social semiotic lens used in this thesis?

RQ2. Based on the answers to RQ1, how can the concept of transduction
be used in this thesis to extend our understanding of the role and
function of probeware in physics teaching and learning activities?

RQ3. In what ways might a transduction perspective supplement our un-
derstanding of why interactive engagement is an effective strategy
in physics education?
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RQ4. How can the application of social semiotics help us design tasks
where students gain initial access to mathematical concepts for
physics without the necessity for calculation?

RQS5. Using the lens of social semiotics, what is the role of student repre-
sentational competence in learning 1-D kinematics and how can
such competence be developed?

RQ6. How can the results from RQ5 be used to propose a generalised
way of developing representational competence in physics educa-
tion?

The answering of these research questions provided a multiple feedback loop
in which a social semiotic framework in PER—as championed by UUPER,
and within which my conceptual framework is grounded—was updated, the
methodological and analytical tools implemented for the thesis were devel-
oped and refined, and the IE laboratory tasks utilising the iOLab were also
rewritten and updated. In addition, while designing and doing the research, a
number of contributions to the field of PER emerged. These are included in
the summary given in Chapter 7.

1.4. The case studies

The research design of the thesis work followed a flexible qualitative" ap-
proach to case study research—this is discussed in more detail in Chapter 4
(Methodology). The thesis used three such case studies:

A. Learning about magnetic field and coordinate systems (Sweden)

Case Study (A) (elsewhere in this thesis also referred to as the pilot study) was
undertaken in Sweden. Since the principal researcher came from a background
of introductory university physics in South Africa, students doing advanced
level physics at a Swedish gymnasiet'* were chosen as a suitably comparable
student cohort.

This case study was designed around using a probeware tool (the iOLab)
to study the Earth’s magnetic field. The iOLab’s magnetometer was used to
display graphs of the three Cartesian components of the magnetic field in real-
time. Students worked in pairs with an open-ended interactive engagement

13 See Robson & McCartan (2016) for a discussion about flexible research designs within the
qualitative paradigm of what they refer to as “real world” research. More will be said about this
in Chapter 4 of this thesis.

14 For readers unfamiliar with the Swedish schooling system, gymnasiet schools, or gymnasi-
ums in English, are upper secondary schools (final three years of secondary education), whose
programmes offer students the qualifications needed to further their studies at higher education
institutions.
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task to determine the direction of the magnetic field. It was envisaged that the
students would need to use a range of semiotic resources in solving the task.
In this way the task design addressed the four major research interests ex-
plored in this thesis.

The details of Case Study (A) are given in Section 5.1.1.

B. Learning about magnetic field and coordinate systems (South Africa)

In Case Study (B), the identical task designed for Case Study (A) was carried
out with groups of South African university students in their extended, first-
year course in physics. Interestingly, the South of Sweden and South Africa
are positioned north and south, respectively, relative to the Earth’s geomag-
netic equator so that the magnetic field points into the Earth in the South of
Sweden and out of the Earth in most of South Africa at a similar angle.

The details of this Case Study (B) are given in Section 5.1.2.

C. Learning about graphs of motion in 1D-kinematics (Sweden)

Case Study (C) used the wheel sensor on the iOLab to graphically display
movement. As explained in Section 1.1.2, a central interest of this thesis is
how students appropriately connect particular semiotic systems (in this case
graphs) to physics concepts (in this case 1D-kinematics).

Here, the student cohort comprised of students enrolled in a physics
teacher-trainee programme at a research university in Sweden. The students
worked in pairs with the iOLab in order to create certain “shapes” in position-
time, velocity-time and acceleration-time graphs.

The details of Case Study (C) are given in Section 5.1.3.

1.5. Summary of the research articles

This thesis is primarily written around five research papers. A short descrip-
tion of each paper is given below:

Paper 1

This Physics Education Research Conference (PERC2017) proceedings paper
was the first published article from the thesis work. Although the theoretical
terminology used in subsequent articles was not employed here, this paper
introduced much of the research interests of the thesis. Space constraints—
length of papers is restricted to four double-columned pages—precluded the
unpacking of the full meaning of the term transduction, despite my presenting
these ideas at the earlier 8ICOM conference mentioned in the Preface. Case
Study (A) provided the data and context for the reported findings and discus-
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sion. Importantly, the paper hints at the importance of attending to the dy-
namic meaning-making moves that students and facilitators make when work-
ing with multiple semiotic resource systems in interactive engagement tasks.

Paper 11

This paper was published in the European Journal of Physics. In this paper,
the problem around students’ difficulties in coming to apprehend a key af-
fordance of coordinate systems, its movability, is unpacked for a readership
comprising physicists and chiefly university-level physics educators. Im-
portant empirical findings were reported in this paper that shed light on the
difficulties students experience in working with abstract mathematical tools
whilst learning about invisible phenomena in laboratory settings. Case Study
(A) formed the basis of the work reported in Paper II.

Paper 111

This research paper, published in Designs for Learning, presents the pivotal
theoretical findings of this thesis work. In this article, the central role of trans-
duction in physics and the teaching and learning of physics is discussed in
detail. Case Study (A) formed the basis for the reported findings.

Paper IV

This paper used data from Case Study (B) and at the time of printing of this
thesis, was being prepared for submission to the African Journal of Research
in Mathematics, Science, and Technology Education. An important finding is
the reticence of South African students to use alternative semiotic resources
when a mathematical route to problem solution is possible.

Paper V

This paper was published in Learning: Research and Practice and is based on
Case Study (C). The paper reports on theoretical and empirical work in the
area of representational competence. As such, this paper represents the culmi-
nation of my entire PhD research project. All the theoretical and empirical
work that makes up my PhD are showcased and applied in an actual, authentic
learning laboratory at the university level.

1.6. Thesis synopsis

Chapter 1 has served as the introduction to the work presented in this thesis. I
have introduced the reader to my research interest which led to the develop-
ment of my research questions. The next chapter (2) serves as a broad intro-
duction to the field of PER. In so doing I have attempted to lead the reader to
the aspects of PER that I see as the foundations for the theoretical framing
given in Chapter 3. Hence, Chapter 3 should be seen as an integral part of
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situating my work. Chapter 3 describes the conceptual framework applied and
developed for this thesis, and provides a basis for the methodology described
in Chapter 4. Chapter 5 provides the details of the data collection and analysis
undertaken in the case studies. Chapter 6 provides a discussion that draws to-
gether the theoretical and empirical findings in a synergistic way, and answers
the research questions. Chapter 7 provides a summary of my theoretical and
empirical findings and also includes suggested implications for the teaching
and learning of physics. Chapter 8 presents my thoughts on possible future re-
search work, and the last chapter (9) provides a summary of the thesis in Swe-
dish.

1.7. Glossary of terms used in the thesis

The following list serves to summarise key words, phrases and terms used in
the text, in alphabetical order. The descriptions specify the way the terms are
used in the thesis. Italicised text denotes terms explained elsewhere in the list.
If abbreviations of terms and phrases are used in the text, they are provided in
brackets.

active learning:
a term used by several researchers to describe non-traditional physics teaching
and learning approaches; a well-known example is the “Active Learning
Guide” developed by the PER team at Rutgers university. This student learning
aid focuses on approaching problems from an experiential and experimental
point of view.

cooperative problem solving (CPS):
a recitation approach developed by Pat and Ken Heller and their collaborators
at the University of Minnesota, centred around a group-learning problem-solv-
ing environment.

coordinating hub:
a term appropriated by UUPER for their framework of looking into students’
engagements with multiple representations or semiotic systems. It is a persis-
tent representation around which meanings may be made with other resources
available in any given task.

disciplinary discourse:
the complex of systems of semiotic resources which make up a discipline; the
use of these in parts or greater constellations communicate disciplinary mean-
ing/s (Airey & Linder, 2009).

disciplinary affordance (DA):
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the agreed meaning-making functions that a semiotic resource fulfils for a par-
ticular disciplinary community; in other words, it is the inherent potential of a
resource to provide access to disciplinary knowledge (Airey, 2014; Fredlund,
Airey, & Linder, 2012).

interactive engagement (IE):
Hake (1998, p. 65) provides the following definition: ... [activities] designed
at least in part to promote conceptual understanding through interactive en-
gagement of students in heads-on (always) and hands-on (usually) activities
which yield immediate feedback through discussion with peers and/or instruc-
tors, ...”.

metafunction:
a term originating in SFL, thought to be possessed by all languages, and relate
to the semantic structure of language—all languages are believed to be shaped
and organised in relation to the three metafunctions; ideational, interpersonal,
and textual.

mode:
when used within the multimodality framework, the use of the word is analo-
gous to the communication aspects of signs derived from SFL, i.e. a mode nec-
essarily has to possess the three metafunctions. However, for this thesis, the
word is simply used as a label for a specific meaning-making function of some
semiotic resource system within a given context or social setting.

multimodal social semiotics (MMS):
this approach has the premise that learning can be investigated from a mean-
ing-making perspective in all the socially organised resources (modes) peculiar
to a particular social group (see multimodality and social semiotics).

multimodality:

a relatively young, but well established research tradition introduced by re-
searchers—notable scholars here are Gunther Kress and Theo Van Leeuwen—
working in the field of social semiotics, that provides a framework or ‘lan-
guage’ to describe the meaning-making functions of resources other than lan-
guage (e.g. diagrams, representations, images, etc.—(Bezemer,
Diamantopoulou, Jewitt, Kress, & Mavers, 2012; Jewitt, Bezemer, &
O’Halloran, 2016; Kress & Van Leeuwen, 2006).

pedagogical affordance (PA):

the appropriateness of a semiotic resource for teaching some educational con-
tent (Airey, 2015).
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real-world phenomena:
this term refers specifically to natural phenomena that are experienced by hu-
mans by way of direct sensory interaction with environmental input (sight,
sound, touch, etc.) or via another mode that allows perception through the
senses (for example, a compass needle pointing to magnetic north).

resources.
unless stated otherwise, this word refers to the meaning-making affordances of
arange of tools, representations, and procedures, which may be used in physics
disciplinary practices.

semiotic resource:
a tool, activity or representation which, when used or engaged with, allows for
the articulation and expression of meaning in a discursive or communicative
practice of a particular group of people (a family or social group).

semiotic resource system:
this terminology is used in the thesis to refer to any system of disciplinary rep-
resentations, tools or procedures which encompass a range of distinct but con-
nected meaning-bearing resources.

semiotics:
the study of processes which produce signs and symbols for making meanings,
and their interpretation—see multimodality and social semiotics.

social semiotics:

a branch of research that is closely related to and shares its origins with sys-
temic functional linguistics (SFL) for which a main ontological commitment
is the notion that the meaning-making functions of discourses are established
in the shared communicative practices of social groups or disciplinary commu-
nities. Within these practices shared understandings are constantly shifting and
being updated with the established sociocultural meanings as a platform for
new meanings generated within the communicative practices of groups and
disciplines (Van Leeuwen, 2005). Researchers in this field have attempted to
broaden the study of communication modes beyond the purely linguistic chan-
nels.

systemic functional linguistics (SFLL):
an approach to language that is based on two main theoretical stances—lan-
guage as an act of communication involves choices represented by a sort of
‘system network’ (see Halliday, 1961, who took the notion of system from his
teacher, J. R. Firth), and that language evolved under pressure of the functions
that language must serve, which through three metafunctions (interpersonal,
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textual, ideational) have effect on the structure and organisation of language.
In SFL, language is therefore considered as a social semiotic system.

transduction
taken from the field of multimodal social semiotics, it is the movement of
meanings (or ‘semiotic material’) from one semiotic resource system to an-
other, for example, from words to pictures (see Bezemer & Kress, 2008; Kress,
2010).

transformation
taken from the field of multimodal social semiotics, it is the movement of
meanings (or ‘semiotic material’) within a semiotic resource system, for ex-
ample from one diagram to another (see Bezemer & Kress, 2008; Kress, 2010).

UUPER framework:
the social semiotics-based theoretical framework having been developed by
the Physics Education Group at Uppsala University; in this thesis this term is
mostly used to describe the pre-existing framework before I joined the group
in 2016. See Chapter 3 and in particular Section 3.4 for a full description.
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2. PER — a literature review

2.1. Introduction

This thesis work is situated in the Physics Education Research programme in
the Department of Physics and Astronomy at Uppsala University and although
it could be seen as an example of discipline-based education research's
(DBER) I have chosen to directly situate it in the disciplinary domain of phys-
ics education research (PER). In doing so, I present an overview of PER to
show how I see my research fitting into a broader PER aim of contributing to
a finer understanding of how disciplinary science content may be unpacked
and analysed to advance the teaching and learning of physics. I do this by
presenting a nuanced historical description of the field of PER and end off by
laying the foundations for building my conceptual framing in Chapter 3.

This chapter then serves as a broad introduction to the field of PER; the
situating of my work will be given mainly in Chapters 3 and 6.

2.2. Physics education research (PER) in the USA

PER has its roots in the United States. The organisation and promotion of sci-
ence and engineering disciplines in the USA can be traced back to the estab-
lishment of the American Association for the Advancement of Science in 1848
(AAAS, 2020) and the American Association of Physics Teachers in 1930
(AAPT, 2020a). The founding members of the AAPT were committed to, “the
dissemination of knowledge of physics, particularly by way of teaching.” In
contrast, the current mission statement of the organisation states that the
AAPT is “a professional membership association of scientists dedicated to
enhancing the understanding and appreciation of physics through teaching.”
The creation of the Physical Sciences Study Committee (PSSC) at the Massa-
chusetts Institute of Technology (MIT) in 1956, by a group of university and
school educators (AAPT, 2020b), led to the first modern identification of fac-
tors that hinder effective learning in the physical sciences—problems of stu-
dent interest, not thinking like physicists, and not being able to solve physics
problems like physicists do.

15 See the U.S. National Research Council report edited by Singer, Nielsen, & Schweingruber
(2012), and more recently, Talanquer (2014), who provide descriptions and an unpacking of
DBER’s goals.
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Then there was Sputnik...

On 4™ October 1957, the Soviet Union fired the starting shot for the space race
with the United States by successfully launching and placing into low Earth
orbit the first artificial satellite, Sputnik 1 (NASA, 2017). The damaging ef-
fects this had on the American psyche are well documented (A. J. Scott,
2007)—as a further example, consider the presidential speech a month later
by Dwight D. Eisenhower (US National Archives, 2010). In response, the US
government almost immediately replaced the National Advisory Committee
for Aeronautics (NACA) which had served the USA for over four decades,
with the National Aeronautics and Space Administration (NASA — founded
29th July 1958), and rapidly ramped up its funding from 0.1% of the US Fed-
eral Budget in 1958 to a peak of 4.41% in 1966 (Steinberg, 2011).

One spinoff of this resolute effort to win the space race was a focus on
training more and better qualified scientists and engineers. To address a fear
among the American STEM community that Soviet children were outlearning
their own in the vital subjects of physics and mathematics, the USA govern-
ment brought into law on 2™ September 1958 the National Defense Education
Act (NDEA, 1958). With this act, so called ‘softer’ approaches to educating
young adults which had become popular after the Second World War—for
example, the life adjustment movement headed by the well-known 20" century
vocational educator Charles Prosser (Silver, 1991)—were relegated in favour
of ‘harder’ ones which had clear discipline-linked skills and outcomes (NSF,
2020a). The NDEA thus marked the start of (i) a greater governmental role in
American education, and (ii) a greater focus on and commitment to education
in physics and mathematics.

The additional federal funding provided for science learning projects in the
post-Sputnik period attracted university academics who would perhaps not
normally have been interested in pursuing educational concerns. This was due
to the access to resources and the prestige associated with receiving federal
grants (Cummings, 2011). In addition, as Cummings comments:

Sputnik left government officials and educators alike with a new (perhaps neb-
ulous) sense that the nation could no longer allow learning physics to be left to
only the few who “have what it takes” to make it successfully through our
physics courses.

(Cummings, 2011, p. 4)

An additional early driver for the creation of the field of physics education
research was the Science Curriculum Improvement Study (SCIS), a fifteen-
year project that started in 1961 (Cummings, 2011; Kratochvil & Crawford,
1971). In addition, the National Science Foundation (NSF) of the USA, in
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contributing to the space race effort, started funding research into science
learning in the early 1960s, adopting SCIS as a key project (NSF, 2020b).

This combination of factors—reclaiming American national prestige by
winning the space race, political commitment at the highest levels, a national
drive to create more physicists, and funding for science research and learning
projects—created the fertile soil in which the fledgling field of PER germi-
nated.

Most scholars agree that PER as an organised discipline started in the 1970s
(Cummings, 2011). For a recent review of the PER field in the US, see
Docktor & Mestre, (2014). However, it is clear that research in physics edu-
cation had already started in the 1950s (see the previous paragraphs). Alt-
hough the journal Physics Education was established in 1966 with the express
aim of catering for research about teaching physics at the secondary school
and introductory university levels, it took some time to receive significant at-
tention from university educators. One possible reason may have been that
there was not as yet much hard evidence for specific problems with student
learning of basic physics concepts or skills. Edward (“Joe”) Redish, who was
to become one of the most influential contributors to PER in the mid-1990’s
and beyond, recounts an episode in his much-used resource for university
physics educators, Teaching Physics with the Physics Suite (Redish, 2003b).
He describes how his perception of his teaching (in relation to what his stu-
dents were learning) changed by being confronted with empirical evidence. In
a sub-section titled, “7 wouldn 't have believed it if I hadn’t seen it”, he admits
to only starting to take seriously a basic student conceptual problem after be-
ing confronted with solid research data (Redish, 2003b, p. 14). This empirical
and evidential basis for PER was to become a foundation on which much of
the field was built. The springboard for much of the early research in PER was
individual instructors noticing their students’ difficulties in learning physics
concepts, deemed to be rudimentary from their perspective.

A cursory overview of work published in the 1970’s—based chiefly on
Docktor & Mestre (2014)—highlights the early interests in students’ concep-
tual development and problem-solving abilities. Topics in mechanics—a
foundational and stable knowledge base in physics for four centuries—be-
came the substrate for exploring students’ development of concepts, thinking,
and/or reasoning skills (Karplus, 1977; Keil, 1979; Reif & St. John, 1979).
Other early work homed in on problem-solving abilities with the aid of repre-
sentations and/or the crude computer aided technologies of the time (Larkin,
1979; Newell & Simon, 1972; Sherwood, 1971; S. G. Smith & Sherwood,
1976). Although at this stage there was no widespread effort put into research
into laboratory work, notable exceptions are the works of Reif & St. John
(1979), albeit with a focus on “physicists’ thinking skills”, and Reid &
Arseneau (1971), who, even in those early years of research in this field, re-
ported on a laboratory programme which coordinated the use of audio-visual
aids, open-ended laboratory experiences and computational modes and aids.
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As more and more university educators started realising that their students
were not grasping ideas as they had always assumed, the 1980’s saw an in-
creased interest in establishing which keystone concepts physics students need
to learn. This led to a plethora of studies into student misconceptions—else-
where in the literature referred to as alternative or naive conceptions, or intu-
itive or naive beliefs or theories—in a wide range of topics (see Docktor &
Mestre, 2014).

Research into student misconceptions in the 1970’s and 1980’s led to the
development of widely available concept inventories by the early 1990’s. The
most well-known example of a concept inventory is that developed by David
Hestenes and his PhD students—the Force Concept Inventory, or FCI
(Hestenes, Wells, & Swackhamer, 1992).

The impact on teaching awareness of this branch of PER work is recounted
by Eric Mazur, a seasoned and well-liked physics educator in that decade and
beyond, who came to the realisation that his ‘bright’ students were not grasp-
ing the ‘basic’ and hence foundational concepts in his courses. After inspect-
ing a concept inventory survey instrument from a PER paper in 1985 (Halloun
& Hestenes, 1985), Mazur decided to confirm the ‘superiority’ of his Harvard
students by giving them the survey instrument, which by his estimation con-
tained many ‘trivial” questions. The outcome shocked him—his students fared
little better than the student groups reported in the literature. This finding led
Mazur to begin research into his own teaching—for example, he found that
proficiency in solving problems is not necessarily coupled with understanding
the underlying physics concepts (Mazur, 1992). A half decade later he pub-
lished the popular physics education resource, Peer Instruction, in which he
incorporated much of what he had learnt from PER at the time, and his own
research and experiences (Mazur, 1997).

By far the majority of the inventories deal with specific physics topics.
However, the Lawson Classroom Test of Scientific Reasoning (LCTSR)
(Lawson, 1978) does attempt to address some of the more general aspects of
scientific reasoning (e.g. ideas around conservation, proportional thinking,
and hypothetic-deductive reasoning). This demonstrates an awareness by
some scholars of the importance of these elements in producing students with
a more holistic view of physics knowledge.

The perspectives gained from these types of findings from PER in the form-
ative years resulted in a concerted effort during the 1990’s to not only help
improve students’ conceptual understanding, but also to design strategies, cur-
ricula and interventions to teach physics in more explicit ways. This is evi-
denced in Arnold Arons (1990), 4 Guide to Introductory Physics Teaching,
where he addresses teaching specific physics topics through a lens of students
conceptual and reasoning difficulties, and other problems of learning and un-
derstanding physics based on earlier PER research. McDermott and her col-
leagues and students at the University of Washington Physics Education
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Group (UWPEG) produced the teaching resources, Tutorials in Introductory
Physics (McDermott, Shaffer, & University of Washington Physics Education
Group, 2002), and Physics by Inquiry (McDermott & University of
Washington Physics Education Group, 1996a, 1996b) with an underlying
theme of fore-grounding inquiry, not mere calculation, as the vehicle of learn-
ing to become a physicist. These interventions targeted specific student diffi-
culties and were designed around using operational definitions. The Activity-
Based Physics Project (University of Washington Physics Education Group,
2002) generated models for physics teaching and learning, such as, Workshop
Physics (WP; see Laws, 1997), Interactive Lecture Demonstrations (ILD; see
Sokoloff & Thornton, 2006), and Real Time Physics (RTP; see Sokoloff,
Thornton, & Laws, 2011). These are based on UWPEG’s models, integrating
other technologies like computer-assisted data acquisition and analysis (CA-
DAA). Later, in the early 2000’s Edward Redish produced the resource Teach-
ing Physics with the Physics Suite (Redish, 2003b).

2.3. Mapping the field of PER

In this section the evolution of the main avenues of research present in PER
in the US today will be set out. The first subsection provides an overview of
the field and the raison d’étre of current PER, based principally on the main
themes identified in the PER review paper by Docktor and Mestre (2014).
Other review articles do exist (Beichner, 2009; Cummings, 2011), and will be
drawn on in parts of the sections which follow.

2.3.1. The current state of PER

Initially, physics education researchers restricted themselves to employing re-
search methods they were familiar with from their evidence, experimentation
and statistical rigour (McDermott & Redish, 1999). This is understandable,
considering the challenges faced by many researchers in the field—problems
of acceptance as ‘proper’ physicists (Barthelemy, Henderson, & Grunert,
2013) and legitimate researchers (Beichner, 2009; Cummings, 2011;
McDermott, 2001), and the role of PER staff being seen as that of providing
teaching support rather than producers of bona fide physics research (Heron
& Meltzer, 2005). Today, the field has grown such that over 90 universities in
the USA now have Physics Departments with established PER groups, with a
further 16 international groups registered with PER Central, an online re-
source collection published by the AAPT (AAPT, 2020b). In 1999, the Amer-
ican Physical Society (APS) released a statement, confirming that PER should
be considered as a natural and integral part of physics departments and that
the research produced should be classed as mainstream physics research (APS,
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1999). Consequently, PER can be considered today to be a well-established
branch of physics academic work.

When physics educators combined their findings about conceptual under-
standing and problem solving, “interactive engagement”® (IE) strategies
emerged as a key method to address many of the identified learning challenges
(Beichner et al., 2007; Hake, 1998; Mazur, 1997). The reader is again referred
back to Section 1.1.4 or the Glossary (Section 1.7) for how this thesis uses the
term interactive engagement.

More recently, there has been an ever wider adoption of computer-aided
methods and use of ‘microcomputer-based laboratory tools’ (MBL)—see
Thornton (1987) for an earlier application. More recently, the term “probe-
ware” is replacing “MBL” to more accurately reflect the great strides in tech-
nology, computer chip power, and the wide range of devices which can now
perform the functions of the microcomputer of the 1980s and 1990s, and
more—see the report article by Robert Tinker (2000) and the journal article
by Metcalf & Tinker (2004). These new technologies are of course based on
CADAA (see earlier discussion in Section 2.2). These kinds of tools have been
purposefully developed based on the principles of ‘active learning’, i.e. ac-
tively engaging students. Tinker (2000) claims that hands-on work with aptly
designed laboratory apparatus leads to students developing more intuitive un-
derstandings of complex phenomena. Some scholars have also used the term
‘inquiry-based learning’ to characterise laboratory teaching approaches that
forefront students’ self-discovery of scientific principles. The work by Sokol-
off and his team based at the University of Oregon, has made a major contri-
bution to the field, e.g. Interactive Lecture Demonstrations (ILDs, Sokoloff &
Thornton, 2006) and the Real Time Physics (RTP) Active Learning Laborato-
ries (Sokoloff et al., 2011). More recently, the iOLab Wireless Lab system has
been developed—iOLab is an acronym for interactive online laboratory sys-
tem (Selen, 2013). The system includes a hand-held device which communi-
cates wirelessly with a computer, allowing for a high degree of autonomy for
students (the device can be moved around at will). With multiple on-board
sensors, the system allows exploration of a wide range of physical phenomena.
The iOLab, with its multiple ways of making disciplinary meanings accessible
for students, is a central aspect of this thesis—see Section 5.2.

2.3.2. From conceptual understanding to curriculum reform

Based on the beginnings of PER, it is understandable that the focus has been
on developing improved instructional tools and environments so that students
can learn physics more effectively and be better prepared for more advanced

16 1E has its origins in the work of John Dewey (1938), who championed experiential learning,
and pointed to the importance of the social and interactive dimensions of the learning process.
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studies. Informed by cognitive science and cognitive psychology, much of the
earlier research can be described as problematizing student difficulties as fall-
ing into either a conceptual understanding or problem-solving framework.

Perspectives from cognitive science

PER scholars started to think about the fruitfulness of applying breakthroughs
in cognitive science to physics learning. For example, Redish (1994) deduced
some principles which he collected and organised into a ‘mental architecture’
of ‘mental models’ to characterise the complexity of what students may be
thinking (and not what they know or don’t know)". In contrast to the more
unfamiliar social science disciplines, cognitive psychologists employed tools
and techniques familiar to physicists. Underpinned by empiricism, PER re-
searchers proceeded to catalogue student misconceptions and how experts
solve problems—see the next section—as compared with students (described
as novices). Out of these efforts, a vast array of research instruments—to test
conceptual understanding—and instructional strategies (or surveys) and inter-
ventions have been developed. The ultimate goal was to aid physics educators
in overcoming student difficulties with these two keystones of what it takes to
be a competent physicist—recall that the space race required not only more
physicists, but ones who were highly competent and creative, with proficiency
in problem solving identified as a critical skill. For a review of the array of
concept tests developed to test the effectiveness of physics curricula in moving
students to better understandings across a broad range of physics topics, see
Docktor & Mestre (2014, p. 24).

When looking at the branch of PER concerned with conceptual understand-
ing, there seems to be a sort of ‘pre-ontological’ pondering about iow students
think. It is important to note here that physicists and therefore physics educa-
tion researchers start with their own ontological framing that holds there is a
reality ‘out there’. In addition, many PER researchers are of the view that stu-
dents’ use of concepts is a manifestation of the function of ‘inner-brain’ activ-
ity. This means that if you could characterise and adequately map the brain
architecture, this might shed light on how to change ideas or form new, more
correct conceptions. As a consequence, the ‘conceptual change’ paradigm of
trying to understand how students come to understand (or not understand) sci-
entific concepts has had a major influence on the trajectory of theory devel-
opment in PER. Conceptual change was first put forward by Posner, Strike,
Hewson, & Gertzog (1982). However, (Linder, 1993) challenged the notion

17 Joe Redish (2003b) collected many of the findings in the area of knowledge, memory, and
activation in his teaching resource, Teaching physics with the physics suite. In addition, he
compiled all his explorations into cognitive science and cognitive psychology for PER into
what he terms a Theoretical framework for physics education research: modelling student
thinking—this is the title of a paper presented at the International School of Physics in Varenna,
Italy (Redish, 2003a). Herein, Redish lays out the structure and workings of long term memory,
working memory and short term memory.
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of conceptual change, and proposed instead a focus on “enhancing students’
capabilities to distinguish between conceptualizations in a manner appropriate
to some specific context—in other words, being able to appreciate the func-
tional appropriateness of one, or more, of their conceptions in a particular con-
text,...” (Linder, 1993, p. 298). This orientation allows for attention to be
given to students’ own conceptualisations when they perform physics tasks.

Over the years, different perspectives relating to conceptual change or the
construction of concepts were developed. The ‘knowledge-in-pieces’ view
first put forward and championed by diSessa (1988) is a form of constructiv-
ism that holds that both naive and scientific conceptual understanding are
grounded in phenomenological primitives (or ‘p-prims’). This means that an
individual’s conception about something is neither correct nor incorrect; ra-
ther, p-prims are in fact resources for new learning. Correct scientific concep-
tions can then be constructed upon the multiple smaller resources which make
up the holistic conceptions which science educators are aiming for. The
knowledge-in-pieces perspective has catalysed other notable theoretical views
or frameworks, notably the ‘resources’'® framework view held by Hammer
and others (e.g. Hammer, 1996; Hammer, Elby, Scherr, & Redish, 2005), the
‘facets’ view of Minstrell (1992), and the ‘ontological categories’ perspective
attributed to Chi and her colleagues (e.g. Chi, Slotta, & De Leeuw, 1994).
Much of this early theoretical work is grounded in ideas from cognitive psy-
chology and neuroscience.

Constructionism versus constructivism

Until recently, there has not been much concerted effort in exploring or devel-
oping learning theories in PER (also see the discussion in Section 2.4). This
is despite the leveraging and appropriation of frameworks drawn from the cog-
nitive sciences and education research. Basically, a learning theory is simply
a conceptual framework describing how information is ‘accessed’, ‘absorbed’,
‘processed’ and ‘retained’ during learning (Knud, 2004; Ormrod & Jones,
2018). Cognition (thinking), attitudes and beliefs (driven by emotions), prior
experience (sociocultural factors and pre-existing knowledge), as well as the
learner’s environment (activities, etc.) all impact on how any individual may
come to a new or updated understanding (or ‘world view’) about how things
work and what they could mean. Success in learning may be observable by
the appropriate application of new knowledge in new situations and across
contexts, and the retention of acquired skills.

18 So far, the word ‘resources’ has been used in this thesis to describe the scientific tools, pro-
cedures, representations, etc., for working in a scientific field. Here, Hammer and Redish are
referring to in-brain or cognitive resources, i.c. they refer to mental processes which are acti-
vated when thinking work is required to do scientific tasks.
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For most PER researchers, modern thinking around how best to sequence
learning tasks and curricula is generally ascribed to constructivism—as at-
tested to by the following quote from Docktor & Mestre (2014, p. 14), “Most
modern theories of instructional design for science courses are based on con-
structivism and its associated theories, such as situated, sociocultural, ecolog-
ical, everyday, and distributed cognition” (Jonassen, 2000).

Constructivism has its roots in Piagetian frameworks. In Piagetian theo-
ries—see Gerson & Primrose (1977) for an early application to engineering
and science learning—mental structures or schema develop over time, and
learners cannot perceive new ‘things’ until they have a mental structure with
which to perceive them. Piaget’s genetic epistemology involves several stages
of development of mental structures in children from sensori-motor (0-2
years) followed in order by pre-, concrete, and formal operational stages (2-
17 years). Early PER scholars have picked up on this model as it seemed to
encapsulate well the identified problem of helping students of physics (or sci-
ence in general) traverse the “concrete-formal gap”'®—see for example
Renner & Lawson (1973). The literature is replete with evidence that the ac-
quisition of scientific knowledge is not static; however, there is still no com-
plete nor agreed understanding on Aow this learning (change in mental struc-
ture) occurs, especially in official science learning contexts.

Seymour Papert—the ‘father’ of constructionism—on the other hand, was
more interested in how people learn with, and especially in relation to, the
artefacts in their surroundings and in the creation of learning ‘productions’.
Papert’s conceptualisation of knowledge is both situated and pragmatic—in-
extricably context dependent and bound to external supports (e.g. tools)
(Ackermann, 2001). Piagetian constructivists focus on the increasing abstrac-
tion of mental models within the developmental stages of adapting the brain’s
internal structure and organisation of knowledge. Papertian constructionists
on the other hand rather pay attention to the in-situ aspects of learning—gain-
ing a ‘feel’ for the environment, ‘experiencing’ by immersion ‘in’ the phe-
nomenon being studied—and therefore are more interested in the tenuous tran-
sitions which occur when new learning occurs as a dynamic process of change.

Airey & Linder (2009) proposed a framework of physics teaching and
learning—see Chapter 3—, which aligns with how their students may come
to apprehend new knowledge for themselves. Now comes into focus what to
select, from an array of tools and representations, for effective learning in a
specific disciplinary task. Even though physicists on the whole believe an ob-
jective real world exists, personal knowledge of it has to be constructed by the
individual in specific disciplinary contexts, as part of a scientific commu-
nity—knowledge is by necessity simultaneously an individual and a social
construction. As such the social constructivist paradigm abounds in PER, even

19 The concrete operational thinker needs experience with objects and the formal operational
thinker can activate abstract thought in reasoning without the direct need for objects.
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though many researchers do not explicitly tie themselves to any particular ed-
ucational learning theory.

The p-prims of diSessa can now be seen as part of a cognitive architecture
that underscores the constructivist thinking around learning in physics. From
a simplistic view of holding misconceptions, knowledge accrual can now be
viewed as a dynamic process in which the activation of pieces or (mental)
resources in memory becomes refined with repetition and adaptation (diSessa,
1988). In this way it is possible to construct or ‘compile’ stable scientific con-
cepts by repeated exposure to and rehearsal of tasks across similar situations
and contexts.

Cognitive psychology

Cognitive psychology has also made a significant impact on the work of phys-
ics education researchers. Well-known scholars such as Hammer and Redish
together with other colleagues have developed the resources framework
(Hammer, 1996; Hammer et al., 2005), leveraging many principles and con-
cepts borrowed from cognitive science and cognitive psychology that attempts
to figure out how the functioning of the brain may affect and effect the devel-
opment of new understandings. In contrast to the resources framework of
Hammer and Redish, the overarching conceptual framework developed in and
for this thesis, is constructed from a social semiotic perspective on the teach-
ing and learning of physics developed at Uppsala University in Sweden over
the last fifteen years—see Airey & Linder (2017) for an updated view of this
framework, which will be unpacked fully in Chapter 3. This perspective is
suitable for attending to students in-situ learning within the disciplinary spaces
of learning; it provides an analytic approach to study the in-the-moment semi-
otic activity which is characteristic of the dynamic interaction made possible
with aptly designed IE physics learning sequences.

Towards interactive engagement as a basis for physics curriculum
reform

As laid out in a previous paragraph the development of concept inventories
and the awareness this brought about concerning students’ difficulties led to a
host of curriculum reform initiatives at several universities, especially those
where established PER groups had been formed. Unfortunately, many earlier
efforts were restricted to mostly ‘service’ or ‘non-mainstream’ courses which
established physics faculty regarded as ‘safe ground’ for ‘experimenting’ with
how physics is taught (Etkina, 2012, personal communication). The work of
Hake (1998) and his collaborators gave researchers and curriculum designers
much confidence in being able to back up their claims with statistical rigour.
The efficacy and value of the interventions they had developed could be tested
and verified.

In Section 2.3.1 the emergence of interactive engagement as the overarch-
ing philosophy driving reform was discussed—see also the more recent report
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by Freeman et al. (2014) confirming the efficacy of active learning in STEM
subjects. A more comprehensive review of research on active learning as a
basis for instruction in physics was done by Meltzer & Thornton (2012). Re-
dish’s book Teaching Physics with the Physics Suite gives an overview of sev-
eral “research-based” instructional strategies, curricula, materials and assess-
ments and proposes a context driven system (the “Physics Suite”) for rolling
out its “elements” (Redish, 2003b, p. 3). In this section, only some of the most
notable works and outputs will be mentioned again to provide a picture of
what PER has accomplished.

Peer Instruction (Mazur, 1997) has been one of the more influential resources
targeting reform in how lecturers communicated with their students. No longer
was the lecturer seen to be the source of knowledge, but concepts were to be
actively engaged with and constructed by students — see Crouch & Mazur
(2001), and Crouch, Watkins, Fagen, & Mazur (2007), for appraisals of the
method over the years subsequent to its introduction. Analysing student re-
sponses to a sequence of conceptual questions, a well-known team of PER
researchers led by Carl Weiman at the University of Colorado-Boulder con-
cluded that peer instruction is effective in achieving gains in understanding,
even in cases where none of the students at first had correct ones (M. K. Smith
et al., 2009). Other lecture-based methods developed as a result of PER work
include Interactive Lecture Demonstrations (ILDs) (Sokoloff & Thornton,
2006), which draws on CADAA? and worksheets to get students actively en-
gaged in lectures. Just-in-Time Teaching (JITT), developed by Novak and his
collaborators, employs a combination of modified lectures, group-discussion
problem solving and web technology (Novak, Patterson, Gavrin, & Christian,
1999).

For recitations or tutorials, the UWPEG proposed a model for reform, Tu-
torials in Introductory Physics (McDermott et al., 2002). The same team at
the University of Washington also introduced Physics by Inquiry (Pbl), a la-
boratory-based approach flowing directly from work on student misconcep-
tions (McDermott & UWPEG, 1996a, 1996b). The Investigative Science
Learning Environment (ISLE) developed at Rutgers University is built around
the constructivist view that students can only come to fully understand scien-
tific concepts if they discover them for themselves (Etkina & Van Heuvelen,
2007). This model for running a physics course is centred around an iterative
process whereby students first have to observe and/or explore phenomena.
They then get time to construct explanations for what they observe, for which
they formulate hypotheses and ‘self-design’ experiments to test the accuracy
of their explanations. Equipment and guidelines are provided so these experi-
ments are not completely open-ended. Through a cycle of testing and refining,
students get an opportunity to establish and apply scientific principles and use

20 Note that CADAA is an essential part of probeware — see earlier discussion in Section 2.3.1.

42



the results to solve problems, and finally explain and update their knowledge
state. The ‘ISLE cycle’ is an approach which may be compared with the “pre-
dict-observe-explain’ (POE) cycle postulated by the science education re-
searchers (White & Gunstone, 2014). The final step involves resolving any
conflicts between predictions and observation. The same team of researchers
produced the Physics Active Learning Guide (Van Heuvelen & Etkina, 2006).
Cooperative problem solving (CPS), developed by the Hellers and their col-
laborators at the University of Minnesota (Heller & Hollabaugh, 1992; Heller,
Keith, & Anderson, 1992), is grounded on the studies by the Johnsons that
showed the effectiveness of structured group learning (Johnson & Johnson,
2009). CPS uses context rich problems which students have not seen before.
Real Time Physics (RTP) (Sokoloff et al., 2011), drawing on CADAA and
knowledge of student conceptual difficulties, is a laboratory approach that
uses technology and cognitive conflict to help students build concepts. RTP
was designed to be used in traditional lecture/laboratory/recitation teaching
environments.

Some approaches blend a range of strategies, whereas others have at-
tempted to reform the entire classroom, such as workshop or studio methods
wherein lectures are totally eschewed in favour of sessions working with phys-
ics devices and assistive teaching materials). Pbl, described in a preceding
paragraph, was possibly the first full “guided-discovery” laboratory-based
program that departed radically from the traditional physics laboratory expe-
rience of “cookbook labs”. The philosophy of the approach is that student
meaning-making about the physical world is more important than ‘surface
learning’ a host of physics topics. Studio Physics (SP) or the ‘Comprehensive
Unified Physics Learning Environment’ (CUPLE) (Wilson & Redish, 1992;
Wilson, Redish, & Donnelly, 1992) and SCALE-UP (Beichner et al., 2007),
both also utilise a workshop or studio type teaching environment. SCALE-UP
is a flexible and highly interactive classroom setup that leverages group work,
lecturer instruction, immediate feedback, computer technology and other tools
in a synergistic way to facilitate and enhance both student-student and lec-
turer-student interactions. Workshop Physics (WP) developed by Laws and
her collaborators at Dickinson College (Laws, 1991, 2004) is often touted as
an exemplary model for developing teaching tools and techniques in an itera-
tive ‘research-evaluate-develop’ cycle involving physicists, engineers and
computer professionals working to the same goal.

Arons’ book, 4 Guide to Introductory Physics Teaching (Arons, 1990), is
an instructional tool that summarises the findings of the first few decades of
PER especially in terms of students’ learning of concepts and their reasoning.
It provides useful suggestions for teaching specific topics. This resource has
had a major impact on mainstream physicists becoming aware of student dif-
ficulties with conceptual understanding—for example, Hammer et al. (2005)
leverages this work in their development of the now well-known cognitively-
oriented resources framework for transfer in physics learning. Knight’s Five
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Easy Lessons: Strategies for Successful Physics Teaching is yet another ex-
ample of a ‘manual-type’ resource book for the application of PER to the
physics classroom across a wide range of topics (Knight, 2004a).

In summary, work in the area of reforming curricula and developing in-
structional tools has led to the adoption of active learning tools within inter-
active engagement teaching strategies to address student difficulties. This rep-
resented a paradigm shift for many traditional physics university courses;
whereas before, the focus was on the brilliance and teaching skill of the expert
physicist cum educator, now in essence the focus has shifted to the student.
For a comprehensive review of research on active-learning instruction in phys-
ics, see the resource letter by (Meltzer & Thornton, 2012).

But, if we focus on the student, especially how students learn new physics,
what should researchers and educators focus on? The following sections
chronicle the various ways in which the PER community have conceptualised
what is important in students learning physics, as relevant for the thesis.

2.3.3. Problems with physics problem solving

As previously discussed, problem solving was one of the earliest and primary
drivers of PER. In the physics community, being proficient in problem solving
is deemed a necessary attribute of a qualified and competent physicist (see for
example Docktor & Mestre, 2014, p. 6). The PER review by Maloney (2011)
and the resource letter by Hsu, Brewe, Foster, & Harper (2004) are both ex-
amples of literature on research focusing on problem solving in physics.

Alan Van Heuvelen (1991a), in what is regarded as a seminal piece of work
in PER, Learning to think like a physicist, suggested a strategic approach to
solving problems with multiple representations that mimicked the way in
which physics experts solved problems. Expert physicists carefully model
physics problems in order to gain a better understanding of the system at hand.
Many physics educators and researchers have translated these findings into
first cataloguing and then teaching physics experts’ problem-solving proce-
dures to students. For extensive reviews of the expert-novice dichotomy
around the achievement of proficiency in physics problem solving, see
Maloney (2011).

But what constitutes good problem solving, or from the interest of the phys-
ics educator, what specific problem-solving aptitudes must be either devel-
oped or specifically taught to students? The rubric developed and validated by
Docktor (2009) in her PhD thesis, and later expanded upon in a full publication
(Docktor et al., 2016), provides a number of processes which may be taken as
problem-solving steps.

The team at Rutgers, leveraging the work of Van Heuvelen (1991a, 1991Db),
developed a four-step strategic approach to physics problem solving resulting
in the non-calculus textbook College Physics: explore and apply (2™ edition
by Etkina, Planinsic, & Van Heuvelen, 2019). The Physics Active Learning
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Guide (Van Heuvelen & Etkina, 2006) is a textbook aid for students, devel-
oped and refined by the Rutgers team over the years and its worksheets and
exercises put this philosophy into effect. This kind of strategic approach to
problem solving has also been adopted and developed by Knight in his calcu-
lus-based textbook, Physics for scientists and engineers: A strategic approach
(Knight, 2004b).

Van Heuvelen (1995) argued that experiment problems in introductory
physics labs could assist in helping students develop the more advanced skills
required to solve real-world problems in their post-study careers. One expert-
like physics problem-solving skill is to represent physical processes in multi-
ple ways—physics lecturers are fond of saying to their students that they must
“learn how to model the problem”. To help students develop a deeper appre-
ciation for the role of representations in solving problems, Van Heuvelen &
Maloney (1999) provide a tantalising and fun solution. Based on their many
years of experience teaching problem solving at the introductory university
levels, corroborated by colleagues and PER research, they suggest that a focus
on a one-directional, multiple-representational strategy is not enough to foster
expert-like practices in students. Students need to adopt more flexible (and
reflexive) strategies for solving physics problems.

Lately, in PER, there is a renewed interest in “mathematisation™! in phys-
ics—the theme of the recent 2017 AAPT summer meeting and PERC held in
Cincinnati, Ohio, USA. Despite the best efforts of university physics educa-
tors—expounded on in the preceding sections—, students still exhibit serious
shortcomings in their understanding of the physics concepts elucidated by the
representational forms of mathematics. Of course, in most problem-solving
tasks in physics, proficiency in working with mathematical resources is key.
In a recent work, Eichenlaub & Redish (2019) set out a contemporary view in
PER of how to “blend” physics with “mathematical form” in physics problem
solving. Importantly, they state, in the first sentence of that paper, “Physicists
and educators have long held problem solving to be one of the key tools to
help students understand physics” (p. 1). Blending the development of con-
ceptual mathematical understanding with the learning of new physics is an
important issue for this thesis, as it speaks to the multiplicity of representa-
tional use in physics—see Chapter 3.

It seems clear from the literature that improving problem-solving perfor-
mance goes hand in hand with the simultaneous use of alternative problem
types and reformed instructional strategies—as an example, see Heller &
Hollabaugh (1992).

21 “Mathematisation is defined by the editors of the 2017 PERC Proceedings as, “the spontane-
ous tendency to use mathematical concepts to quantify and make sense of the physical world.
It is not about how well people can perform mathematical procedures. Rather, mathematization
describes how people conceptualize the meaning of mathematics in the context of physics”
(“2017 Physics Education Research Conference Proceedings Details Page,” n.d.)
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Research into the use and functioning of representations in physics played
an important role in condensing the strategic problem-solving approach. The
particular meaning-making and communication functions of representations
in physics work will be explored in more detail in Chapter 3.

As alluded to earlier, early PER work was mostly conducted by ‘pure’
physicists, so the statistical rigour of the methods used in cognitive psychol-
ogy naturally appealed to these researchers—it was a good fit for PER’s earlier
leading scholars who were almost all exclusively ‘pure’ physicists before be-
coming interested in how to better understand and assist how their students
learn new physics knowledge. It is now opportune to reflect on the contribu-
tions and perspectives from non-American scholars, and from fields of human
inquiry outside of physics education.

2.4. Perspectives from non-American regions, science
education and philosophy of science

In PER, a relatively new but maturing sub-field of physics, we are interested
in how physics knowledge is constituted, and how best to provide answers to
the educational challenges of lecturers and learners in coming to grips with
the discipline’s ideas and praxes—its ways of knowing and doing.

Over the last few decades research in the scientific community around the
development of conceptual, theoretical and analytical frameworks has pro-
vided a large contribution to the ‘language’ used to inform science teaching
and learning.

Relevant for this thesis is a discussion of what constitutes knowledge in the
domain of science, and specifically physics. As a placeholder for the author’s
own thinking around what physics in essence is about, the following quote
seems apt:

Science is not just a collection of laws, a catalogue of unrelated facts. It is a
creation of the human mind, with its freely invented ideas and concepts. Phys-
ical theories try to form a picture of reality and to establish its connections with
the wide world of sense impressions. [emphases added]

(Einstein & Infeld, 1938, p. 310)

In this thesis the usage of the term real-world phenomena refers to this world
of sense impressions, and usage of physics concepts specifically refers to the
expression of formalised disciplinary concepts through the specialised ‘lan-
guage’—explained in more detail in Chapter 3—developed by the discipline.
So, learning about physical theories must involve connecting real-world ex-
periences of phenomena to the formalised concepts. When students are learn-
ing conceptions that are in line with those held by the physics community, it
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therefore makes sense to leverage and pay attention to how students will nat-
urally conceptualise their experiences within their pre-existing world view.
This is why it is appropriate to approach pedagogy with an awareness of
providing tools and other resources, not necessarily used in the discipline, to
make content accessible for students—explained in more detail in Chapter 3.

Lemke, another physicist turned education researcher, added significantly
to the discussion about the nature of science and how scientific discourses are
constructed. Critically, he challenged the belief that cognitive or mental ap-
proaches to learning, focusing purely on understanding and concepts, could
provide a full picture to inform better teaching in science. He argued for at-
tention in teaching to all the modes of scientific discourse—Ilanguage, sym-
bols, images, actions, etc. Instead of speculating on what is going on in stu-
dents’ brains, he framed science teaching as enculturating learners to the “very
specific and often specialized forms of human activity”, i.e. a focus on what
students do in discourse practices, and “using particular ways of making
meaning about natural and technological phenomena”—see Lemke (1998).

Lemke explains his reasoning for adopting a social semiotic perspective as
follows:

The natural language of science is a synergistic integration of words, diagrams,
pictures, graphs, maps, equations, tables, charts, and other forms of visual and
mathematical expression.

Lemke (1998, p. 6)

So, for Lemke, science is constituted of a ‘multiplicity of languages’. Further,
he argues that success in teaching science should be gauged by how well stu-
dents are able to integrate all these ‘languages’ “/...] in meaningful and ap-
propriate ways, and, above all, to be able to functionally integrate them in the
conduct of scientific activity.” We see here also the social dimension of mean-
ing-making in scientific work. This thesis contributes to such an exploration
into the roles of all the languages in the discourse practices of physics, aiming
to contribute to the PER literature on

This thesis contributes to such an exploration into the roles of all the languages
in the discourse of physics.

For a thesis such as this, situated within PER, it is appropriate to reflect on
the immense impact that non-American PER and science education (SE) re-
search have had on especially the development of conceptual, theoretical and
analytical frameworks. Over the last few decades the results from the discus-
sions in the scientific community around these perspectives have provided a
significant proportion of the ‘language’ to talk about matters around science
teaching and learning. However, at best, this can only be a cursory overview,
as the wealth of studies is overwhelming and often contradictory—for exam-
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ple, much of European SE takes as starting points theories of thinking devel-
oped within the social sciences, where it is completely acceptable to have a
wider net of knowledge genesis. Instead, this thesis pragmatically only ‘dips’
into areas that are fruitful for the study described, or to support accepted no-
tions within PER. This section is not exclusively reserved for non-American
contributions, but rather a reflection on the influences that has informed the
development of the author’s framing of the conceptual framework used in this
study—see Chapter 3. This is humbly done from the vantage point of a scholar
just scraping the surface of the body of available knowledge and one which is
constantly being updated and refined.

Kuhn was an American philosopher of science. Which physics educator is
not familiar with the term ‘paradigm shift’? His seminal book, The Structure
of Scientific Revolutions (Kuhn, 2012), is often quoted by researchers in sci-
ence education who are interested in the structure and nature of scientific
knowledge. Kuhn highlights the unique nature of science which distinguishes
it from other disciplines. It is as if the sciences subvert the ‘messy’ historical
details of the development of canonical facts and ideas which have survived
cycles of rigorous testing and refinements. Moreover, purified knowledge
statements are then deposited into textbooks and other scientific artefacts (de-
vices, tools and procedures, computer code), which, akin to perhaps only the-
ology, provide consistent and coherent reference works for working in specific
fields. Students are then expected to use these books as manuals for learning
the established ways of knowing, which the community of scientists have de-
cided are salient for different topics. In the light of this, it is therefore not
unreasonable to find xpect that the science students often will find it difficult
to fathom what ‘scientific thinking’ actually entails. If the development of sci-
entific ideas which established the knowledge students are supposed to use
proficiently in disciplinary tasks are so hidden, how are they supposed to con-
struct new scientific ideas for themselves in appropriate ways, as education
literature suggests?

Another great influence on past and contemporary thinking around educa-
tional approaches is that of the work of the Russian psychologist Lev Vygot-
sky—his seminal works were compiled by friends after his death in 1934, and
are often referenced in science education articles, most notably, Thought and
Language (Vygotsky, 1962). For the purposes of this review, it is expedient
just to touch on a few of the ideas that have made such a significant impact on
the work of earlier and current researchers in the fields of educational devel-
opment.

Vygotskian thinking argues that authentic cognitive development can only
be attained by full social interaction with more knowledgeable peers and
teachers in an interaction space called the “zone of proximal development”
(ZPD), arguably one of the most used and applied theories in learning studies
and childhood development. This is in contrast to Piagetian thought where
learning is mostly an internal (inside the human brain) process. Vygotsky can
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thus be considered the father of the socio-cultural perspective on learning. Of
course, what exactly constitutes an optimal ZPD for a particular individual in
a specific context, in learning a certain skill or idea, depends on affective fac-
tors, e.g. the individual learner’s motivation and sociability. Many researchers
have termed the teaching style of creating appropriate ZPDs for students as
scaffolding (for just a couple of examples of groups using this idea in PER,
see Lin & Singh, 2015, and Maries, Lin, & Singh, 2017; as well as Lindstrem
& Sharma, 2011). Not surprisingly, many of the ideas from Vygotsky’s work
have become the overarching principles which form key tenets of constructiv-
ism.

SE research and PER had a shared genesis, as discussed in the first section
of this chapter. With Sputnik and the space race which started in the late
1950s, it was not only physics, engineering and mathematics education that
enjoyed renewed attention. Whereas PER developed into a mostly university-
focused endeavour, science education research was primarily attending to sec-
ondary school science. In addition, science education, despite various theoret-
ical explorations, was (and still is) mainly focused on the naturalistic, experi-
mentalist paradigm of scientific inquiry. Notwithstanding, theoretical frame-
works have driven the research interests of SE. De Jong (2007) describes three
waves of innovation coupled to three major shifts in thinking about what mat-
ters in developing effective science curricula for schools.

Initially, the underlying theme was on identifying proven approaches which
could best stimulate the types of thinking and behaviours deemed critical for
young scientists. Naturally these were aligned to the interests of the SE re-
search community. De Jong characterises the first wave (1960s to 1980s) as
grounded in two psychological theories; descriptive behaviourism (based on
the work of B. F. Skinner)—which led to a focus on direct-feedback tasks and
the development of multiple-choice questions to assess learning outcomes—,
and cognitive development (see preceding sections, especially the discussion
on Piagetian perspectives)—this affected how topics were sequenced in cur-
ricula and textbooks. Evidence started mounting that science students were
not adopting the behaviours of scientists, so a second wave (1980s -2000s)
washed in new ideas from cognitive psychology (see preceding sections) and
information-processing. The third wave (2000s to present) brought in an
awareness that learning in science is best done in a community of practice,
formed from research based on social constructivist and socio-cultural per-
spectives.

In SE, there has been a great amount of work in the area of students’ con-
ceptions of science—early work by Gilbert & Watts (1983), Driver (1989) and
other scholars represent some of the earlier interest in this important research
area for science teaching and learning. Much has already been written in this
chapter on conceptual understanding, and the underlying questions which cog-
nitive perspectives added to the area. Suffice at this point to simply point to
some of the more influential works in the area of science education research.
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A lot of effort has gone into problematising students’, teachers’, and trainee-
teachers’ alternative conceptions about science—for early examples, see
Gilbert & Pope (1986), who used a case study research approach in small
group discussions, and Aguirre, Haggerty, & Linder (1990) who looked into
student-teachers’ conceptions also employing a case study approach. What
emerged from this body of research was a concomitant commitment to effect-
ing conceptual change towards more appropriate understandings of science
concepts, predicated upon constructivist science teaching methods—see for
example D. E. Brown & Clement (1989), Duit & Treagust (2003), Posner et
al. (1982), and R. T. White & Gunstone (1989). However, a number of schol-
ars have challenged this notion. Linder (1993) argued that context is indispen-
sable when considering science learners’ conceptions, and argues instead for
developing student’s capabilities to distinguish between conceptualisations.
In a similar vein, Mortimer (1995) argues for “conceptual profile change” ra-
ther than conceptual change. The notion in both examples is that forming dis-
ciplinary-appropriate concepts about science should be seen as a process to-
wards greater flexibility power and contextual precision, rather than replacing
existing ones.

In the Swedish science education research arena, Ference Marton and
Roger Séljo (1976), taking a socio-cultural perspective on learning, first iden-
tified surface-level and deep-level processing. Deep learning essentially in-
volves understanding in which students engage in “on-line theorising”,
whereas surface learning is by rote, with students only referring to basic fac-
tual and procedural information (Chin & Brown, 2000). Case & Marshall
(2004), in a study with second year South African chemical engineering stu-
dents, identified two context dependent ‘transitional” approaches that students
use when solving problems—either ‘procedural surface’ (algorithmic) or ‘pro-
cedural deep’. From the perspective of the student trying to pass a course,
these approaches could be classified as ‘strategic’ approaches, both being po-
tential blockages to the hoped for deeper learning of concepts. The importance
of their findings for task design is: even carefully structured tasks for which
students are explicitly taught strategies may not be enough to assist some stu-
dents learning and understanding the underlying concepts.

A social semiotic view of science learning is central to the conceptual
framework for this thesis, as this approach lends itself to the language needed
to discuss the movement of meanings between multiple representations, which
are seen as components of additional ‘languages’ of science. Physicists and
PER’s should start by first understanding what it is that students have to know
in order to bring about a better awareness of how the physics community as a
social group make their meanings. What we want to explore as PERs is how
learning works in practice in physics, and then how this can inform teaching
and learning efforts in physics in general.

50



The Variation Theory of Learning (VTL) as championed by Marton and
Booth (see for example, Marton & Booth, 1997) is another important contri-
bution from European Science education theorists. The main concepts under-
scoring the work in this thesis will be laid out in Chapter 3. For now, it is
germane to point out that this way of framing science learning is very useful
to connect the cognitive perspectives referred to so far and the social learning
spaces students are exposed to in the science classroom.

2.5. Situating this study
2.5.1. A historical map of PER

Figure 2.1 offers a condensed timeline which summarises the key milestones
of the development of physics education research. Using this timeline, it is
possible to identify three major eras in the development of PER. The first
phase represented organising work, in which various initiatives purposed to
improve science schooling; by this time several universities and government
agencies started reserving significant portions of their budgets to curriculum
development and training. Then, by the late 1950s PER proper started, with
many physicists at university physics departments deciding to redirect their
careers to improving the learning of their students. The advent of the micro-
computer coincided with the idea of using real-time data acquisition for edu-
cational purposes—the era of microcomputer-based laboratories (MBL) ar-
rived for which the express purpose was to create for students hands-on learn-
ing experiences with which they could connect experiments with the abstract
representation of the data (Tinker, 2000)**.As evidence started coming in
about students’ lack of understanding of basic physics concepts, a greater at-
tention to learning theories (1990s to present) marks the start of the modern
era.

22 A good review of MBL (or probeware) may be found in (Euler, 2020).
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Figure 2.1. Major milestones of PER. Acronyms on the bottom refer to university
groups.

2.5.2. Representations in PER

In Figure 2.1 the work of Van Heuvelen is placed at the end of the birth period
of PER, and at the cusp of the modern era. This is done to signal what has
become, for my research, a watershed moment of work on representations,
and today is a much-studied aspect of scientific work and learning how to
become competent in doing physics (or science in general). Research into the
role of representations in physics has played a major role in PER work, and
this thesis is solidly situated within that branch. Work in the area of represen-
tations has greatly added to the conceptual framework for the thesis. This sec-
tion is an attempt to summarise and collate work on representations, as a pre-
cursor for the discussion in Chapter 3; further elaboration is then provided in
Chapters 4 and 6.

The earlier strategic approaches to problem solving—students move in a
sequential manner through the modelling and solution of a problem in clearly
defined steps—using a multiplicity of representations (diagrams, graphs,
mathematical equations, physics-specific verbal descriptions) may be charac-
terised as a ‘fixed’” approach to physics problem solving.

However, a series of studies have shown that it is the ‘backwards’ and ‘for-
wards’ nature of working with multiple representations that more completely
describes how experts use representations, and that learning becomes possible
when students are actively engaged in moving meanings between the repre-
sentations (Dufresne, Gerace, & Leonard, 1997; Kohl & Finkelstein, 2008;
Kohl, Rosengrant, & Finkelstein, 2007; Meltzer, 2005; Rosengrant, Etkina, &
Van Heuvelen, 2007; Van Heuvelen & Zou, 2001). As mentioned in Section
2.3.3, the Active Learning Guide (Van Heuvelen & Etkina, 2006) is a physics
textbook aid designed around this principle.
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Instead of simply learning the physics content (or ‘theory’), working with
multiple representations and gaining representational competence have be-
come the focus of much work in PER (for example, see Kohl & Finkelstein,
2005). Some research in PER has studied the effect of various representa-
tional format on problem-solving performance (Kohl & Finkelstein, 2006b;
Meltzer, 2002, 2005). Kohl & Finkelstein (2006a) showed that students en-
rolled in a “reform-type” course, i.e. one employing interactive engagement,
displayed more expansive use of multiple representations. One of the aspects
of the conceptual framework developed for this thesis attempts to build on
these perspectives, and will therefore be discussed in a more comprehensive
way in Chapter 3.

2.5.3. Mathematisation in PER

The mathematisation dimension of physics problem solving was briefly dis-
cussed in Sections 1.1.1 and 2.3.3. Folding in the development of conceptual
mathematical understanding with the learning of new physics is an important
issue for this thesis, as it speaks to the multiplicity of representational use in
physics and will therefore be discussed further in Section 3.3 of Chapter 3
which sets out my conceptual framework.

2.5.4. Interactive engagement with probeware

The active learning approaches developed in PER (Section 2.3), and their re-
ported success and ever-wider adoption, resulted in physics faculty starting to
appreciate that you learn well when you interact with others. Probeware tools
have proven themselves to be vehicles for promoting active learning with stu-
dents especially if they are incorporated with interactive engagement strate-
gies—see the preceding sections for the full discussion in this regard.

A probeware tool, the iOLab, therefore offered the possibility of designing
active learning scenarios. More specifically, this single probeware tool
seemed to epitomise this class of physics tools—a “shoebox” device loaded
with a host of sensors to do physics®, and real-time updating of displayed in-
formation, to allow students direct experience of phenomena. By applying a
social semiotic lens (described in Section 3.4), this thesis investigates the role
of probeware tools within interactive engagement laboratory settings so that
there may be a better understanding of why and under what circumstances
these tools may be effective.

23 A dream expressed by John King (1966), long before these types of devices became available.
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2.5.5. A theoretical evolution map of PER

Figure 2.2 recounts the development of theoretical perspectives in PER. With
the initial focus on developing new and better curricula aimed at producing
more physicists, the starting period of PER may be characterised as having an
atheoretical genesis. However, as researchers were trying to come to grips
with their students’ lack of appropriate understandings of key physics con-
cepts, cognitive perspectives informed the early theoretical approaches. Over
time various aspects and theoretical approaches from other fields of human
inquiry were beginning to be explored within PER. Meltzer and Otero (2015)
have published an article that briefly sets out the history of PER in the USA,
stretching from 1860-2014. There are a couple of unanswered questions in
PER they identified which this thesis may shed some light on. They ponder
why there seems to be great difficulty in implementing, in a sustainable way,
teaching methods supported by research (“inquiry-based”, scientific prac-
tices”), and whether modern PER’s focus on students’ understanding of phys-
ics concepts can lead to sustainable educational reform. By addressing the
‘multimodal’ nature of students learning in IE settings I hope that my research
can add to the current knowledge state of what constitutes effective learning
of new physics concepts for students.

Figure 2.2. An expansion map of theoretical perspectives in PER, loosely arranged
in terms of time progression from left to right. The names on the outside of the
‘cone’ are the more influential contributors.

The findings from PER described in this literature review point to the effec-
tiveness of interactive engagement as the one sure vehicle by which students
tend to develop better problem-solving skills. But, as stated previously, there
is significant work still to be done in figuring out what works in various con-
texts and why. To investigate these questions, I have chosen a conceptual
framework that incorporates various elements which have their roots in social
semiotics. This approach will be explained in the next chapter.
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This chapter has discussed the historical development of the (mainly North
American) PER community. This was done to set the backdrop for this thesis.
In doing so issues of representation in physics have purposely not been dis-
cussed. This is because this is the main area of research to which this thesis
contributes. As such, the next chapter (conceptual framework) presents a pic-
ture of research in the area of physics representations and the main theoretical
underpinnings upon which this thesis is based.
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3. Conceptual framework

In this chapter, I present a conceptual framework overview. By that I mean an
overview of the “system of concepts, assumptions, expectations, beliefs, and
theories” (Maxwell, 2013, p. 39) that I have built my thesis work on. By con-
stituting the chapter in this way, the intention is to provide an interwoven de-
scription that, together with the Chapter 2 literature review, positions my
methodology and research questions as new contributions to the field of PER
in a valuable way.

3.1. Introduction

Theoretically and methodologically my thesis is grounded in a multimodal so-
cial semiotic perspective. As such, it is about how I have made sense of the
social semiotic parts that go into making up the perspective. There are four
important parts on which I built my conceptual framing.

Firstly, it is my experience as a physics teacher and my commitment to
making learning possible (as described in the Preface).

Secondly, the work of Jay Lemke, a theoretical physicist who became in-
ternationally recognised as a semiotician and who started to become well
known to the physics education community after publishing the seminal book,
Talking Science: Language, Learning, and Values (Lemke, 1990). Using
physics examples, Lemke has repeatedly illustrated how the communicative
practices of physics require coordinating meanings that are formulated using
one or more semiotic system. These semiotic systems are the “modes” in the
multimodal social semiotics of my conceptual framework. Perhaps the most
important part of Lemke’s work for my thesis is how he presented the case
that the use of only one semiotic system to share meaning is rare in the disci-
pline of physics. Almost always, several are used simultaneously. For exam-
ple, consider the combinations of linguistic, mathematical, and pictorial semi-
otic systems that are used in textbooks and research presentations and publi-
cations. In this respect, Lemke made this fundamental observation: It is not as
if the semiotic systems that are used are “redundant” in that each system is
capable of presenting “complete relevant information in a different medium”.
Rather, it is the “nature of the genre” to require “close and constant integration
and cross-contextualisation” amongst the semiotic systems that get used to
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make meanings (Lemke, 2004, p. 194). Put simply, each semiotic system rep-
resents different aspects of the same phenomenon.

Thirdly, the ground-breaking work in the area of representations done by
the PER group at Rutgers. For me, this work shifted the meaning of represen-
tation in the field of PER from a positivist one-to-one unproblematic repre-
sentation of phenomena to that of a number of semiotic resources that are used
for meaning-making. In particular, (a) the examples given in Alan van Heu-
velen’s (1991) paper entitled Overview, Case Study Physics, which vividly
demonstrated the Lemke case just cited. And (b) the extrapolation of Over-
view, Case Study Physics by Eugenia Etkina and Alan van Heuvelen into a
view of active learning (Van Heuvelen & Etkina, 2006) that [ went on to use
extensively and productively in my physics teaching. Then in 2006, David
Brooks presented a PER PhD that showed both the acceptability and value of
making a theoretical semiotic contribution to the field of PER as an integral
part of his PhD work (Brookes, 2006).

The fourth point of departure for my conceptual framing comes from the
research work done by the Uppsala University PER group during the past 15
years (see Section 3.4). What the Uppsala group did is combine the social
semiotic approach to communication formulated by Gunther Kress and his
colleagues at the Institute of Education at University College in London—for
a direct example, see Kress (2010), and for many associated examples, see
Jewitt (2017)—with the existing representational work in PER. In so doing,
the Uppsala group formulated a coherent web of new constructs that allow
new ways of thinking and talking about semiotic resource systems in a physics
education context. Of particular relevance to the development of my concep-
tual framing was the proposal that the social semiotic perspective developed
at Uppsala could be used to fruitfully recognise learning as it took place in
interactive laboratory settings (also see Kress, 2013; Kress, Jewitt, Ogborn, &
Tsatsarelis, 2014).

From here, my research became about investigating the ways in which
physics students learn to appropriately interpret and use multimodal semiotic
resource systems in interactive student laboratory settings. My conceptual
framework facilitated my “interrogation” of the finer details of meaning-mak-
ing in my chosen research context.

3.2. Modes, multimodality and social semiotics

A mode is “a socially shaped and culturally given semiotic resource for mak-
ing meaning. /mage, writing, layout, music, gesture, speech, moving image,
soundtrack and 3D objects are examples of modes used in representation and
communication.” (Kress, 2010, p. 79, emphasis in original). Physics and phys-
ics education use a set of particular modes (what I refer to as semiotic resource
systems), the most common probably being graphs, mathematics, specialist
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language, diagrams, and gestures to create its meanings. Multimodality is a
term used to collectively characterise modes in relation to an understanding
that communication, and how that communication is formulated, is much
more than just the language that is used. As such, multimodality is a field of
study that gives explicit attention “to the full range of communicational forms
people use—image, gesture, gaze, posture, and so on—and the relationships
between these” (Jewitt, 2017, p. 15). On the other side of the coin, social
semiotics “is the theory with which [multimodality] is approached”. How mul-
timodality and social semiotics fit together is that “modes shape our encounter
with the world and our means of re-making the world in semiotic entities of
any kind.” (Airey, 2016; Kress, 2011, p. 46; Kress et al., 2014).

As such, social semiotics provides a researcher with the kind of theory
needed to examine how a particular social group communicatively shares
meaning. For my work, the social group of interest is made up of everyone
involved in undergraduate physics education. As pointed out in the introduc-
tion to this chapter and earlier in this section, physics and physics education
uses a set of particular modes (semiotic resource systems), to create and share
its meanings. However, what a mode is, is elusive because different social
groups see what constitutes a mode differently. The social group making up
the music video industry could arguably have image, 3-dimensionality, layout,
colour, clothing and music as their principal modes. However, in both the
physics and the music video industry cases, what is regarded as a mode is also
a semiotic resource system. That is, a system used for meaning-making.
Hence, my preference for using this terminology for the “socially shaped” and
physics-situated semiotic resources developed and used for making and shar-
ing meaning (this is expanded upon in Sections 3.2.3).

3.2.1. Agency in social semiotics

Much of the contemporary work done in social semiotics seeks to analyse the
ways in which language and other forms of representation are used in societal
communication to make the meanings deemed important for those communi-
ties (Jewitt et al., 2016; Kress & Van Leeuwen, 2006). It is understandable
then that social semiotics is often related to the perpetuation of power struc-
tures. Indeed, for some, social semiotics has become synonymous with a cri-
tique of such power structures—see, for example, Hodge & Kress (1997).

In this thesis, I make no attempt to leverage social semiotics to critique the
meaning-making practices of expert physicists or the power structures they
may represent. This does not mean that I am uninterested in issues related to
the agency of university students—far from it. However, such a research
thread would involve a very different set of studies, for, as Butler (1997)
points out, for physics students the paradox of achieving agency lies in sub-
mitting themselves to a discourse they themselves had no part in creating.
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3.2.2. Language as one amongst many modes

Multimodal social semiotics (MMS) has its roots in Halliday’s (1978) work
in the field of semiotics in which he developed a framework for studying the
meaning-making functions of language (chiefly English)—called systemic
functional linguistics (SFL) (Halliday, 1985).

Over the following decades SFL became a well-developed explanatory sys-
tem and linguists began to turn their interest to studying the contribution of
so-called extra-linguistic ‘modes’ (such as gestures and images) to meaning-
making using the same SFL constructs. Here the work of Kress was seminal.
Together with Van Leeuwen, Kress developed a specialised grammar for read-
ing images (Kress & Van Leeuwen, 2006). Kress and Van Leeuwen’s work is
important because it led to the development of the field of multimodality
(Goodwin, 2000; Kress, Jewitt, Ogborn, & Tsatsarelis, 2001). In this perspec-
tive, language was no longer seen as the main bearer of meaning with a num-
ber of extra-linguistic modes added as necessary; rather, each mode or semi-
otic resource system became viewed as having different affordances, that is
different potentials for representing or making meanings, for example, in the
science classroom:

Several issues open out from this starting-point: if there are a number of dis-
tinct modes in operation at the same time (in our description and analysis we
focus on speech, image, gesture, action with models, writing, etc.), then the
first question is: “Do they offer differing possibilities for representing?” For
ourselves we put that question in these terms: “What are the affordances of
each mode used in the science classroom; what are the potentials and limita-
tions for representing of each mode?”

(Kress et al., 2001, p. 1)

This shift to a multimodal view of meaning-making generated interest
amongst scholars from fields as diverse as science education and multimedia
studies. Today multimodality is a rapidly growing field of research (for exam-
ple, it was the theme for the 2019 AERA** annual meeting). Leading scholars
in the field have recently attempted to condense, from a wide range of research
traditions, three core premises that characterise multimodal research in gen-
eral:

1. Meaning is made with different semiotic resources, each offering distinct
potentialities and limitations.

2. Meaning-making involves the production of multiple wholes.

3. If we want to study meaning, we need to attend to all semiotic resources
being used to make a complete whole.

(Jewitt et al., 2016, p. 3)

2 The American Educational Research Association.
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3.2.3. Clarifying the use of terminology

At the end of the introductory paragraphs of Section 3.2, I pointed out that I
was choosing to use the terminology semiotic resource system rather than
mode. | now expand upon this choice. In cognitive psychology, the term mode
has a direct link to the human senses—sight, sound, touch, smell, and taste
(with the overwhelming majority of work focussing on sight and sound). Lin-
guists, however, have broken this link to the senses and use the term mode to
describe any self-sufficient meaning-bearing system—principally springing
from the work of Michael Halliday (1978). Thus, for linguists, graphs, dia-
grams and written language are treated as separate modes even though they
are all visual resources (for example, Halliday, 1993). In order to define what
can and cannot be a mode, Kress & Van Leeuwen (2006) suggested that three
‘metafunctions’ of a system could be identified; these are the interpersonal,
ideational and textual meaning-making functions. In order to qualify as a
mode, it was suggested that a semiotic meaning-making system would need
to possess all three metafunctions.

Whereas there is broad use of this definition in the field, it is not without
its critics. Doran (2018) for one showed that it does not readily apply in math-
ematics, where the interpersonal® metafunction is borrowed from language.

Therefore, to avoid any controversy over its use, instead of ‘mode(s)’ the
term semiotic resource systems will be referred to here; with any resource that
is used to communicate meaning in physics deemed to belong to a semiotic
resource system of one type or another. In this thesis, the term multimodal
will be used to either draw attention to the range of resource systems in an
available ensemble, or to characterise inter-semiotic relations and activity.

3.3. Representations

The second research tradition on which my conceptual framework is built
originates in the largely empirical work carried out in PER.

The extensive work on representations in PER, confirms the uniqueness of
individual representational systems—semiotic resource systems—in making
physics-specific meanings.

When engaged in scientific activities, scientists make coordinated use of a
wide range of representational systems such as graphs, diagrams, mathemat-
ics, specialist language, etc. (for example, see Lemke, 1998). Over time, the
various scientific disciplines have assigned particular roles to these semiotic
resources so that they now signal key aspects of disciplinary concepts.

% The interpersonal metafunction concerns the relation between communicants in a
discourse, around issues such as power relations, social status, etc. It fulfills the role
of establishing ‘interactivity’ in any communicative practice.
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Significant work in this regard has been undertaken in the specialised lan-
guage of physics (Airey, 2012; Brookes, 2006; Brookes & Etkina, 2007), di-
agrams (Rosengrant, Thomson, & Mzoughi, 2009), graphs (Bollen, De Cock,
Zuza, Guisasola, & Van Kampen, 2016; Christensen & Thompson, 2012;
Ivanjek, Susac, Planinic, Andrasevic, & Milin-Sipus, 2016; McDermott,
Rosenquist, & van Zee, 1987), mathematisation (Airey, Lindqvist, & Kung,
2019; Bollen, van Kampen, Baily, Kelly, & De Cock, 2017; Eichenlaub &
Redish, 2019; Euler & Gregorcic, 2018; Geyer & Kuske-JanBen, 2019;
Govender, 2007; Sherin, 2001; White Brahmia, Olsho, Smith, & Boudreaux,
2020), gesture (Euler, Réadahl, & Gregorcic, 2019; Gregorcic, Planinsic, &
Etkina, 2017; Scherr, 2008) and video simulations (U. Eriksson, Linder,
Airey, & Redfors, 2014). Representational studies are now also being under-
taken in cross-disciplinary contexts—see Samuelsson, Elmgren, & Haglund
(2019).

Much of the work, as represented by those cited in the preceding paragraph,
is concerned with how these different representational systems contribute to
the constitution of physics knowledge in learning contexts and the reported
findings often have significant implications for the teaching and learning of
physics. This thesis will in particular address mathematisation—briefly dis-
cussed in Sections 2.3.3 and 2.6.3—from a conceptual understanding perspec-
tive. The semiotic lens discussed in this chapter will be applied to investigate
student learning challenges around using abstract mathematical tools to de-
scribe phenomena and solve a range of problems in appropriate ways (see
Sections 6.2 and 6.3, and Papers I, 11, and I'V). For a discussion on the chal-
lenges students experience with learning about and with coordinate systems,
see Section 6.2.1. There mathematisation is discussed from the perspective of
disentangling the mathematical concepts needed for physics work.

In order to effectively participate in a disciplinary social group, newcomers
to the discipline need to learn how to interpret and use the available semiotic
resources in order to make appropriate disciplinary meanings.

For this thesis, it is the inter-semiotic relations and activity (i.e. multimo-
dality) of physics representational work that is of interest. Following on from
the work of Van Heuvelen (1991); Airey (2009), Airey & Linder (2009),
Dufresne, Gerace, & Leonard (1997), M. Eriksson (2020), U. Eriksson (2014),
Fredlund, (2015), Kohl & Finkelstein (2008), Kohl, Rosengrant, & Finkelstein
(2007), Rosengrant, Etkina, & van Heuvelen (2007), Svensson, Eriksson, &
Pendrill (2020), and Van Heuvelen & Zou (2001) have all made significant
contributions to the field. This kind of research is now also emerging in the
field of astronomy, for example, U. Eriksson (2019).

The significance of Van Heuvelen’s early work is that he argued that in
order to learn to think like physicists, students should be taught a problem-

26 This study is particularly interesting as it investigates the use of an applied engineering tool,
the infra-red camera, to illuminate for students concepts of heat.
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solving strategy that involves the use of multiple representations, similar to
the way expert physicists approach problems (see for example, Van Heuvelen,
2001). This ‘backwards and forwards’ expert-like strategy of using multiple
representations is of relevance to the research reported on in this thesis. There
are a number of examples of physics courses that have sought, with some suc-
cess, to design curricula and course materials that epitomise this; as an exem-
plary example from the PER community, see Van Heuvelen & Etkina (2006).

In the sciences, outside of physics, there exists a large body of work in the
area of representations (for a small sampling, see Gilbert & Treagust, 2009;
Lee & Jones, 2018; Stull, Gainer, Padalkar, & Hegarty, 2016). Multiple rep-
resentational work is now being studied across the sciences—for a recent com-
pendium, see Treagust, Duit, & Fischer (2017). And, as different scientific
disciplines have different praxes, the different representational systems play
different roles and vary in importance. See also the discussions in Section
3.3.1.

Take for example, diagrams. In biology, they serve mostly to emphasise
visual features of the organs and tissues of living organisms, and in ecology,
they explain the inter-related nature of complex natural phenomena (see, for
instance, Treagust & Tsui, 2013) and in chemistry, they are mostly visual
models of chemical structures that are too small to see with the naked eye (for
example, Gilbert, 2005).

As one consequence of this differentiation in the ‘focal plane’ for scientific
representations, the different scientific disciplines have developed their own
definitions and characterisations of what representational competence entails
for their respective disciplines.

3.3.1. Representational competence

In this section [ am going to look beyond PER and bring in science education.
This is because of the current limited work that exists in PER.

In science education, there has been a growing discussion about the role of
individual disciplinary-specific semiotic resources. This discussion has often
been framed in terms of the development of representational competence (see
for example, (Airey & Larsson, 2018; Kohl & Finkelstein, 2005; Kozma &
Russell, 2005; A. Linder, Airey, Mayaba, & Webb, 2014; Mishra, Clase,
Bucklin, & Daniel, 2018; Prain & Tytler, 2012; Scheid, Miiller,
Hettmannsperger, & Schnotz, 2018).

In physics education, available characterisations in the literature offer little
practical guidance on how students’ representational competence may be ef-
fectively facilitated. However, a number of PER scholars have more recently
made attempts to theorise around multi-representational usage in physics, al-
beit from a cognitive science perspective—the most well-known is the so-
called ‘resources’ framework of Redish (2004). Some scholars have talked
about terms such as representational coherence ability (Scheid, Miiller,
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Hettmannsperger, & Schnotz, 2019) as an aspect of representational compe-
tence. A more detailed discussion may be found in Section 6.4 and Paper V,
which give a discussion of representational competence in the graph system
for 1-D kinematics.

This thesis hopes to add to our understanding of how laboratory work with
multiple representations can develop better understanding of physics con-
cepts, and in particular how it may help develop representational competence.
This is relevant since, as noted by Airey (2014), the affordances (potentials to
make meaning) of discipline-specific semiotic resources are often tacit in
physics—students cannot develop the required representational competence if
the meaning-making potentials of the semiotic resource systems they are sup-
posed to work with are ‘hidden’ for them.

3.4. A brief introduction to the UUPER social semiotic
theoretical framework

In this section I present the theoretical framework underpinning my thesis.
The major contributions to this framework have emerged from physics educa-
tion research undertaken at Uppsala University over the past fifteen years in
the field of multimodal semiotics and representations. A recent book chapter
summarises UUPER’s contributions to this work up to 2017 (Airey & Linder,
2017), which is essentially based on the work of three PhD students (Airey,
2009; U. Eriksson, 2014; Fredlund, 2015). Aspects of direct relevance for this
thesis is described below.

It needs to be noted that there are three main differences between the
UUPER theoretical framework and other representational work in PER.
Firstly, the UUPER framework concerns itself with group meaning-making.
Put simply, the framework deals with the meanings that have been assigned
to disciplinary-accepted semiotic resources by physicists. These disciplinary
affordances are discussed further in this chapter in Section 3.4.4.

Secondly, in authentic open-ended laboratory tasks, students are likely to
use resources that would not normally be defined as representations—such as
laboratory work and physical apparatus. With a focus on multimodality, all
forms of meaning-making are taken into account and it is often not possible to
say exactly what is being represented by a given resource—rather it is a part
of a flow of meaning towards a multimodal whole. Thus, the focus in the
UUPER framework is on what meaning the resource can convey to students,
rather than a question about what the resource itself represents.

Thirdly, within social semiotics, any individual semiotic resource typically
has a range of possible meaning potentials (Airey, 2014). The key concept
here is that each disciplinary-specific semiotic resource has been assigned a
set of disciplinary-specific meaning potentials and that students need to know
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which meaning potential is typically leveraged in a particular context. An im-
mediate consequence of this perspective is that students must come to under-
stand which meaning potentials of semiotic resources need to be drawn upon
for appropriate construction of disciplinary knowledge that may then enable
them to solve a particular problem or task. In this regard, the term disciplinary
affordance was introduced (Fredlund, Airey, & Linder, 2012)—the use of this
term is discussed in Section 3.4.4.

3.4.1. Critical constellations

Physics today mainly deals with physical phenomena that cannot be perceived
by the sensory modes—e.g. X-rays, magnetic fields, solar neutrino showers,
etc. Hence, gaining access to the physics concepts, laws and theories that en-
capsulate knowledge of phenomena can no longer be accomplished by simple
observation, rather students gain access to physics concepts by engaging with
the semiotic resource systems which the disciplinary community has decided
best represent those concepts. The process of refining and updating these
‘gateway’ systems of meaning-making follows more or less the same trajec-
tory as the updating of the knowledge itself. In physics, this often occurs over
long periods of time, with each step embedding knowledge a little deeper from
the perspective of the novice learner. Furthermore, each individual resource
system typically only gives access to one or two aspects of any given physics
concept.

Physics concepts therefore typically require a whole set of semiotic re-
sources from a range of systems in order to construct holistic understandings.
Therefore, in order to construct an understanding of a concept, a set of semi-
otic resources need to be coordinated in combination; for example, an equa-
tion with a graph. And to gain full disciplinary access to a concept requires
the deployment of a critical constellation of semiotic resources:

A critical constellation of disciplinary semiotic resources with a finite set of
pre-assigned disciplinary meaning-making potentials is needed for a given
task or situation in order to make possible appropriate experience of discipli-
nary knowledge (after Airey, 2009).

This idea is diagrammatically represented in Figure 3.1. Mathematical re-
sources give access to three of the critical aspects of the hypothetical physics
concept, experimental work gives access to two additional but different as-
pects. A diagram then gives access to one of each of the aspects the other two
systems give access to, and therefore facilitates a meaning-making bridge be-
tween the mathematical and experimental systems. The question mark denotes
the fact that in the educational community we usually do not know what the
full set of resources necessary to achieve a critical constellation is. Students
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experiencing a critical constellation would entail them being able to appropri-
ately work with each of the individual semiotic resources in the set, and coor-
dinate them in a way that leads to successful task solution. Section 6.1.4 de-
scribes the central role that a persistent representation played in facilitating
meaning-making with other resources—see also Fredlund et al. (2012).

Figure 3.1. Theoretically, full holistic understanding of a physics concept is only
possible with a critical constellation of resources (adapted from Airey, 2009).

3.4.2. Fluency

The notion of fluency is central to the UUPER social semiotic framework. The
linguistic metaphor is used to signal mastery of a particular semiotic system.
Some PER scholars have talked about this concept in terms of students devel-
oping representational competence (Kohl & Finkelstein, 2005). Fluency is de-
fined as follows:

Fluency in working with a disciplinary resource is achieved by one coming
to understand the particular way(s) that the discipline uses that resource to
share and work with physics knowledge in a given context and situation
(Airey & Linder, 2017, p. 102).

As they go on to suggest (see Airey & Linder, 2017, p. 103), students cannot
achieve full, holistic understanding of a disciplinary concept until they have
at least achieved some level of fluency in each of the resources that make up
the critical constellation applicable to that concept. Elsewhere, Airey & Linder
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(2009) claim that such fluency can only be achieved after a period of what
they call discourse imitation?.

3.4.3. Beyond discourse imitation

One of the main findings of PER studies over the years has been that students
are often able to perform physics calculations without the associated under-
standing of the underlying concepts. This has been shown to occur even at the
most prestigious universities with the ‘best’ students; see the discussion in
Section 2.2, Mazur (1992), and diSessa (1993). The Harvard and MIT students
Mazur and diSessa were writing about may be said to have achieved fluency
in the mathematical resource system—they could after all solve a range of
complicated problems at an advanced level—yet they still lacked the associ-
ated physics conceptual understandings.

After analysing a set of interviews with upper-division students about their
experiences after courses on advanced mathematically-dense physics topics
(Maxwell’s equations and electromagnetism in the one study, and a course on
tensors for advanced-level physics students in the other), Airey (2009) found
that students can exhibit fluency in certain semiotic resources with respect to
the physics content, but still show signs of discourse imitation (i.e. they still
cannot fully grasp the concept). See Sections 6.1.1 and 6.1.6 for discussions
of how this term was leveraged in Paper III, as well as 6.4.5 for Paper V.

It is therefore argued that fluency in a range of disciplinary-specific semi-
otic resources is a necessary—though not sufficient—precursor to appropriate
constitution of disciplinary knowledge. What is finally needed for students to
achieve a holistic understanding is an appreciation of the disciplinary af-
fordances of a critical constellation of semiotic resources (Airey & Linder,
2015).

3.4.4. Disciplinary and pedagogical affordance

The term disciplinary affordance was coined by Fredlund et al. (2012) to char-
acterise the particular meanings that have been assigned to a given resource
by a discipline. Further refinement of the concept led to the following defini-
tion:

Disciplinary affordance is the agreed meaning-making functions that a semi-
otic resource (system) fulfils for the disciplinary community (Airey, 2015,
unpaginated).

27 Discourse imitation is the ability to use discipline-specific semiotic resources with limited or
no associated disciplinary understanding. For example, a student may be able to perform cal-
culations with a set of equations, without grasping what the resources mean for the physics.
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In a discipline such as physics, learning can be characterised then in terms of
coming to appreciate the disciplinary affordances of the semiotic resources
employed in the discipline (Airey, Eriksson, Fredlund, & Linder, 2014). Wu
& Puntambekar (2012) introduced the term pedagogical affordance to the
describe the role of certain non-disciplinary representations in teaching sci-
ence. Building on this work, Airey (2015) defined pedagogical affordance as
follows:

Pedagogical affordance is the aptness of a semiotic resource for the teaching
and learning of some particular educational content (Airey, 2015,
unpaginated).

Where disciplinary affordance deals with the meaning-making functions as-
signed to a given resource by the discipline (in this case physics), pedagogical
affordance deals with the usefulness of the resource for learning the discipline.
Thus, whilst the disciplinary affordance of a resource is fairly non-negotiable,
the pedagogical affordance of the resource has a student-dependent aspect. In
a recent article, Airey & Eriksson (2019) theorise about the relationship be-
tween pedagogical and disciplinary affordances of semiotic resources and pos-
tulate four types of resource depending on the relative levels of pedagogical
and disciplinary affordance. This is depicted diagrammatically in Figure 3.2.
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Figure 3.2. Disciplinary and pedagogical affordance. A resource with high discipli-
nary affordance, but low pedagogical affordance, can be unpacked for students. This
increases the accessibility for students, but necessarily lowers the disciplinary af-
fordance—i.e. the utility of the resource to ‘do’ the discipline (Airey & Eriksson,
2019, p. 101).

The pink area (bottom-left) in Figure 3.2 represents resources with low peda-
gogical affordance and low disciplinary affordance—we can therefore ignore
this area since there is no motivation to use such resources in the teaching and
learning of physics. It is the other three fields that are of interest. First, the
purple field represents resources with high disciplinary affordance and high
pedagogical affordance. We might characterise such resources as the physics
lecturer’s dream—resources that are both useful for doing physics and teach-
ing physics. Such resources are unproblematic and are therefore seldom in
focus for PER. More interesting (and typical) are the disciplinary resources
within the red field. These resources are very good for doing physics, but poor
for explaining physics—often due to their abstract nature. Working with a cir-
cuit diagram, Fredlund, Linder, Airey, & Linder (2014) were the first to sug-
gest unpacking of such resources for students. In Figure 3.2 we can see that
whilst unpacking raises the pedagogical affordance of the resource the process
also lowers the disciplinary affordance making the resource less useful for
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doing physics. Students will therefore need to ‘reassemble’ the original re-
source in order to function efficiently within the discipline. See Sections 6.1.1,
6.1.2 and 6.1.3 as to how these terms were leveraged to characterise the mean-
ing-making potentials of physics devices in physics and within the teaching
and learning of physics (Paper III) and V.

3.4.5. Disciplinary relevant aspects: the variation theory of
learning

The Variation Theory of Learning (VTL) suggests simply that humans notice
things that change—for a general view of VTL and some applications in phys-
ics, science and mathematics education, see Ingerman, Linder, & Marshall
(2009); Marton (2006); Marton & Trigwell (2000), and Runesson (2005). This
fact can be leveraged by teachers to help their students notice salient discipli-
nary features by varying them against an unchanging background. These ‘dis-
ciplinary relevant aspects’ are what we expect students to notice when we
teach (Fredlund, Airey, & Linder, 2015). Physics concepts display a wide
range of disciplinary relevant aspects, but typically only a few of these need
to be leveraged for any given task. Airey & Linder (2017) demonstrate theo-
retically how such disciplinary relevant aspects can be made available to stu-
dents through selection of appropriate semiotic resources. A useful schematic
of the process of choosing an appropriate set of semiotic resources is given in
Figure 3.3.
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Figure 3.3. Appropriate selection of semiotic resources. For the task analysed, three
semiotic resources (a graph, an equation, and a diagram) each allow access to one of
three aspects of a physics concept. Notice that each of the selected semiotic re-
sources possesses affordances that potentially give access to other aspects of the
physics concept, in addition to some surface features. It is through variation that
teachers can then make these aspects noticeable for their students (Airey & Linder,
2017, p. 116).

In this figure, a particular physics concept has a range of different aspects,
denoted by the seven different colours. However, for the task at hand, students
only need to access three of these aspects — the orange, yellow and red ones.
Knowing this, a teacher chooses semiotic resources that best make these as-
pects noticeable; in this example a graph, an equation and a diagram. These
semiotic resources make noticeable other aspects of the disciplinary concept
that are not needed, along with a range of surface features (the grey boxes)
that are irrelevant for the physics discipline. Teachers direct their students’
attention away from these other features and towards the intended disciplinary
relevant aspects by using variation (Marton, 2015; Marton & Booth, 1997;
Pang & Marton, 2013).

Section 6.2.2 (‘The role of variation — leveraging an invisible phenomenon
to learn about an abstract mathematical tool”) shows how the VTL was utilised
though operation of a probeware tool, the iOLab, to make visible for students
a key disciplinary affordance of an abstract mathemtical tool, the movability
of a Cartesian coordinate system.
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3.4.6. Transduction and transformation — a new direction for
PER representational work?

This chapter so far has laid out the salient parts of the social semiotic frame-
work developed by UUPER over the last fifteen years. It has also provided the
theoretical underpinnings of the conceptual framework used for this thesis. In
this section I set out a question I was tasked with answering, when I joined the
group in 2016.

Within the field of multimodality, scholars had been using a pair of terms
transformation and transduction, to make a subtle but for them important
distinction between the ways that meanings can be shifted between represen-
tations. Transformation is used to describe the shifting of meaning between
resources within the same resource system, whilst transduction is used to de-
scribe the shifting of meaning between resources across different semiotic
systems (Bezemer & Kress, 2008, p. 169).

I began my PhD work by planning to explore the social semiotic distinction
between transformation and transduction. The question was whether this dis-
tinction that is used outside PER could have useful consequences for the de-
velopment of the UUPER theoretical framework? I was tasked to investigate
the definitions of these terms, as offered by Bezemer & Kress (2008), for ap-
plication and relevance for physics multi-representational work and to assess
whether these multimodal concepts could have traction within the UUPER
theoretical framework. However, I quickly came to the realisation that trans-
duction was the most relevant and important aspect to explore. This is because
my first data set showed that transductions were, in fact, inherently more pow-
erful in learning situations than transformations. Furthermore, transductions
had not been the focus of any published work in PER at that stage and it
seemed a distinct weakness that this aspect had been overlooked for research
dealing with student learning in physics. From that point onwards, the central
focus of my thesis became investigating the role of transduction in physics in
general and its importance for the teaching and learning of physics in particu-
lar. Coming full circle, in studying the role of transduction in students’ learn-
ing about a semiotic system in which transformations are also involved, this
thesis will suggest avenues for future work to study the relationship between
transformation and transduction in physics teaching and learning.

Section 6.1 discusses the role of transduction in physics, both in the mean-
ing-making practices of the discipline, and in the teaching and learning of
physics. In particular, Section 6.1.3 applies my conceptual framework to char-
acterise the iOLab as a transduction device with high disciplinary and peda-
gogical affordances. Further sections similarly leverage other constructs and
concepts discussed in this chapter.

71



3.5. Multimodal social semiotics

This study sought to investigate how learning takes place in a given situation
that involves continuous shifts between semiotic resources, and in particular
the transduction between these resources. To this end, multimodal social se-
miotics was therefore selected as the basis for the analytical approach adopted
for the thesis work—see also Sections 4.3 and 4.4.

Goodwin (1979) and his colleagues at the time were able to demonstrate
the value of gathering evidence from a variety of non-textual sources in order
to study the shifts in meaning that occur in diverse discourse types (for exam-
ple, the use of video recordings to study gaze). The field of multimodality (see
Jewitt et al., 2016) emerged from Goodwin’s work and that of other research-
ers, most notably (Hodge & Kress, 1997), and Kress & Van Leeuwen (2006).
From the perspective of this group of researchers, individual semiotic re-
sources used in a discourse are seen as ‘incomplete’, i.e. meanings are in con-
stant flux and at any one-point new meanings may be negotiated. In other
words, meaning is always in the process of being made anew. In contrast, in
physics there are agreed meaning-making potentials (disciplinary affordances)
attached to physics-specific semiotic resource systems. For example, for many
physicists a single mathematical equation can be seen as sufficient to describe
a particular phenomenon. Naturally, physics practitioners must also be able to
make the necessary semiotic shifts when resources are called upon in different
contexts, and appreciate their disciplinary affordances for giving access to
concepts up and down the hierarchical levels of physics knowledge.
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4. Methodology

I see methodology as being about a method and the theory that guides that
method. For this thesis, a significant aspect of that theory is introduced in
Chapter 3 in terms of the conceptual framework that underpins the entire the-
sis. The other theoretical aspects that facilitate appreciation of the appropri-
ateness of the method used to answer my research questions are given in Chap-
ter 5. The methodological depiction that relates to the broader categorisation
of my method—qualitative case studies—are given attention in this chapter.
I decided to use this distribution of methodological discussion because I saw
it as necessary to build coherence into my thesis construction.

The first section of this chapter briefly introduces qualitative research as
an appropriate analytic approach to answer the kind of case study research
questions posed for this thesis. The next section discusses case study aspects
and goes on to address the issue of rigour and quality: the concept of trustwor-
thiness and what kind of generalisation could be possible for my studies.

The final three sections of the chapter return to details of my study as a way
of preparation for what follows in the next chapter (5) that describes the
method(s) [ used for my work.

4.1. Seeking understanding: qualitative research in PER

Using a qualitative research approach in PER is not uncommon. At the time
of writing, a search in the flagship journal for PER, Physical Review—Physics
Education Research, using the keyword “qualitative study”, found 270 arti-
cles. It is also not new. For many years now, the research approaches used in
PER have spanned a wide range of research methodologies; both qualitative
and quantitative case studies and large-scale quantitative statistical studies.
The need for qualitative studies that seek to better understand physics learning
situations is presented as follows by Otero and Harlow in their PER Review
contribution entitled Getting Started in Qualitative Physics Education Re-
search:

Many studies in PER have produced convincing quantitative results that have
informed our understanding of how students learn physics. For example, PER
studies have demonstrated higher learning gains in courses that use methods
of interactive engagement than in courses that use traditional lecture methods,
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identified gender differences in students’ scores on standard assessments, and
shown differences in students’ expectations for learning physics and that these
views decline over a single semester. While these types of studies are very
useful and provide much information about teaching and learning physics, re-
searchers often want more detail that can help them better understand these
types of replicable trends. This is why many PER researchers decide to engage
in qualitative research studies. Qualitative research studies use different types
of data and analysis methods than quantitative studies, but like quantitative
studies, they use evidence to make and support claims about physics learning
and teaching.

(Otero & Harlow, 2009, p. 2)

The first three chapters of this thesis make a case for studying the fine-grained
aspects of students learning about physics concepts in laboratory tasks; where
active learning is encouraged through engaging students interactively with
each other, facilitators, and a range of semiotic resources. The task design
around a probeware tool (the iOLab), which encouraged and facilitated inter-
active engagement, was another supporting motivation for studying how stu-
dents use, construct and communicate meanings within these types of learning
settings. This meant that the speech and actions of students and facilitators
needed to be recorded, transcribed and interpreted. As such, my analysis fol-
lowed a qualitative approach seeking understanding, i.e., an interpretative re-
search approach—see the discussion by von Wright (1971, p. 6).

4.2. Case study research

Since all my work involved case studies—although they are a well-established
research approach in PER—I am including a short introductory discussion on
case studies.

The research questions of this thesis involve both descriptive (‘what”) and
explanatory (‘how’ and ‘why’) threads aimed at generating understanding ra-
ther than traditional confidence in predictions in terms of generalisation. To
answer these questions, case studies are useful (see Yin, 2006, p. 112). In case
study research, the researcher is interested in, “[bringing] out the details from
the viewpoint of the participants” (Tellis, 1997, p. 1). Many different ways of
conducting case study research have been developed over the years, and in
PER there is a wide adoption of qualitative research approaches within a broad
spectrum of applications—see the review article about “case-oriented PER”
by Robertson, McKagan, & Scherr (2018).

My case studies were undertaken in an educational setting, a context sum-
marised by Bassey (1999) as follows:

An educational case study is an empirical enquiry that is conducted:
¢ within a localized boundary of space and time (i.e., a singularity);
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e into interesting aspects of an educational activity, or programme, or in-

stitution, or system;

mainly in its natural context and within an ethic of respect for persons;

in order to inform the judgments and decisions of practitioners or

policymakers, or of theoreticians who are working to these ends;

in such a way that sufficient data are collected for the researcher to be

able to:

explore significant features of the case;

create plausible interpretations of what is found;

test for the trustworthiness of these interpretations;

construct a worthwhile argument or story;

relate the argument or story to any relevant research in the litera-

ture;

convey convincingly to an audience this argument or story;

and provide an audit trail by which other researchers may validate

or challenge the findings, or construct alternative arguments.
(Bassey, 1999, p. 58)

A S

~no

To address the ethical issues associated with ‘conventional’ approaches,
Lincoln & Guba (1989) argued for a paradigmatic shift in naturalistic inquiry.
In so doing, Lincoln & Guba present an equivalent construct that they called
“trustworthiness”. Trustworthiness is discussed further in Section 4.2.1.

This thesis is positioned within naturalistic inquiry. When formulating the
initial research questions of this PhD study, and the concomitant approaches
of data collection which would be most appropriate, a number of critical con-
siderations arose. To understand what was occurring in a moment-to-moment
basis, in an authentic learning setting where student activities form part of
their usual curriculum, it was decided that the research team involved in this
study would immerse themselves inside the learning activity, i.e. be partici-
pant-observers. | have described them as ‘facilitators’.

Participant-observation brings with it its own challenges (see Yin, 2009,
pp. 111113, for a discussion of this approach, and its associated issues). Per-
sonal bias is the principal problem—for the researcher is less able to be an
‘external’ observer; is likely to ‘advocate’ within the particular social setting
(see also the discussion in Stake, 1995, p. 93). Thus, as the activity unfolds,
the researcher may not be able to gain an alternative perspective, which is
deemed important for observational studies.

In each of the case studies reported on in this thesis, the video recordings
of the students’ engagements with one another, the probeware device and with
their facilitators, were the main form of data collected. Further observational
data was gathered by the principal investigator (the author of this thesis) dur-
ing the laboratory sessions.

4.2.1. Rigour: trustworthiness in case study research

The rigour of conventional research work in the natural sciences is often pred-
icated on the extent to which internal validity, generalisability, reliability, and
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objectivity are met. In response to these four criteria, Lincoln & Guba (1989)
developed their parallel or foundational criteria—what they have collectively
termed trustworthiness—and in so doing, introduced the respective parallel
terms credibility, transferability, dependability, and confirmability, for natu-
ralistic inquiry. I now deal with each of these in turn.

Credibility, which parallels internal validity, sees the researcher striving to
establish the truthfulness of one’s data and the integrity of the research process
as a whole. Peers and colleagues, approved within the ethical guidelines fol-
lowed—see Section 5.4—, were consulted to view the video data and inspect
the transcriptions—see Section 4.3. The data analysis process allowed for an
iterative refinement of the transcripts—the production of the transcripts was
therefore a result of analysis, as well as the data corpus to analyse the multi-
modal sequences to answer the research questions. In this way, credibility was
established.

Transferability parallels generalisability. The kind of generalisation that I
anticipate being available from my studies is what Stake (1978) referred to as
a “natural basis for generalization” based upon experience. In other words, for
a potential user of my results, my descriptions facilitate recognition from ex-
perience—a “naturalistic generalization™:

What becomes useful understanding is a full and thorough knowledge of the
particular, recognizing it also in new and foreign contexts.

That knowledge is a form of generalization too, not scientific induction but
naturalistic generalization, arrived at by recognizing the similarities of objects
and issues in and out of context and by sensing the natural covariations of hap-
penings. To generalize this way is to be both intuitive and empirical, and not
idiotic.

Naturalistic generalizations develop within a person as a product of experi-
ence. They derive from the tacit knowledge of how things are, why they are,
how people feel about them, and how these things are likely to be later or in
other places with which this person is familiar. They seldom take the form of
predictions but lead regularly to expectation.

(Stake, 1978, p. 6)

Drawing on the work of Geertz (1973), Stake & Trumbull (1982) later go on
to argue that a sufficiently ‘thick’, situated description of the research should
be able to satisfy the transferability yardstick of trustworthiness. The thick
descriptions provided regarding the methods (Chapter 5) and analysis (Chap-
ter 6) is intended to provide the reader with enough information to both judge
the work and evoke naturalistic generalisability. Here it is important to also
point out that trustworthiness is ultimately dependent on the relationship be-
tween the researcher, the data, and the research questions. Judgements about
the extent to which an individual case study is trustworthy, can however only
be made independently by the individual readers of the studies.

The third foundational criteria proposed by Lincoln & Guba (1989) is de-
pendability, which is parallel to the conventional criterion of reliability in that
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it is concerned with the stability of data over time. It should be noted that the
approach used in this thesis, that emphasises “research as process”, acknowl-
edges that questions for study will emerge during the course of the ongoing
cycle of data-collection and analysis which characterises (and powers) one’s
work. As described earlier (see Chapter 1), this was certainly true for my
study, where the experiences of the first case study informed the subsequent
two case studies.

The fourth criteria, confirmability, is parallel to the conventional criterion
of objectivity. Confirmability is concerned with assuring the reader that the
data and interpretation presented in the thesis are rooted in context and not
simply a figment of one’s imagination. Here the assurances of integrity of the
findings are rooted in the data themselves—Appendix A provides a full tran-
script and the following two chapters provide further details.

Before proceeding to the next Chapter, Methods, three things need to be
introduced in terms of methodology. First, how systemic-functional multi-
modal discourse analysis (SF-MDA) influences my approach to multimodal
transcription. Second, is seeing multimodal transcription as transduction. And
third, using video as data.

4.3. Theory of meaning: the role of SF-MDA and Social
Semiotics

The theory of meaning that I drew on for my thesis work was derived from
Jewitt et al.'s (2016) characterisation of the aims and theory of meaning of
Systemic Functional-Multimodal Discourse Analysis (SF-MDA) as it applies
to multimodal approaches:

Meaning systems are conceptualized social semiotic resources for creating
meaning. The meaning potential of a system is reflected in its underlying or-
ganization that is modelled as interrelated systems of meaning. The systems
are ‘networks of interlocking options’ (i.e. choice between different forms),
and ‘text’ is a process and product of the selection (and materialization) from
that potential.

(Jewitt et al., 2016, p. 131)

So, although I would not claim that I carried out SF-MDA, the theory of mean-
ing that [ anchored my thinking in fits that of SF-MDA as per the above de-
scription. This approach does allow for a consideration of the re-semiotisation
across resources which may result in additional meanings being accessible be-
yond those available when only using the resources individually. This is sim-
ilar to the claim of Airey (2012, p. 73) who draws on Lemke, 1998a) to suggest
that a combination of semiotic resources may lead to emergent meanings that
are more than the sum of those obtained from the individual resources
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Because of the conceptual framework underpinning my work, this thesis
adopts a disciplinary discourse view of physics, and given the epistemology
of the discipline of physics, a brief look at how students’ work with analysing
representations from a multimodal perspective has been reported upon in the
literature, provides further background on the methodological approaches
taken in this thesis.

Tang, Delgado, & Moje (2014) performed a type of multimodal analysis
which focused on the modal connections between representations. They used
a framework that studied the textual representations (i.e. diagrams with text)
students used and the links between the different representations. They ana-
lysed thematic diagrams at the textual level by utilising a theory of meaning,
similar to that used by SF-MDA. In a relatively recent study, O’Halloran
(2015) employed an SF-MDA approach to explore how the integration of spe-
cialised language, images and mathematical symbols gives rise to new views
of the physical world, that are not possible through language alone, or through
any of the other individual semiotic resources.

4.4. Multimodal transcription as transduction

This section explains how the multimodal nature of the students’ interactions
and engagements with the set of available resources were documented and
preserved in the transcripts. It is worth noting, that within the broad field of
multimodality, the act of transcription itself may be viewed as a transduction
(Flewitt, Hampel, Hauck, & Lancaster, 2014, p. 52). This is because video
data is recast into a new ‘mode’, that is text. The knowledge of the transcriber
and skill in representing accurately what was said and done, for the purposes
of answering the research questions, is paramount. Because this transduction
depends on the transcriber, additional trustworthiness checks need to be im-
plemented—see Section 4.2.1.

The spatial and temporal aspects of the students’ multimodal interactions
during the laboratory sessions are documented, were preserved in the final
versions of the multimodal transcripts included (see Appendices A and B for
the two different approaches that were adopted for capturing and analysing
the data collected from the three cases studies). For Case Studies (A) and (B),
the transcripts were comprised of speech and action converted into text (see
Appendix A) while for Case Study (C), photographs and superimposed ges-
ture arrows were also included (see Appendix B). Both approaches were
deemed to be equivalent for the purposes of answering the research questions.

In the transcript accompanying Case Study (C), after assessing the value of
adding in the pictures, it was surmised that the addition of photographs re-
quired more effort—from the perspective of an uninitiated reader—to under-
stand the multimodal learning that was occurring, and did not add anything
new to the descriptions. The work on refining the multimodal transcription
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that was effective in communicating the richness of the resource usage ob-
served, was heavily influenced by Bezemer & Mavers (2011).

4.5. Using video data

The analytical approach adopted in the three case studies commenced with the
identification of important learning sequences or events, followed by the seek-
ing out of patterns in the data. This was undertaken in iterative cycles which
involved reviewing the video data, and scrutinizing the evermore-refined tran-
scripts (see Section 5.3.1). The goal of such analysis is to distil out either a
rich description or a trustworthy explanation of the data—see Bogdan &
Biklen (1992, p. 153). As discussed before, this is how transferability or gen-
eralisability is established in case study research.

From the early years of PER, where audiotapes were first used to record
interviews with students, to today, where digital video recordings of students
engaged in a range of physics learning activities have become commonplace;
the interest of researchers has been to extend analysis of student work beyond
a consideration of their answers to concept-based questionnaires or problem-
solving products, such as answers to tutorial or examination questions. In an
attempt then to develop a more nuanced understanding of the complexities of
the learning process, students’ speech, actions, engagements with tools and
equipment, and gestures, have become incorporated into the analysis—as ex-
emplified by the multimodal analysis of this thesis.

The synchronicity of talk, actions and gestures were of specific interest in
my research. Gestures in particular are currently being studied across a wide
range of disciplines, and their significance for different research communities
has proved to be as diverse as the range of interests. For example, in the emerg-
ing field of multimodality, gesture is viewed as yet another mode which ac-
companies speech or text and possesses certain meaning-making functions for
a particular setting or use (Bezemer & Kress, 2008). Closer to our field (PER),
Scherr (2008) provides a useful review of research into gesture analysis which
provides a tool for “better understanding [of] student thinking” (Scherr, 2008,
p- 1). Other notable work includes that of Goodwin (2003), who used video
data to explore the specific disciplinarily-unique gestures used by archaeolo-
gists during field work activities. Even though the research in this thesis does
not draw explicitly on cognitive perspectives such as embodied cognition, the
study of gestures by researchers from a wide range of fields does demonstrate
their importance in analysing how students may be making sense of and con-
ceptualising disciplinary knowledge.

This thesis focusses on the students’ moment-by-moment usage of the se-
miotic and disciplinary resources available to them as they engage with each
other, the facilitators, and with the probeware device. In order to capture the
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talk and actions of the students and the facilitators, both video and audio re-
cordings were made of the laboratory sessions.

For the analysis, attention is paid to the coordination of the resources made
available to students and the resources they actually use, including bodily ges-
tures, speech, gaze, and introduction of their own resources, for example,
drawing their own diagrams.

In his PhD thesis, Fredlund (2015) generated multimodal transcripts from
video and audio data of students working in typical undergraduate physics
laboratory settings. He employed a social semiotic lens to analyse the range
of resources utilised by the students and was able to identify thematic patterns.
Fredlund was able to identify the key disciplinary relevant aspects which the
students had to access in order to ensure that effective meaning-making would
take place in tasks involving multiple representations and showed the critical
role of a persistent representation around which other non-persistent resources
could be coordinated—a coordinating hub. Although not discussed in Chapter
3, the notion of coordinating hubs is a key theoretical construct used in this
thesis and will be discussed in more detail in Chapter 6, in particular Section
6.1, and again in Section 6.4.
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5. Methods

This chapter presents the case studies and the methods that were employed to
collect and analyse the data. The three student cohorts and their contexts, fol-
lowed by the two learning tasks are first described. Thereafter, the laboratory
setups and the methods used to collect the video data of the students’ engage-
ment with the tasks and the semiotic resources made available to them are
presented. Finally, the method of data analysis (multimodal transcription) that
produced the research findings, as well as the implementation of ethics guide-
lines, are described.

5.1. Case studies

5.1.1. Case Study (A) — (Papers I, 11, III)

Case Study (A) involved 22 students at a Swedish upper secondary school
(gymnasiet). The rationale for selecting this group of students, who were in
the final weeks of their penultimate year of schooling, is explained in Section
5.1.2. All the students who agreed to participate were between 17-19 years of
age at the time of the data collection and, although their classes were taught
in Swedish, were comfortable using English for their discussions.

The study itself involved students working in pairs on an ‘open-ended’2
task in a student laboratory setting that involved using the iOLab probeware
tool (for more details on the iOLab, see Section 5.2). The laboratory tasks
were designed with two purposes in mind. Firstly, to provide students with
experiences that would enrich their learning of basic, yet difficult to grasp,
disciplinary aspects of physics concepts—this included a key disciplinary af-
fordance of an abstract mathematical tool (coordinate systems); and secondly,
to meet my research goals of providing multimodal data about how students
interactively learn new things in laboratory settings. For a discussion on the
challenges that students experience with learning about coordinate systems,
see Section 6.2.1.

28 T use the term open-ended loosely here to signify that the task did not have a preset procedure,
was exploratory in nature from the students’ perspective (the facilitators did have a good idea
of the optimal path to solution), and the facilitators took their cues from the students in the
Socratic dialogues which occurred.

81



To this end, students used the iOLab probeware tool to determine the di-
rection of the Earth’s magnetic field, an invisible phenomenon, whilst work-
ing with a mathematical tool, a 3D Cartesian coordinate system, that the stu-
dents, up until then, had largely experienced in abstract and esoteric terms.

With the cooperation of the students’ physics teacher, the activity was
scheduled to coincide with the timing of the topic in the curriculum—the stu-
dents had just been introduced to a 2D Cartesian coordinate systems a week
before the planned activity. Data were collected on two separate laboratory
sessions, each of approximately 80 minutes’ duration, and involved six and
five pairs of students respectively. The engagement of one pair of students
was then purposefully selected (Suri, 2011) for further analysis.

5.1.2. Case Study (B) — (Paper 1V)

Case Study (B) was undertaken at a South African university and involved
students who were registered for a two-year (extended curriculum) introduc-
tory physics course. The 14 students who participated in the study were be-
tween 17-19 years of age at the time of data collection. They too were com-
fortable using English in their discussions®.

Seeing as Case Study (A) was originally intended to be a pilot study to Case
Study (B), the gymnasiet students were deemed to be equivalent to their coun-
terparts in South Africa in terms of age and prior physics knowledge. Apart
from a number of understandable differences, such as the personal back-
grounds and languages of the students’ in the two countries and the use of
local teachers/lecturers to facilitate the laboratory activities, the setting of
Case Study (B) was identical in all respects to that of Case Study (A). The fact
that the Earth’s magnetic field points out of the ground in South Africa, as
opposed to info the ground in Sweden, was seen as an interesting added di-
mension to the study.

Selection of, and access to, the 14 students was arranged with their physics
lecturer. Due to physical constraints, only three pairs of students could partic-
ipate in each laboratory session; resulting in two groups with three student
pairs, and one single pair in the third session.

5.1.3. Case Study (C) — (Paper V)

Six, first-year trainee physics teachers at a Swedish university participated in
this study. These students were enrolled in a first year introductory course for
pre-service physics teachers which is designed to expose them to a selection
of topics (both in physics and education) deemed relevant for teaching physics

2 Although English was the medium of instruction at the South African university the case
study was conducted, this mixed language group of students had home languages ranging from
English to Afrikaans and other indigenous South African languages.
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at upper-secondary level in Sweden. As in Case Study (A), the participating
students communicated in English.

Working in pairs, the students engaged in an activity designed for them to
practice and develop representational competence in 1-D kinematics (see Sec-
tion 6.4), in particular motion graphs (position-time, velocity-time, and accel-
eration-time). They did so using the same probeware tool, the iOLab, that was
used in Case Studies (A) and (B).

Whereas the number of students involved in the study was quite small, ex-
perience gained in the application of the social semiotic lens in Case Studies
(A) and (B) had shown that sufficient data could be obtained from the analysis
in terms of what is characterised as “learning sequences”. The aim was to col-
lect in-depth descriptions of the students’ interactions with each other and
their use of the available semiotic resource systems for later analysis. See Pa-
per V and Section 6.4.4).

5.2. The 10Lab and the learning tasks

The case studies for this thesis were designed around the use of a probeware
tool, the iOLab, in authentic laboratory tasks, which typical introductory phys-
ics students may encounter in their courses. Ultimately, the open-ended labor-
atory tasks were designed around the interests of tertiary physics educators
wanting to provide their students with better learning experiences in the labor-
atory, i.e. create better possibilities for them to grasp physics concepts, as well
as that of the research goals of providing data about how students make mean-
ings in laboratory settings using laboratory tools. Section 6.1.2 presents the
semiotic analysis I made of the functions of the iOLab revealing its usefulness
for both doing physics and teaching physics.

The learning goals for the tasks were driven by dual interests—educational
and research—in enriching student learning of basic, yet difficult-to-grasp,
disciplinary aspects of physics concepts. Chapter 6 provides a synthesised dis-
cussion around these aspects and the findings of the three case studies, pro-
duced by applying the conceptual framework discussed in Chapter 3.

The iOLab— “an interactive Online Laboratory system”—is a laboratory
system designed to be used in physics teaching and learning (see Figure 5.1).
Using its array of on-board sensors (3D magnetometer, 3D gyroscope, 3D ac-
celerometer, optical wheel sensor, force probe, microphone, light intensity
sensor, atmospheric pressure sensor, temperature sensor, connections to do
electric circuit experiments) a host of physical phenomena can be investi-
gated—see (Ansell, 2020; Selen, 2013)* for a representative set of examples

30 The webpage www.iolab.science includes links to the resources produced by the PER team
at the University of Illinois at Urbana-Champaign.
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of possible activities and experiments. This educational tool has recently at-
tracted the attention of developers of physics courses, most notably in active
learning laboratory courses (Bodegom, Jensen, & Sokoloff, 2019; Holmes &
Wieman, 2018; Nair & Sawtelle, 2018; Sokoloff, Bodegom, & Jensen, 2018).
Since the device has generic pedagogical and disciplinary affordances, these
need to be leveraged for teaching through the creation of a concrete learning
task.

Figure 5.1. The iOLab system. The device enclosure (sensor-box) connects wire-
lessly via a transmitter-receiver (USB dongle) to a computer. Its mass is ~200 g with
dimensions 13x7.5%3.0 cm. The required sensor is selected from a drop-down menu
to the left of the interface screen. Real-time data is then displayed in graphs to the
left. (Paper 11, p. 7)

5.2.1. Case Studies (A) and (B): the 10Lab and the 3D
magnetometer sensor

The iOLab’s 3D-magnetometer sensor measures the strength of the magnetic
field in three mutually perpendicular directions which are independently plot-
ted on a graph in real-time. Note also the printed set of axes on the iOLab
device enclosure (Figures 5.1 and 5.2); henceforth simply referred to as the
sensor-box. This turned out to be one of the more important features of the
iOLab system, for our task and intended learning goals. It allows students to
connect the displayed graphs (each component in its own colour) to physical
directions in space via visual cues. Furthermore, the sensor-box, with its small
dimensions and weight (see the caption of Figure 5.1), can be hand-held and
easily manipulated. Students can use their proprioception (the sense of how
their body is positioned in space) to ‘feel’ the orientation of the sensor-box as
they move it, while they pay attention to changes on the computer screen. In
this way, they can attend to the graphs on the screen and the spatial orientation
of the sensor-box simultaneously, using separate modes of perception.

84



Figure 5.2. The iOLab sensor-box. This photograph shows the top and bottom faces
of the sensor-box. The USB stick serves as the wireless transmitter-receiver connect-
ing the computer and the sensor-box.

The task for Case Studies (A) and (B) was designed around students investi-
gating a phenomenon that they cannot directly sense; the Earth’s magnetic
field. This was intentional; since most physics phenomena under study today
are not accessible through the sensory modes, students have to learn how the
disciplinary community have decided to represent the important features of
the phenomena the discipline dictates. Chapter 6 includes a theoretical discus-
sion developed during the course of this thesis about the role and functions of
physics devices from a social semiotic perspective—Sections 6.1.1-6.1.3.

The iOLab system then, through providing a real-time display of the three
Cartesian components of the magnetic field on a computer monitor, provides
ameans by which students can ‘experience’ the magnetic field. The set of axes
printed on the top and bottom faces of the sensor box show the orientation of
the instrument relative to the reference axes used by the readout system.

In summary, this task revolved around, (i) an interest in developing stu-
dents’ conceptual understanding of an invisible phenomena, the Earth’s mag-
netic field, (ii) exposing students in a more direct way to the use of an abstract
mathematical tool (3D Cartesian coordinate system), and (iii) linking stu-
dents’ real-world experiences (manipulation of a sensor-box), facilitated by
the iOLab and other semiotic resources, to the chosen relevant aspects of phys-
ics-specific concepts (see Sections 6.1 — 6.3).
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The classroom-laboratory setup for Case Studies (A) and (B)

In Case Study (A), in preparation for the task, the school teacher ensured that
before the lesson the iOLab software was downloaded and installed on the
students’ laptop computers.

The classroom setup in Case Study (A) is depicted in Figure 5.3. The line
sketch is taken from an actual video snapshot. The video camera was posi-
tioned in such a way that the computer screen, both students, and the majority
of their manipulations and movements could be recorded. A desktop micro-
phone was used to record the students’ verbal interactions. This arrangement
was used to record each pair of students in Case Studies (A) and (B), a total
of three cameras were thus deployed in each session.

Figure 5.3. A student pair from case study A working with the iOLab system. No-
tice in the background the original placement of the iOLab sensor-box on top of
large plastic boxes to isolate the magnetometer sensors from any electric and ferro-
magnetic sources in the room. (Paper I11, p.21)

Three members of UUPER participated as facilitators in the activities for Case
Study (A) (see Section 4.2 for a discussion on the methodological reasons for
taking this approach to collecting qualitative data). During the course of their
involvement, the researchers performed the role of ‘laboratory assistant’ or
“facilitator’, with the students’ physics teacher also being a facilitator. Prior to
the commencement of the laboratory activities, a meeting was held between
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the researchers and the teacher to ensure a coherent approach to the interpre-
tation of the task goals.

In Case Study (B), where there were never more than six students partici-
pating in each session, only one trained facilitator (the author of this thesis)
was used. A computer laboratory assistant, working in the department where
the data collection took place, provided laptops for the sessions and software
support. In addition, a student unknown to the cohort was employed for addi-
tional assistance (camera setup, data downloading, etc.).

In both case studies the students were introduced to the task by one of the
members of the research team, speaking in English.

The richness of the data which emerged in Case Study (A), in terms of
student engagement with the iOLab and the other resources, and the subse-
quent analysis that followed, caused a rethink of the overall design of the
study. This resulted in Case Study (B) being re-purposed to follow-on from
Case Study (A). In other words, Case Study (A), having started in its role as a
pilot study, now became the baseline study for the entire thesis. The data col-
lected and analysed for Case Study (B) was therefore treated as additional in-
formation to answer some of the same research questions under investigation
in Case Study (A). In a sense then, Case Study (A) could be seen as the first
stage of a three-part case study design where direct comparisons or contrasts
are sought after (see Section 4.2.1).

The task instructions

The students were asked to use the iOLab to find the direction of the Earth’s
magnetic field and mark its direction using a cut-out paper arrow. Each student
pair was also provided with a brief instruction sheet in Swedish (half an A4
page, see Appendix D for the English translation). No other information was
provided. Students worked in pairs, with their interaction recorded by a fixed
video camera and desktop microphone (see Figure 5.3 for a line sketch of a
snapshot of an actual classroom scene).

5.2.2. Case Study (C): the 10Lab and the wheel sensor

The first two case studies confirmed that the iOLab device, with its range of
pedagogical and disciplinary affordances, had the potential to be a particularly
useful tool for exploring student meaning-making in laboratory work. In Case
Study (C), the focus shifted to 1D-kinematics—a well-documented problem
area for students (see Sections 6.3.4, ‘Graphs in 1-D kinematics — a social
semiotic analysis’, and the section dealing with 1D-kinematics graphs in Paper
V, p. 92). With the three wheels built into the top face of the sensor-box, the
sensor-box can also be used as a kinematics cart. The central wheel is moni-
tored by a sensor that tracks the rotation of the wheel. When turned face down,
and rolled on a flat surface the box moves in or opposite to the y-direction
printed on its face (see Figure 5.2). Graphs of motion (position-time, velocity-
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time, and acceleration-time) can then be plotted in real-time on the computer
screen. This allows students to connect their visual observations of the motion
of the sensor-box to a graphical depiction of this motion.

The classroom-laboratory setup for Case Study (C)

As in the other two case studies, video-recordings were made of the students’
interactions with the iOLab device, with each other, and with the facilitators.
Given the nature of the task, which involved students moving around the room
as the iOLab sensor-box was rolled across the floor or table tops, the fixed
video camera and microphone recordings employed in the first two case stud-
ies were supplemented with recordings made using two GoPro™ cameras.

For Case Study (C), the facilitators engaged with the students as they
worked their way through the three sub-tasks; they were asked to describe and
explain what they had just done.

The task instructions

As in Case Studies (A) and (B), the students were not provided with
detailed procedural instructions. However, due to the greater complex-
ity of the three sub-tasks (designed to develop representational compe-
tence in working with motion graphs in 1D-kinematics), the detail was
presented verbally and summarised on a whiteboard. See Sections 6.4.3
and 6.4.4, where a discussion sets out the sub-tasks designed for stu-
dents to practice the targeted representational competence.

5.3. Method of multimodal transcription

5.3.1. Selection of video sections

How the selection of video sequences for multimodal transcription was made
was essentially the same for all three case studies. Thus, a detailed description
for Case Study (A) is presented here, before linking this approach to Cases
(B) and (C).

The first step in the data analysis involved several members of the UUPER
team collectively reviewing potentially interesting aspects of the video record-
ings of the eleven student pairs. Some of these had been noted down during
the activities and, prior to this initial data analysis session, the author of this
thesis had reviewed the full video material and noted down the time-stamp of
potentially interesting excerpts. The intention of this group viewing was to
identify those sequences which best illustrate the rich diversity of multimodal
interactions with the iOLab device. Note that given the research setting for
case Study A (a Swedish gymnasiet student-laboratory), only discussions
which took place in English were analysed. A Swedish speaking member of
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the research team reviewed the material and confirmed that any exchanges in
Swedish generally mirrored those in English. Given the experience of the re-
search team with the types of interactive engagement activities used in this
research, after several rounds of member-checking, an agreed understanding
of what took place in the selected learning sequences soon emerged. This in
turn informed, in an iterative way, the development and refinement of the tran-
scripts.

In Case Study (A), one pair of students was chosen for further analysis and
a full multimodal transcription was made of an extended learning sequence
lasting approximately 40 minutes (Appendix A). This was due to the rich in-
teractions that occurred in this pair and the fact that these interactions were
deemed to be typical of the types of interactions that occurred in the other
pairs. For Case Studies (B) and (C) a full multimodal transcription of selected
episodes of the interactions of different student pairs was made—an excerpt
of such an episode is given in Appendix B.

5.3.2. Transcribing the data

The procedural aspects of my multimodal transcription were informed by the
many chapter contributions in the multimodal handbook edited by Jewitt
(2017). For the full methodological detail, see Chapter 4. My transcriptions of
the selected video sequences provided details of how multiple semiotic re-
source systems were used and interpreted by students in their quest to com-
plete the laboratory task that they were given. The transcripts also offered a
means to capture the moment-to-moment engagements of the students with
each other, the iOLab device, and with the facilitators.

By staying true to the flexible qualitative research design of the case stud-
ies, the data in the end dictated the style of presentation of the multimodal
transcripts—here examples from Bezemer & Mavers (2011) were instrumen-
tal in directing the final choice of transcription style.

In order to analyse the function of the modalities of student interaction, my
multimodal approach followed approaches described by Baldry & Thibault
(2006), and Bezemer & Mavers (2011). This was because one of my central
objectives was to capture both the spatial and temporal aspects of the students’
multimodal actions as they worked together on the assigned task, and these
particular texts provided examples of how this type of transcription may be
done. In all three case studies, attention was given to the students’ semiotic
inter-changes during their manipulation of the sensor-box and their engage-
ment with the resulting graphical depictions of motion (which were displayed
on their computer screens). For the data from both Case Studies (A) and (B),
particular attention was paid to the students’ coordination of the sensor-box’s
orientation, the three-component graphical readout, and the students’ and fa-
cilitators’ use of speech, gesture and gaze. For Case Study (C), the ways in
which the students co-ordinated their observations of the motion of the iOLab
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sensor-box to the generated graphs and the concepts of motion, was the most
valuable data. The students’ attention to the printed-on set of axes in all of
what I have characterised as “learning sequences” was identified as important;
consequently, the students’ gaze was an important feature to record in the tran-
scription. The roles each of the semiotic resources played in the meaning mak-
ing of the students are unpacked in more detail in the next chapter.

The first full multimodal transcription, for Case Study (A), can be found in
Appendix A and further discussion can be found in Papers I, 11, and III.

5.4. Implementation of ethics guidelines

The procedures necessary for obtaining ethical clearance differed across the
three educational institutions involved in the study.

In Case Study (A), access was granted by the lead physics teacher at the
school, who arranged a meeting with my research team before, and also par-
ticipated, in the activity. The offer for teachers to participate in the data col-
lection process was seen as an important factor in ensuring buy-in by the sub-
ject teachers whose students would be participating in the study. For Case
Study (B), clearance and approval was granted by the university’s Human and
Social Sciences Research Ethics Committee. For Case Study (C), the univer-
sity’s prescribed research ethics process was followed, which complies with
the European Union’s General Data Protection Regulation (GDPR), and the
Swedish Research Council (2017) guidelines for research involving human
subjects.

In all three case studies, consent forms were given to students who had
agreed to participate in the study. These forms were signed and returned on
the day of the laboratory session. At the start of each session, the students’
rights were carefully explained: in particular, that they had the right to with-
draw at any time without stating a reason; that no personally identifiable data
would be used in any publication or presentation; that all information gathered
would be in strict confidence, and that the results of the exercises would in no
way form part of any course assessment. Further, since students were to be
video-taped, the consent forms also gave students the right to anonymity—
they were free to request that no footage showing their faces be used in presen-
tations and publications. Examples of the forms used for the three case studies
can be found in Appendix E.
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6. Findings

This chapter presents my results. In so doing, it covers two aspects. First, it
presents some of the results from my published papers. Second, it presents the
results of my thesis research questions. The trajectory of this Chapter takes
the reader through a story-line that provides answers to my overall thesis re-
search question (What might transduction—a theoretical construct common
in the field of multimodal social semiotics—contribute to social semiotics re-
search work in PER?). At the same time my aim is to also bring out the de-
velopment of theoretical constructs based on the conceptual framework laid
out in Chapter 3. The story-line is also intended to bring to light the analysis
of the selected student engagements. This is needed as part of the unpacking
of the basis for the empirical findings of this thesis that runs across Chapters
1-6. As my conceptual framework evolved, following each of the case studies,
it simultaneously informed in a dynamic way the design of the subsequent
case studies. In other words, this chapter is not intended to provide a chrono-
logical trajectory path of my research work, but rather a path that clearly
shows how my theoretical thinking and the resultant analysis became more
sophisticated (see the summary of contributions to PER given in Chapter 7).

The first section (6.1) brings to the fore the role of transduction in physics,
both in the meaning-making practices of the discipline, and in the teaching
and learning of physics. Section 6.2 goes on to illustrate the ongoing theoret-
ical development that I was engaged in vis-a-vis how I used this discussion
analytically. Here I describe how the students that participated in Case Study
(A), learnt in a conceptual way about a phenomenon that is not visible to the
naked eye—the Earth’s magnetic field—using a probeware tool, the iOLab,
whilst at the same time also showing semiotically how they were coming to
appreciate a key disciplinary affordance of an abstract mathematical tool: the
movability of a Cartesian coordinate system.

Section (6.3) presents results from Case Study (B), in which South African
first-year students were given the same task designed for Case Study (A). The
discussion focuses on one possible hindrance to students coming to deeper
understandings of physics concepts, which is the over-valuing of the use of
mathematical resources in physics learning. The final Section (6.4) presents
my synthesis of the theoretical development that followed my work, particu-
larly the inclusion of transduction, which went on to play a central role in my
proposed new definition of representational competence. By way of illustra-
tion, this section shows how a pair of students practised and moved towards
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representational competence in one semiotic resource system, graphs, in 1-D
kinematics.

Having taken the reader through the story-line of this chapter, and in so
doing illustrated that the formulation of the results for my thesis research ques-
tions would necessarily draw from across all of the papers that form an integral
part of this thesis, I end the chapter by listing the research questions again
together with a succinct answer for each of them. Associated with all of my
work are contributions that [ have made to the field of PER. These are listed
separately in Chapter 7.

Before I continue I need to make the following statement regarding re-use
of parts of the descriptions given in my five papers. This is to avoid any mis-
understanding arising out of the re-use of already published text vis-a-vis so-
called self-plagiarism. Since much of what is presented in this chapter has
already appeared in papers that constitute the core of my thesis work, I re-use
verbatim, portions of writing and illustration that appear in these papers. I do
this with the permission of my co-authors. Figures and tables used in publica-
tions are referenced in the figure and table captions. Sections that verbatim
include significant portions of published work are referenced using footnotes
to these section headings. This is not done in terms of page numbers, but in
terms of the particular paper (Paper I, Paper II, and so on).

6.1. Transduction in physics and physics education?!

The role of transduction in physics and physics education is discussed at
length in Paper 111, pp. 16-20. Part of that discussion is repeated here for two
reasons: first to show the reader that it represents my answer to my first re-
search question, and second, to make it clear that the resultant description was
not only a result of my reflection on the question, but that the description that
follows was constituted from discussions that I had together with three phys-
icists who were or had been actively involved in the research, and refined from
discussions that followed my presentation of it to my UUPER colleagues.

I begin with a social semiotic exploration of the function of physics devices
and the role transduction plays in their operation by drawing on the data and
multimodal analysis from Case Study (A). Before proceeding I need to remind
the reader that I am using Bezemer & Kress (2008) to characterize transduc-
tion in terms of the movement of semiotic material from one semiotic resource
system to another. This is because | wish to highlight that moving from one
semiotic system to another is not about learning to translate between the con-
tents of the two systems. Rather, when semiotic material is moved from one
semiotic system to another, a number of changes in visible signification occur.

31 Paper 111
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Here, most importantly for the work I present in this thesis, the meaning po-
tential of the transducted material is changed. And in this change both loss and
gain occurs. For an everyday example, consider the simple sentence “The
man moved out of the way”. From the written content of this sentence, it is
not possible to know which way the man moved, nor how large that movement
was. Transduction into a diagram necessitates making these aspects visible by
adding information (it is not possible to retain the ambiguity about how the
man moved). However, at the same time it is probably no longer possible to
see that the person who moved was a man (in drawing the diagram we most
likely assumed that the person’s gender was unimportant for the movement).

6.1.1. The role of physics devices from the viewpoint of social
semiotics

The initial analysis of the student engagements from Case Study (A) demon-
strated the fruitfulness of using a social semiotic multimodal perspective for
analytically exploring the trajectory of interactive learning in a laboratory set-
ting. Case Study (A) also highlighted how useful the iOLab device was in
terms of the disciplinary and pedagogical affordances it could be used to
evoke. In particular, the automatic, in-the-background, shifting of meanings,
which the device system can perform enables users to see phenomena that
would otherwise be imperceptible to them.

The ultimate goal of the discipline of physics is to model the behaviour of
the universe and its contents in ways that make accurate predictions possible.
Part of this process involves making sense of data. This can be seen as making
interpretations of semiotic material, that is, treating the data from a phenome-
non as being signs that originate from that phenomenon. The making of signs
is central to any social semiotic perspective on meaning-making (see for
example, Kress & Van Leeuwen, 2006). This starting point was critical in an-
alysing the role of devices in physics communicative practices. The outcome
of this analysis is a completely new way of viewing the role of devices in
physics, and as such is a major theoretical contribution of this thesis. Further,
this new perspective was leveraged to unpack, through the lens of the concep-
tual framework, the role that physics probeware tools may play in the teaching
and learning of physics, another new contribution made by this thesis.

Historically, physicists were limited to direct observation—that is, they
could only work with the input from the environment that was directly avail-
able to their senses. Today however, most experimental physics is carried out
by means of mediated observation, that is, by using apparatus of some sort.
Physicists have at their disposal a vast array of devices specifically developed
to help them interpret environmental input. At the most basic level these phys-
ics devices can fulfil three functions—they can intensify, filter and transduct
the meaning potential in the environment.
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Intensify

The first function a physics device can perform is to intensify a signal in order
to make it available to our senses. An optical telescope is an example of a tool
that intensifies a signal; for example, enabling physicists to see the rings of
Saturn that are not visible to the naked eye.

Filter

The second function a physics device can perform is to select the input of
interest. This process can be used to separate out certain input from other un-
wanted information. One everyday example is the way that polaroid sun-
glasses allow us to see the bottom of a swimming pool by suppressing the light
reflected from the surface of the pool.

Transduct

The third function a physics device can perform is to transduct. Devices that
transduct have been designed to receive environmental input in a form not
available to our senses and change it to one which is. One well-known exam-
ple of this function is the Geiger counter for detecting radioactivity—it trans-
ducts information about invisible radiation to an audible click—the more fre-
quent the clicks, the higher the level of radiation.

The majority of physics devices actually perform a combination of these three
functions, often in sequences or chains.

Interpreting the environment

In order to better understand the transduction carried out by a physics device
it is useful to consider how humans make meaning from their environment
without a device and then in turn communicate that meaning to others. In Fig-
ure 6.1, an individual sees marks on the ground. This individual already has a
clear idea about what a deer is, the way it looks, its habits, etc. So, when this
person sees the marks, these are interpreted as deer tracks—signs that a deer
is present. From a semiotic viewpoint, these tracks are interesting because alt-
hough they are quite clearly a sign of a deer, there is no intentionality in this
sign making—the deer was not attempting to communicate anything through
its tracks. Meaning is created solely by the interpreter.
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Figure 6.1. An individual making meaning from environmental input. (Paper III, p.
17)

Clearly this is always the case with signs—strictly speaking, meaning does
not inhabit the sign itself, but rather is always assigned ‘on the fly’ in the pro-
cess of interpretation.

In social semiotics we have become accustomed to dealing with communi-
cation between individuals. Here, it is quite usual to talk about the interests of
the sign maker and this is clearly particularly pertinent in educational settings.
In a given social setting, an individual makes a sign by first deciding which
aspects of an ‘object’ are relevant to communicate. The individual then
chooses between a range of available resources within the social setting, se-
lecting a resource deemed apt to represent some of the pertinent aspects of the
object. Note that this selection process is often tacit; however, analysis of the
resources used still has the potential to reveal the interests of the sign maker,
even though the sign makers themselves may be unaware of the choices that
they have made (see for example, Kress & Van Leeuwen, 2006). The reader
is here referred to Section 3.4.5 in which the selection of appropriate semiotic
resources, which makes available disciplinary relevant aspects as learning
goals for a particular task, is discussed.

Figure 6.2 depicts a system of meaning-making between two individuals
employing a single sign—the word ‘deer’. As in Figure 6.1, the environmental
input is interpreted by the first individual, but now it is transducted to the word
‘deer’. This spoken word is then interpreted by the second individual who has
not seen the original tracks in the environment. Notice that there is always
ambiguity and incompleteness in both the transduction and in the interpreta-
tion of the transducted sign. For example, it can be imagined that the original
environmental input may well have been interpreted by the first individual as
a sign of a range of aspects, such as the kind of deer, size, direction of move-
ment, time since the tracks were made, etc. This meaning is not transducted
into the word ‘deer’. Similarly, the simple word ‘deer’ itself is ambiguous and
can be interpreted in a number of ways. This has been denoted in Figure 6.2
by the different kinds of deer envisaged by the two individuals.
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Figure 6.2. Transduction of visual environmental input to a spoken word, which is
then interpreted by a second individual. (Paper II1, p. 18)

Transduction to one sign alone can never mediate a full understanding of the
original environmental input. Rather, a multimodal ensemble of signs is usu-
ally needed that leverages the generic affordances of different semiotic sys-
tems in order to approximate to the original environmental input. Meaning-
making is more likely to be successful (and require fewer signs) if the sign
maker and the interpreter have shared experiences and are from the same so-
cial group. In such cases there will probably be a shared understanding of the
particular interests of the group and the provenance of the signs produced, i.e.
what they have been used to represent in the past (Mavers & Oliver, n.d., cf.
Airey, 2014). In this respect, the interests of the sign maker are not totally
unknown, the provenance of the signs and the interests of the social group
mean that sign making and interpretation is a far from arbitrary process. How-
ever, the sign maker can never be truly certain that the intended meaning has
been accurately interpreted, nor can the interpreter be fully confident that the
understood meaning was indeed that intended by the sign maker (cf. the notion
of language games in Wittgenstein, Anscombe, & Wittgenstein, 1963). This
is because the meaning of a sign is not fixed, but rather can be thought of as a
flexible resource for meaning-making—meaning subtly shifts each time a sign
is (re)produced (Van Leeuwen, 2005). With this analysis, it is easy to under-
stand why novices in a discipline such as physics, where much of the implied
meaning potentials of semiotic resources are tacit, may have difficulties in
accessing the embedded ideas embodied by the discipline-specific signs cho-
sen by experts to communicate disciplinary knowledge. The suggestion here
is that the more frequently novices are immersed in authentic communicative
practices with each other under the guidance of experts, the quicker they will
become fluent in the ways in which the discipline has come to use its semiotic
resource systems.
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Within the conceptual framework used in this thesis, and the social semiotic
framework developed and proposed (see Section 3.4), it must be pointed out
that in physics (and science in general) we have an interesting, specialised
form of the meaning-making system described in Figures 6.1 and 6.2. In phys-
ics, devices have been purposely designed to generate specific signs from en-
vironmental input. Here a decision has already been made about which aspect
or aspects of a phenomenon are of interest. Thereafter, a device has been pur-
posefully created in order to detect these aspects and intensify, filter and/or
transduct them. In Figure 6.3, for example, environmental input that is not
available to the human senses (in this case an X-ray source from space) is first
transducted by an orbiting telescope to a graphical readout. This graphical
readout is then interpreted in terms of two stars rotating around each other in
a binary system. The physics community has not only decided which aspect
or aspects of the phenomenon are important, it has also decided how the signs
created by the device should be interpreted (cf. the discussion of the prove-
nance of signs in the previous paragraph). This means that compared with
meaning-making between two individuals, the possibilities for meaning-mak-
ing with devices within the discipline of physics are extremely constrained.
However, it is this very restriction of possible meanings which allows physi-
cists to make such powerful knowledge claims (see Ainsworth, 2006 for a
discussion of the constraining and complementary roles of resources?). For
example, in Figure 6.3 the input from the environment has a myriad of possi-
ble meanings; however, the sign that is produced by the device is narrowly
defined and carries a specific meaning for the discipline that is relatively un-
ambiguous. Notice that it is the device that creates the sign from environmen-
tal input, and therefore, semiotically, the design of the device itself tells us in
a much less ambiguous way about the interests of the device maker, that is,
the interests of the physics community.

32 1t should be acknowledged here that Ainsworth (2006) refers to cognitive resources in her
description of their constraining and complementary roles. However, the analysis shows that
transduction, in the way it is used for the thesis, possesses these same functions in the meaning-
making that occurs between individuals when signs have to be selected to communicate ideas.
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Figure 6.3. Transduction with a device in physics. (Paper III, p. 18)

Of course not all physics devices have been designed for the express purpose
of producing a sign by intensifying, filtering and/or transducting a pre-existing
signal from the environment. Clearly, many physics devices also produce sig-
nals that are sent out into the environment to generate a response. Nonetheless,
the response signals received will still be intensified, filtered and/or trans-
ducted by a device and the signs so produced will still be interpreted following
the praxis developed by the physics community.

So, transduction of environmental input represents one of the three main
ways in which meaning is made using a device in physics. Clearly, however,
for this kind of meaning-making to be successful in the teaching and learning
of physics, students will need to come to understand two things: the interests
of the physics community with respect to the phenomenon at hand, and the
particular ways in which the community has decided that the signs generated
by the device should be interpreted i.e. the disciplinary affordance of the de-
vice—see the discussion in Section 3.4.4, Airey (2015), and Airey & Linder
(2017).

Of course, standard physics-specific representational systems such as
graphs—as in the example in Figure 6.3—, are often the chosen output of de-
vices. Students need to learn how these transducted signs (as disciplinary se-
miotic resources) should be interpreted to meaningfully re-/construct, for
themselves, the physics concepts which the physics community has identified
to be of relevance for work in a specific area. This point is important for the
discussion in Section 6.4 about the development of students’ representational
competence in working with semiotic resources. Further employing this think-
ing, it is critically important for teaching and learning in physics, that the dis-
ciplinary affordances of devices are meaningfully connected with the discipli-
nary affordances of the other pertinent physics semiotic systems. If this is not
done, there is a distinct risk for students exhibiting discourse imitation (see
Sections 3.4.2 — 3.4.3).
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In Section 3.4.4 the disciplinary and pedagogical affordances of semiotic re-
source systems were discussed. In the following two subsections, 6.1.2 and
6.1.3, these two terms are leveraged to describe the role of transduction in the
teaching and learning of physics with regard to the incorporation of physics
devices and tools in disciplinary and learning activities. Case Studies (A) and
(B) involved students learning about the Earth’s magnetic field. The novel-
for-physics theoretical lens—transduction—was therefore trained on two de-
vices, a standard terrestrial compass and the iOLab (a probeware tool with a
3D magnetometer sensor), to establish how the usage of these devices could
be analysed in terms of understanding the phenomenon of magnetic field.

6.1.2. The compass—a transduction device for magnetic field

Although migratory birds can sense the direction of the Earth’s magnetic field
and use it for navigation, the same cannot be said of humans. As far as we
know, humans cannot sense magnetic field without some sort of transduction
device. Historically, the effects of magnetic fields on naturally occurring mag-
netite—or lodestones as they were called—had been known for thousands of
years. The first compass-like objects are thought to have been constructed as
a device for divination by Chinese geomancers in the second century BC, by
fashioning a spoon-like object from a lodestone (Needham, 1962). The ‘han-
dle of the spoon’ always mysteriously pointed south. The modern magnetic
compass is simply a development of this idea and is in essence a transduction
device for the magnetic field, however it is important that we remember the
interests of the device maker here. Clearly, modern compasses have been de-
signed for navigation across the surface of the Earth. This means that com-
passes do not actually show us the true direction of the Earth’s magnetic field,
rather they show us the direction of the component of the magnetic field along
the surface of the Earth, i.e. its terrestrial projection. The actual direction of
the magnetic field depends on where we are on the surface of the Earth. The
Earth’s magnetic field can be modelled in terms of a large imaginary bar mag-
net within the Earth approximately aligned from pole to pole* (Figure 6.4).

33 Actually, the magnetic dipole is offset relative to the Earth’s rotation axis by approximately
11 degrees, so that the geomagnetic equator (0° Main Field Inclination) over Africa in fact lies
north of the Equator. Factoring in the South Atlantic magnetic anomaly, it is interesting to note
that the inclination of the magnetic field over most of South Africa is similar in steepness, but
opposite in direction to that in Northern Europe.
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Figure 6.4. The Earth’s magnetic field modelled in terms of a large bar magnet
within the Earth. Notice the compass needles are aligned with the imaginary field
lines. (Paper 111, 2019, p. 20)

As can be seen from the imaginary field lines in Figure 6.4, at the geomagnetic
equator (about 11° North over Africa), the magnetic field does indeed point
along the surface of the Earth, but as we move north, the direction of the mag-
netic field points more and more steeply into the Earth. Similarly, as we move
south from the geomagnetic equator, the magnetic field points more and more
steeply out of the Earth. Because of this, compasses are often balanced with
small weights when they are manufactured so that they point along the surface
of the Earth. Compasses are therefore often designed to function at a particular
latitude. In terms of the foregoing discussion, compasses manufactured in this
way perform two of the functions of physics devices described earlier; they
transduct magnetic field to a compass needle that we can see and they also
filter out the vertical component of the magnetic field so that the needle points
along the surface of the Earth. In physics, however, we are usually interested
in the actual magnetic field in three dimensions. Thus, whilst the compass may
have high disciplinary affordance for geographers it actually has low discipli-
nary affordance for physicists, because it does not show the true direction of
the magnetic field.

100



6.1.3. The iOLab—a transduction device with high disciplinary
and pedagogical affordances

In light of the preceding discussion, a new probeware tool for physics teach-
ing, the iOLab, presented an interesting point of comparison. Applying the
conceptual framework used in this thesis, an analysis of the functions of the
iOLab revealed its particular usefulness for doing physics and teaching phys-
ics (i.e. it has high disciplinary and pedagogical affordances).

The iOLab and its potential usefulness in physics laboratory work were
suggested in Section 5.2. Physicists and students may use the device to inves-
tigate a wide range of physics phenomena—for example, built into its sensor-
box are an accelerometer, magnetometer, gyroscope, light intensity sensor, at-
mospheric pressure sensor, and temperature sensor.

With the magnetometer selected from the iOLab-computer interface screen
(see Figure 5.1), the strength of the magnetic field is measured in three dimen-
sions (Cartesian components). The iOLab system transducts this information
to a graphical display in real-time producing three colour-coded plots (see Fig-
ure 6.5).
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Figure 6.5. A screenshot of the transducted, three-component-plot of the magnetic
field on the computer screen as the iOLab is moved. (Paper I, 2018)

Returning to the discussion in 6.1.1, the physics device here, the iOLab, has
detected an invisible phenomenon present in the environment, the magnetic
field, and transducted this input to a sign which may be interacted with, the
three-component graph. Detecting the magnetic field, and producing precise
measurements of the magnetic field strength in three dimensions, is therefore
a generic disciplinary affordance of this tool. Using this information an expert
can quickly work out the total field strength as well as the direction of the total
field vector (using their basic mathematical knowledge of coordinate sys-
tems). For the teaching of physics, more specifically creating opportunities for
students to gain access to the disciplinary relevant aspects of physics concepts,
the iOLab then also offers generic pedagogical affordances. The iOLab sen-
sor-box may be manipulated by students, leveraging their proprioception, and
while doing so they can see the effects of this movement immediately on the
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screen (see Figure 6.5 where the sensor-box was rotated around the z-axis,
resulting in the y-component of the field becoming zero). This feature was
leveraged in the design of the learning task—students can by manipulating the
sensor-box determine the direction of the magnetic field in the environment,
and if they know how to interpret the graph (the sign), they can create an image
of what the field ‘looks like’.

In summary, the iOLab device has high generic pedagogical and discipli-
nary affordances; these need to be leveraged for physics teaching through the
creation of a concrete learning task. Using the terminology of the conceptual
framework, the iOLab is an example of a multi-purpose, disciplinary-focused,
transduction device where the interests of the device maker are pedagogical—
that is, the device has been made with the intention of teaching physics whilst
doing physics. In Figure 3.2, under Section 3.4.4, the iOLab may be placed
firmly in the purple area of the diagram, as one of the rare physics tools that
possess the potential for both high disciplinary and high pedagogical af-
fordances.

6.1.4. Selection and analysis of video data for full multimodal
transcription

The learning task, the student cohort, the classroom setup and other practical
measures taken for conducting Case Study (A), were discussed in Chapter 5.

Analysis started while the data collection was occurring. At that time, one
of the facilitators directed the attention of the research team to one particular
student pair where interesting meaning-making events and learning appeared
to be taking place. When the video material from all six pairs were reviewed,
the initial observations of the facilitator were confirmed—it was apparent that
not only did learning take place with this particular pair, the students also ar-
ticulated their learning at several stages. The interaction of this pair was there-
fore chosen for further investigation because it clearly illustrates the role that
transduction can play in the teaching and learning of physics. This particular
interaction consisted of approximately 80 minutes of video data, of which just
under 40 minutes was transcribed and analysed for this study. The complete
multimodal transcript of this engagement is provided in Appendix A.

Only transcript extracts which are of direct relevance to the findings of this
thesis, in the area of transduction in physics, are provided in the following
section. The accompanying diagrams are empirical illustrations of the conclu-
sions about the multimodal sequence that occurred during the task.

The transcript extracts are presented in a way which seeks to best present the
students’ usage of the multi-modal ensemble of resources, as well as recording
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and interpreting students’ and facilitators’ multimodal interactions (see Chap-
ter 5). Variation in text formatting (italics, bold), and different brackets (nor-
mal, square and curled) are used to distinguish different features of the en-
gagement. These stylistic features employed in all transcripts in this thesis are
listed in the following points:

i.  Time stamps provide an indication of the placement of the selected
excerpt within the entire sequence—the reader is encouraged to check
this against the full transcript in Appendix A.

ii.  Actual transcribed speech by participants is given in italics.

iii. The two students in this sequence are given the labels S1 and S2, and
the facilitators are given the codes F1, F2 and F3.

iv. Actions of participants are given within square brackets, transcriber
additions or comments about talk and actions are added in normal pa-
rentheses, and other synchronous and asynchronous multimodal ac-
tivity, e.g. the position of the iOLab device and axes orientation, are
recorded inside curly brackets. Actions and multimodal activity given
below speech lines indicate coordination with that speech.

v. Three dots before and after speech lines indicate pauses and/or simul-
taneity with preceding or subsequent speech.

6.1.5. Results and discussion: the iOLab, transduction and the
leveraging of pedagogical affordances

The introductory sequence lasted approximately 8 min 35 sec, in which one
of the facilitators (F1) introduced the task. This time was also used to calibrate
the iOLab system.

Given the open-ended nature of the task design, the students in all six pairs
were at first uncertain about what to make of the collection of resources in
front of them. The following transcript extract typifies this initial stage of the
learning sequence.

Extract 1 <Time [minutes:seconds]—> 09:30 — 10:18>

S2: We should be showing the direction of this...
[S2 grabs cut-out red arrow]

S1: [Idon’t know, how do we read that, how do we know that?
[ST looks at screen]

S2: (reading instruction sheet) “...and fo fix the arrow that represents the
direction”

[S2 chuckling and looking at screen]
{holds and dangles red arrow in front of screen}

S1: Ohh, I guess, I don’t know, mmm, what happens if we move it. Oh
S#!t, look at that ...
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[S1 grabs iOLab and rotates it while looking at screen, ...both look at
screen|

S2: chuckles (hah, hah, hah)
S1: Holy crap, holy crap ... Ummh, yeah, moving it changes it of course,
so I guess we could figure out by the amount...
S2: No, I guess...
[S2 takes hold of iOLab and rotates it]
S1: You see the blue line went up to the top
[S2 is still rotating iOLab]
[S1 points at graph on screen]
S2: Yeaah, ok.
S1: Yeah, I don’t really know what this tells us.

However, within a minute or less of engaging with the iOLab, the students
started making connections between the sets of resources. The reader is en-
couraged to refer back to Figure 5.7 in which the student tests various positions
and orientations of the iOLab box with reference to the graphical display on
the computer screen. In doing this he is leveraging his natural proprioception
(that is knowledge of the position of his own hand without the need to look at
it), and also exploiting one of the key pedagogical affordances of the iOLab
device—the real-time link between changes in the orientation of the device
and the immediate representation of the device’s measurements on the graph-
ical display (three coloured lines on the graph representing the components of
the magnetic field in three dimensions).

By designing the iOLab device to be hand-held and equipping it with sen-
sors that give access to physics phenomena, the physics community has af-
forded students the opportunity to directly engage with physics using their
own body. The iOLab’s aptness for teaching physics—that is, its pedagogical
affordance—is contained in the fact that the system facilitates seamless shifts
between disciplinary resources (in this case a graph of a three-dimensional
field) and everyday resources such as the senses (in this case proprioception).
However, the iOLab also has high disciplinary affordance—the device can be
used to actually do physics. Thus the transductive nature of the iOLab device
made it possible for students to start to “experience” the Earth’s magnetic
field—an otherwise invisible and unchanging field in the room—by simulta-
neously observing the changes in screen output as they “felt” the changes in
orientation of the iOLab in their hand.

As the learning sequence progressed, the student pair devised a strategy for
obtaining the direction of the magnetic field by first making one and then two
of the graphical readouts show zero on the screen. At this point “all” of the
magnetic field is shown by the third readout and thus the iOLab at this stage
must be in such an orientation that the third axis is aligned with the magnetic
field. In Figure 6.5 the x-component (the red plot) is made to contain all the
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field information (its direction indicated by the printed axis on the sensor-box)
by keeping the z-component zero and then rotating the sensor-box around the
z-axis until the y-component is also zero. The students quickly learned to
“feel” their way to this result by observing the real-time readout as they moved
their hand.

Facilitator’s use of transduction

Understanding the open-ended laboratory task involved a great deal of disci-
plinary knowledge that is not immediately accessible to the novice. Students
were learning about an invisible phenomenon (magnetic field), by using a
physics device they had never met before (i0Lab) to transduct meaning to a
resource (the graphical display on the screen) which involves an understand-
ing of the orientation of an invented, imaginary coordinate system (the three
axes at right angles to each other that are printed on the iOLab — see Figure
5.7). Despite the students having now devised an appropriate strategy to de-
termine the direction of the magnetic field, it was clear at this stage that they
had not been able to grasp all the disciplinary meanings and transductions that
had occurred in their coordination of the resources. The second extract which
follows illustrates this.

Extract 2 <Time—> 22:22 —// —24:20>

G: You want z- to be zero?
S1: Yah, I'm trying to get both of them zero at the same time.

[S1 now takes hold of device on top of box and looks at screen; G
peers over outstretched arm of S1 at screen. ]

S1: Isn’t that z-? [ don’t understand, that should be z-.
[S1 moves device towards him slightly and looks at screen]

{The +z-axis on the device is in a line away from B, the y-axis is still
pointing up, and the x-axis points to his left}

G:  That should be z?

S1: [It’s not moving.

// a short while later:

G: ... butif, if ... if we tilt it this way, then z- changes, see ...
[G swivels the device about the x-axis]

{x-axis pointing perpendicular to field which gives a zero reading for
the x-component on the graph}

S1: Yeah
G:  If1put it on the horizontal... way, see now it gets, x, no, y is zero.

{At end of G’s manipulation, the device is held so that the y-axis is
pointing almost perpendicular to the magnetic field, i.e. almost hori-
zontal}

S1: But how?
G:  But why is it, why is y- zero?
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[G looks around class (for assistance?), smiles, then looks directly at
camera]

{G is still holding device in position where y-value is zero}

S1: Idon’t know... by my logic it shouldn’t be working like that, or I don’t
know ...

G:  {laughs)...could we get help, ...see... he explains ...OK.
[G points to a facilitator across the room]

{G looks around class (for assistance?), smiles, then looks directly at
the camera, still holding the device in position so that y-value is zero.}

The students had simply implemented a trial-and-error approach in which they
manipulated the iOLab device until they had only one non-zero component on
the screen. Empirically, they had not yet coordinated all the resources to make
physics meanings—for example they had not referred to or used the printed
axes on the box in any direct sense-making way. The data shows that the fa-
cilitators also spontaneously leveraged their bodies and hands to illustrate the
transductions of meaning between these various systems of resources. (An ex-
ample of this can be seen further on in this chapter in Figure 6.9. There we can
see a facilitator using his outstretched arms to help students make the link
between a zero-component on the screen and the printed axes on the iOLab).

Transduction to a persistent semiotic resource

At this point one of the facilitators proceeded to ask the student pair a series
of exploratory questions in a Socratic dialogue. When asked to explain their
strategy, the students had difficulties at first:

Extract 3 <Time— 26:26-26:57>

Fl: OK ... good, now that you have the blue line; so what’s the blue line?
1t’s the y- right?
[F1 points at screen, then comes closer to screen]

S1: Yeah

G: Yes.

F1: So they one, No, actually, no... the red one is zero right now, I'm
SOrry.

[F1 corrects himself by pointing at screen]
S1: Yeah, ... or close to zero it is.

F1: ...close to zero, yes. So what does that mean for the field; in which di-
rection is it not (emphasis) pointing?

Sl: Umm...

F1: You've eliminated one, one family of directions ... which family would
that be?

[F1 uses hands in encircling motion (“family of directions”)]
G: MM-mm ... the horizontal...
F1: All the horizontal ...or just ...
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S1: Wouldn't it be this way?
[S1 moves hand back and forth in line of x-direction with index finger
pointing in +x-dir’n]

F1: Yes, exactly...

G: ...yeah, yeah, true.

The facilitator helped the students fix the cut-out arrow to show the direction
of the magnetic field that the students had found. After about thirty minutes
of working with the iOLab and the associated systems of resources, most of
the students in the laboratory had been able to determine the direction of the
Earth’s magnetic field and had fixed the provided cut-out red paper arrow to
a vertical surface to denote this direction. Most strategies were along the lines
described above. Figure 6.6 powerfully illustrates the general agreement and
alignment of the red arrows pasted individually by the groups of students.

Figure 6.6. The cut-out red arrow serves as a persistent placeholder for previously
transducted meanings. (Paper III, p. 24)

As a persistent semiotic resource, the red arrow now ‘became’ the magnetic
field for the student groups, that is, it served as a placeholder for all the mul-
timodal meaning-making that had gone on up until this point. The importance
of transduction of a range of temporal coordinations of semiotic resources to
a single, persistent placeholder cannot be over emphasised. Having found the
direction of the magnetic field, further meaning-making was facilitated by
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having a permanent visual representation of the earlier coordinations of re-
sources—the students did not need to continue to hold the iOLab device in the
orientation they had discovered, but could interrogate the arrow instead. This
tangible, visual resource had been deliberately chosen by the research team as
the visual site of display for disciplinary knowledge about what physicists
know about the Earth’s magnetic field at specific locations—the arrows pasted
by all the groups created a visual map of the imaginary magnetic field lines in
the room. In this way, students could observe that, even though each group
may have used different strategies and made choices for themselves (about
iOLab orientation and therefore that of the set of axes, etc.), the physics (i.e.
the direction of the Earth’s magnetic field in the laboratory) was not dependent
on these individual choices.

The cut-out arrow now became a persistent representation of the whole
chain of transductions which had occurred thus far in the sequence. Going
forward, the arrow now also functioned as a coordinating hub for further
meaning-making—see the discussion in 3.?, Fredlund, Airey, & Linder
(2012), and Fredlund (2015). Coordinating hubs are (usually persistent) rep-
resentations that appear to be central to a given critical constellation of semi-
otic resources—see the discussion in 3.?. Coordinating hubs function as a cen-
tral resource around which meaning-making with other persistent and non-
persistent semiotic resources can be arranged.

Now, with the arrow fixed by holding the iOLab box in a particular orien-
tation in relation to it, the facilitator could ask the students to reflect on the
box’s position and the relationship between the arrow, the axes printed on the
box and the graphical readout on the display. The following transcript extract
provides one instance demonstrating the coordinating function that the persis-
tent semiotic resource (the arrow) filled in the learning sequence:

Extract 4 <Time—> 31:59 — 32:20>
F1: So, if you want to align (emphasis) this vector to this vector, what
should you do?

[F1 points in order at axes labels (printed on iOLab) in direction of +z,
then at red arrow]

S2: Ah-hah! This way ... ah, OK,

[S2 grabs iOLab (smiles broadly) and holds device with {+z pointing
up at an angle directly opposite to dir’n of red arrow} ]

[S1 extends hand towards device (but S2 grabs it first), then with-
draws hand to mouth and watches screen]

Fl: Yahh...
[F1 looks at S1 (to check if S1 also gets it)]

S2: Yeah, ah-hah, [indistinct] it’s a negative [indistinct] because it’s
pointing this way and ...
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[S2 looks at screen to look at value for B.; explains negative screen
value for z- with hand and finger first gesturing along dir’n of red ar-
row (down at angle), then opposite]

S1: Yeah
[S1 nods head up and down]

F1: What if you flipped it around? It’s positive?
[F1 points at iOLab, and then makes a flipping gesture with right hand
and two fingers in V-shape]
[S2 flips device about y-axis so that +z now points in direction of red
arrow, looks at screen and smiles]

S1: Yeah, it’s positive 50.
[B’s right hand first over mouth (closed, loose fist); looks at screen
and confirms z-value, right hand now first strokes hair over right ear

lightly, then rests fingers against neck and chin, and starts pinching at
cheek gently, touches ear etc.]

F1: Makes sense?
[F1 looking at S1 intently]
S1: ..Yeah.
S2: Mm-mm ... That’s pretty cool. I mean that is cool.
S1: Yeah, ah yeah.

Transduction to new resources

Earlier in this section, the students’ initial incomplete appreciation of the
meanings underlying the information displayed by the ensemble of resources
they had coordinated was reported on. However, in the sequence after the fix-
ing of the cut-out arrow, the students started spontaneously using gestures that
they had not used until this point—the reader is here referred to Section 6.2
where these gestures are discussed in more detail. These new gestures were
made in direct relation to the arrow. The arrow now appeared to function as a
coordinating hub for bringing together the orientation of the iOLab and the
readout on the graphical display. Students made expressions of understanding
together with their new gestures—see Figure 6.7 and the 4™ extract. Their
demonstrated understanding was now tested by the facilitator who asked them
to try different orientations of the iOLab box, eliciting explanations for the
information displayed on the graph with reference to the axes and the arrow.
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Figure 6.7. Introduction of a new resource (gesture). The red arrow functions as a
coordinating hub (Volkwyn, Airey, Gregorcic, & Heijkenskjold, 2019, p. 25). No-
tice that the arrow (the determined direction of the Earth’s magnetic field in the
room) is aligned opposite to the z-axis as indicated by the axes printed on the iOLab
sensor-box, held by the student in place. Notice also the plots on the graph screen.
(Paper 111, p. 25)

Demonstrating an understanding of magnetic field

The students were set a task to locate the direction of the Earth’s magnetic
field, which without the transduction device would have been invisible to
them. However, it was clear that with the red arrow now as a persistent repre-
sentation of the direction of the field, the students had no problem in directly
making reference to issues related to the magnetic field, and magnetism in
general. Students asked questions related to what affects the magnetic field,
how it “looks”, and possible uses of magnetometer devices. It therefore seems
that the students’ newly gained understanding or appreciation of the phenom-
enon through the learning activity stimulated disciplinary appropriate and rel-
evant questions. As a follow-up exercise, students leveraged their new under-
standing of magnetic field by using the iOLab to locate the steel beams in the
concrete of the laboratory building. They simply rolled the iOLab sensor-box
along the floor and correctly interpreted marked changes on the graph to the
presence of a steel beam below the device.
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6.1.6. Conclusions — toward answering the research questions

With reference to the role of transduction in physics, Case Study (A) started
with a few initial research questions (Paper III, p. 21):

1. How do pairs of students leverage the pedagogical affordances of a phys-
ics device (i0Lab) when working with an open-ended task [in the phys-
ics laboratory] to determine the direction of the Earth’s magnetic field?

What stages can be identified in this process in multimodal terms?

3.  What does a multimodal analysis of the students’ coordination of semi-
otic resources suggest about the role that transduction can play in the
teaching and learning of physics?

When it came to leveraging the pedagogical affordances of the iOLab, stu-
dents were immediately able to use their own hand movements and proprio-
ception to start making connections between the iOLab’s orientations and the
corresponding graphical output. Significantly, the students did not need to un-
derstand any of the underlying physics before they started to engage with the
Earth’s invisible magnetic field. They quickly found the direction of the field
by implementing a trial-and-error strategy based on their physical experiences
and interaction with the iOLab sensor box and system.

The students' engagement with the iOLab provides evidence to suggest that
the device has both high disciplinary and high pedagogical affordances. This
is quite unusual, for as Airey (2015) pointed out in his description of these two
affordances, they are often in functional opposition — an increase in pedagog-
ical affordance often lowers the disciplinary affordance of a semiotic resource
and vice versa (see Section 3.4.4 and Figure 3.2 for a fuller description of this
relationship).

Turning to the second research question, a description of the learning pro-
cess in multimodal terms, the following stages were identified: the students
quickly coordinated their talk, their proprioception of the position of the
iOLab and the real-time changes in the graph to find the direction of the
Earth’s magnetic field. At this point the students were encouraged to use a
persistent semiotic resource (the arrow) to indicate this direction. The arrow
now functioned as a persistent placeholder for all of the meaning-making that
had occurred up until that point. In effect, the arrow now became the magnetic
field for the students and was used as such in their continued meaning-mak-
ing.

As discussed earlier, under the heading ‘Transduction to a persistent semi-
otic resource’ Section 6.1.5, the arrow functions as a coordinating hub, where
the critical constellation of semiotic resources necessary for an understanding
of the Earth’s magnetic field appeared to consist of the arrow (and the mean-
ing-making that had gone into its positioning), the graph, the printed axes on
the iOLab and the orientation of the device. At this point, the students intro-
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duced new semiotic resources (gestures) to help to explain their understand-
ing. These gestures were also made in coordination with the arrow and its re-
lated resources. The introduction of new semiotic resources suggests that
learning had taken place, especially since the facilitator was on hand to check
the students’ understanding.

When it comes to the role of transduction in the teaching and learning of
physics, transduction is central to doing physics and is an inherent property of
many physics devices—see the discussion in Section 6.1 where my conceptual
framework was used as lens to reveal the centrality of transduction in physics
and in the way that physics devices are designed to communicate meanings
from environmental input). The analysis presented in Section 6.1.4 now re-
vealed how transduction is also central to learning physics. Three distinct
shifts in this learning sequence are identified. First, the iOLab transducts the
meaning potential in the room (magnetic field) to a visual resource (graph).
Next, the students transduct all previously made meanings to a persistent re-
source (arrow) which now functions as a placeholder for these meanings. Fi-
nally, students summarise their understanding by transducting meaning to new
semiotic resources (gestures). Using the lens of transduction, it may be argued
that there are a number of recommendations that can be made for lecturers
about the use of placeholders and coordinating hubs, and the way in which
transduction can be seen as a sign that learning has taken place.

Implications for the teaching and learning of physics

Planning a lesson

When planning a lesson, it is suggested that lecturers should consider the set
of resources that students will need in order to construct the intended discipli-
nary meanings. Here, the range and type of resources is important. Too many
resources will be difficult to coordinate, particularly if these resources are non-
persistent. Can the coordinations of persistent and non-persistent resources be
substituted by a persistent placeholder? Here, lecturers are advised to spend
time thinking about what this persistent placeholder might be and when it
should be introduced. Lecturers should also think about the role that this place-
holder will play in meaning-making. Is there a need for a hub around which
the resources can be coordinated, and if so, what might this coordinating hub
be? For instance, in Case Study (A) the placeholder and the coordinating hub
happened to be one and the same thing (i.e. the red paper arrow), but this will
not always be the case.

Teaching a lesson

At the outset, lecturers should know which resources are necessary for the
appropriate constitution of disciplinary knowledge (i.e. the critical constella-
tion of resources). During the lesson, lecturers should be paying attention to
the students’ use of these particular resources and if a placeholder is needed,
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then the lecturer should make sure that it is used as intended. Similarly, if a
coordinating hub is required then lecturers should be looking for evidence of
this being introduced/used by students (cf. Fredlund et al., 2012).

The analysis suggests that lecturers should not expect students to under-
stand disciplinary meanings directly. Even though students may have coordi-
nated the correct semiotic resources in a disciplinary manner, this does not
mean they now understand the physics involved. Students need time to inter-
rogate the resources they have used and the coordinations they have made.
Airey & Linder (2009) have described this process in terms of becoming fluent
in a critical constellation of semiotic resources. When this fluency has not yet
been achieved, they claim that students imitate disciplinary discourse, that is
they use semiotic resources appropriately, but without an appropriate under-
standing of the disciplinary meanings they represent.

From a multimodal perspective, the findings lead to the suggestion that
transduction between semiotic resources is both the means by which students
and lecturers can notice when discourse imitation is occurring and the way in
which students ‘discover’ disciplinary meanings for themselves. Here the role
of the instructor is key, either to encourage and confirm correct transductions
of disciplinary meanings, or to ask questions that help students notice that they
may still not have grasped key issues in a disciplinary manner.

Thus, it is suggested that lecturers should be looking for student introduc-
tion of new semiotic resources. Here transduction is a sign that learning is
taking place. The transduction to new semiotic resources fills two important
functions: first, it allows students to demonstrate their learning, and second,
and perhaps more importantly, it allows lecturers to check this learning. This
is because of the complementary and constraining functions that transduction
entails. As discussed at the beginning of Section 6.1, when meaning is trans-
ducted from one semiotic resource to another, information can be added or
taken away. Thus, the signification in transduction can serve as a useful check
of student understanding since disciplinary meaning must be coherent across
all transductions.

Transduction devices in science teaching

Whilst the disciplinary affordance of transduction devices is clearly under-
stood, (i.e. we know very precisely what function a particular device plays in
science), a lot less is known about the potential pedagogical affordances of
many devices currently utilised in the teaching and learning of science. Future
work should explicitly examine the pedagogical affordances of such devices.
For instance, what is it that makes a device suitable for teaching a particular
kind of content? Should we require that devices have both high pedagogical
and disciplinary affordance, (as in the case of the iOLab) or is it sufficient that
devices have (say) only pedagogical affordance? In this respect, (Fredlund et
al., 2014) and (Airey & Eriksson, 2019) have suggested the unpacking of se-
miotic resources with high disciplinary affordance to create resources with
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greater pedagogical affordance. This suggestion of unpacking clearly also ap-
plies to physics devices.

It is worth reiterating that one of the main pedagogical affordances of the
iOLab is that it was possible to manually manipulate the device whilst simul-
taneously following a real time readout on a screen. Critically, this allowed
students to ‘feel’ (so to speak) their way to the magnetic field direction. The
potential for other devices to allow students a similar experience of other phys-
ics phenomena is something that is certainly worthy of further investigation.

6.2. Learning about abstract mathematical tools — the
movability of coordinate systems**

From the perspective of learning about the movability of coordinate systems,
Case Study (A) had the following initial research question (Paper II, p. 5):

In the context of the presented conceptual learning activity, how, without
engaging in numerical calculations, can students come to experience and
appreciate the movability of coordinate systems?

The following discussion summarises how this initial research question has
been addressed and answered. Drawing on data from Case Study (A), the anal-
ysis and findings presented in this section extend the fine-grained multimodal
analytical description employed in 6.1 to show:
e that introductory physics students may initially conceptualise Carte-
sian coordinate systems as being fixed in a standard orientation,
o how this learning challenge can be effectively addressed by giving
consideration to the role that experiences of variation play in learn-
ing (see section 3.4.5),
e how students can quickly come to appreciate a key disciplinary af-
fordance of an abstract mathematical tool, that is the movability of
a Cartesian coordinate system, and
e how a conceptual learning task in the physics laboratory—leverag-
ing the affordances of a physics learning device, the iOLab—can
move students towards an appreciation of coordinate system mova-
bility (a key disciplinary affordance of this mathematical tool for
physics problem solving), without the need for calculation.

3 Papers [ & 11
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6.2.1. Challenges for students learning about and with coordinate
systems

The students worked with a movable magnetometer with a printed-on set of
coordinate axes to determine the direction of a constant field (the Earth’s mag-
netic field). Learning how to appropriately select and use coordinate systems
is central to physics modelling and problem solving. For example, a search of
Institute of Physics (IOP) journals yields over a hundred thousand papers with
the phrase “coordinate systems” in the title. Yet, in undergraduate physics,
coordinate systems are known to present a number of learning challenges for
students—see for example Sayre & Wittmann (2008), and Vega, Christensen,
Farlow, Passante, & Loverude (2017).

Although the setting up of a coordinate system is essentially an arbitrary
process, in textbooks Cartesian coordinate systems are typically presented to
students in one particular orientation—x increasing to the right, with y usually
pointing “up the page” (or z for 3D systems)—see Figure 6.8, and the discus-
sion in the next paragraphs. Such standardised presentation may initially lead
to students conceptualising that coordinate systems are always fixed in this
particular orientation (Paper I).

Unlocking the power of coordinate systems for physics problem solving
involves appreciating their movability. 1t is precisely this movability that often
allows for the simplification of many complicated forms of physics modelling
and application. Coordinate systems are not fixed but can be set up in any
orientation we desire. Physicists typically use this property of coordinate sys-
tems and assign them in such a way so as to reduce complexity and thereby
facilitate the solving of the physics problem at hand. A key component of the
conceptual framework adopted for this thesis is the necessity of coming to
appreciate the disciplinary affordances of semiotic resources to make learning
possible. From this, it is suggested that one of the reasons for initial student
difficulties with using Cartesian coordinate systems to solve physics problems
may, in part, stem from a failure to fully appreciate a coordinate system’s
movability.

1) Up is more, right is more

Before ever learning about Cartesian coordinate systems in mathematics or
physics at school students have had the experience of change in a broad range
of quantities as either increasing from left to right, or bottom to top. Here it is
argued that these operate as p-prims* for students, “up is more”, and “left to

35 diSessa (1993) theorised that students learn physics (and other disciplines) by appealing to
their sense of mechanism of the physical world. Everyday experiences of the world are loosely
structured into heuristics he called phenomenological primitives (abbreviated as p-prims). One
example used in this paper is “up is more”. diSessa argued that students draw on these heuristics
when trying to make sense of physical phenomena.
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right is more”, in western culture.’® The effect of these p-prims in producing
‘alternative conceptions’ and transient learning challenges (Fredlund, Linder,
& Airey, 2015) should not be underestimated, even for university students.

2) Physics textbook depictions of Cartesian coordinate systems

As stated in the introduction to this sub-section, physics textbooks tend to de-
pict Cartesian coordinate systems in standard ways. As an example of this
practice, below is presented a quotation from an American Association of
Physics Teachers (AAPT) reference textbook for college students applying
mathematics as a tool for science work (the diagrams used to explicate the text
are very similar to those in Figure 6.8):

With Cartesian coordinates in two dimensions, you locate points by construct-
ing a horizontal reference direction, called the x axis, and a vertical reference
direction, called the y axis, [...] The x distance, the abscissa, is always first,
then the y distance, the ordinate. In the case of three dimensions, the coordi-
nates are listed (x, y, z) and the graph looks like the corner of a room where
two walls and a floor meet.” (Swartz, 1993, p. 122)

Figure 6.8. Standard depictions of Cartesian axes in physics and mathematics text-
books. (Paper 11, p. 2)

Whereas for 2D frames the +x direction is coupled to horizontality and “to the
right”, for 3D systems the x-y plane is visualised as a horizontal floor of a
room with the z-axis representing the “up” direction. In the absence of a dis-
cussion of the arbitrariness of the choices being made, it is argued in this thesis
that these standardised depictions can reinforce students’ perception of refer-
ence frames being fixed. This is problematic from the viewpoint of students

36 These everyday experiences are reinforced by the design of scientific devices—for example,
a thermometer has printed on its surface a temperature scale increasing in values from the bot-
tom to the top—, and “sliders” on computer interfaces where up or to the right is always “more”.
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needing to learn the disciplinary ways of using coordinate systems, where
movability is an essential disciplinary affordance that is regularly used.

The two factors stated above are most likely to cause difficulties if learning
activities do not directly address the movability aspect. Some curricular ma-
terials do this purposefully, for example see Allie & Buffler (1998) and Reese
(2000). An explicit focus on teaching the movability of coordinate systems
seems to be key in helping students move towards a more disciplinary under-
standing and use of coordinate systems.

6.2.2. The role of variation — leveraging an invisible
phenomenon to learn about an abstract mathematical tool

In the learning activity, the students worked with a physically moveable Car-
tesian coordinate system—they varied it—to find the direction of the essen-
tially invariant Earth’s magnetic field in their classroom (the task thus fol-
lowed the variation design principle)®’. At the same time, for the introductory
level students involved in Case Studies (A) and (B), it is reasonable to assume
that at the start of the activity many of them would be unaware of the direction
of the Earth’s magnetic field. The students utilised the 3D magnetometer sen-
sor on the iOLab device to determine the direction of the Earth’s magnetic
field in their classroom and then used a cut-out paper arrow to present this
direction visually. The students could move and turn the magnetometer in any
way they preferred. However, some orientations naturally made the task easier
than others. The direction of the field is most easily found by systematically
rotating the device so that first one, and then two components of the magnetic
field become zero. The third, non-zero component then gives the magnitude
and direction of the field.

Whereas for the majority of physics problems, a fixed coordinate system is
assigned in a way that best follows some change in physical properties; this is
not the case with the activities in Case Studies (A) and (B). For here the power
of the tasks given to the students is that these roles were reversed—the mag-
netic field that students wished to find the direction of was invariant and es-
sentially the same for all the students in the classroom, whilst it was the ori-
entation and movement of a given Cartesian coordinate system that was
changeable. Since variation theory posits that students notice what changes, it
is the movement of the coordinate system that the task directs students’ atten-
tion to. This is in contrast to the ‘static’ implementation of the variation prin-
ciple in the strategies espoused by Allie & Buffler (1998) and Reese (2000).

37 See Marton (2015) for an overview of the extensive research done in the area of variation.
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6.2.3. Coming to appreciate coordinate system movability

The excerpts selected in this section relate to the learning path the students
followed to appreciate the movability of coordinate systems. The excerpts are
presented in chronological order and exemplify important phases of the learn-
ing sequence. The full transcript is available in Appendix A.

NOTE: To be consistent in referring to the same individual for the thesis, the
participant labels, F1 and F2 have been swapped as compared to the labels
used in Paper I1.

Excerpt 1 — Movement leads to change

Shortly after the students began the activity, they noticed that moving the sen-
sor-box results in changes in the displayed plots (see Figure 5.1 under Section
5.2).

S1: Holy crap, holy crap ... ummh, yeah, moving it changes it of course, so
1 guess we could figure out by the amount...

The students came up with explanations of the displayed components based
on prior experiences, and tried to connect the information provided in the
graphs to the task. However, the students were not yet able to make productive
interpretations for the given task. Nonetheless, a short engagement with a fa-
cilitator towards the end of this phase resulted in the students finally linking
the printed axes on the sensor-box to the three colour lines which plotted the
Cartesian components of the magnetic field. The meaning of the graphical
output still eluded them, however.

The next phase was typified by the students starting to make productive inter-
pretations, which they did by leveraging the connections they had made and
testing their ideas directly with the iOLab system—positions referenced to the
printed axes compared to graph lines. In particular, they now explored the
meanings of zero, positive and negative. To exemplify this phase, the follow-
ing examples are presented.

Excerpt 2 — The meaning of zero

One of the first meanings the student pair tried to work out was why different
component values became “close to zero” with the sensor-box placed in cer-
tain orientations. The transcript extract below represents a part of the interac-
tion which took place between the students immediately before being joined
by a facilitator (F2) and placing the sensor-box in the position shown in Figure
6.10.

S1: Umm, if x is zero it means there’s no...
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S2: So, so, it’s all, it’s all...
[S2 makes up and down motion with arm]

S1: There’s no magnetic, ... there is no reading from the magnet sensor in
the x-plane, which means, uhh...

F2 then came by and proposed a kinematics analogy. He extended his arms at
right angles to each other to represent a set of coordinate system axes, and
asked the students what the size of the y-component (his left arm) of velocity
will be, if the movement is in the direction of the x-axis (his right arm). He
then tilted his extended arms at a 45-degree angle (see Figure 6.9), and re-
peated the question for the new reference frame, with the motion now along
the new x-axis (his tilted right arm). The students replied without hesitation
that it will be “still zero”, which indicates that they successfully recruited their
knowledge of applying coordinate systems in kinematics. The facilitator also
made the following comment at the end of this engagement with the student
pair:

F2: So you could reposition your own system... in a way that fits you, suits
you

[F2 makes swivelling gesture with right hand in front of his body]

Figure 6.9. A facilitator recruits his own body by stretching out his arms in a right
angle signifying a set of coordinate axes. He tilts his arms to demonstrate a reposi-
tioning of the orthogonal coordinate axes. (Paper II, p. 7)
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Immediately after F2 departed from the group, our student pair started to de-
vise a strategy to find the direction of the magnetic field. Essentially, they
planned to make first one, and then two components zero. By spontaneously
and eagerly reaching out for the sensor-box, while using words such as “#ilt”,
“move”, “be zero”, the students were now fully utilising the pedagogical de-
sign of the iOLab system to “feel” their way to a solution.

Excerpt 3 — Extrapolating to a second component

Setting the sensor-box so that one component is zero is relatively simple; get-
ting two components to show zero at the same time requires greater depth of
awareness of what the readouts on the screen imply in relation to the position-
ing of the axes printed on the sensor-box and what that means for the magnetic
field vector. It is at this juncture that the students started to truly reflect on the
meaning of a negative component. At first they were confused:

S1: Isn’t that z? I don’t understand, that should be z!
[S1 moves the sensor-box towards him slightly, and looks at screen]
(While holding the sensor-box so that the x-component remains zero,

S1 is now trying to make the z-component zero; the +z-axis in a line
away from S1, y still up, x to his left)

S2: That should be z
S1: It’s not moving! (referring to the green line on the screen)

S1 was clearly confused about why the z-component did not change by simply
translating the sensor-box along a line implied by the printed-on axis, keeping
the orientation fixed. This indicated to us that at this stage he was only cou-
pling the numerical size and algebraic sign of the component value to his di-
rectional intuition (something should change by translating it). A silence en-
sued with S1 manipulating the sensor-box some more. The students then de-
cided to try and make the y-component zero. Still holding the sensor-box with
the x-value zero—and +y-axis pointing up—, S2 moved it from the top of the
plastic box upwards in a straight line. See Figure 6.10 and note that the y-plot
was negative and changed very little as she moved the sensor-box upwards.
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Figure 6.10. S2 gets off her chair and learns that up is not necessarily "more posi-
tive". (Paper 11, p. 8)

Evidently, the students were trying to leverage their own intuition (or p-prims)
that “towards is closer to zero” for the z-component and “up is more” for the
y-component (see Paper I). This phase also vividly illustrates the significant
challenges of working with 3D coordinate systems. Despite agreeing on a suc-
cessful strategy of rotating the sensor-box to make one component zero, the
students then struggled to successfully extrapolate this to a second component.
With one component zero, keeping the orientation steady, they reverted to
wanting to move the sensor-box upwards and downwards, forwards and back-
wards, or right and left. Now, once again, they appeared to consider the orien-
tation of the axes to be fixed in the orientation shown in textbooks.

Excerpt 4 — Zeroing two components and fixing the arrow

A short while later, the students decided to call for assistance—F1 joined the
pair. The students were guided in a Socratic fashion, which helped them re-
solve some of their confusions, especially as it pertained to the interrelatedness
of the component values. The students were also led to reflect on what the
component values meant for the description of the magnetic field (its direc-
tion). With some facilitator guidance, the students figured out that by rotating
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the sensor-box about an already-zeroed axis (“tilted”) they could make a sec-
ond component zero.

However, even when the students rotated the sensor-box in a way so that two
components were zero, they still expressed some confusion about how this is
possible. At this point the facilitator asked the students to fix the paper arrow
in the direction of the one printed-on axis that was currently reading a non-
zero value.

Fl: Soifyou... let’s... fix this, let’s... just... set this arrow, I’ll give you
some tape

F1: So this is your hypothesis

[F1 points at red cut-out paper arrow now fixed to the side surface of
the plastic box]

S1: Yeah

[ST lets go of the sensor-box (“measurement device”) on top of the
plastic box and leans back (as if trying to “take-in” the full view/pic-

ture)]
F1: So, if you now take this measurement device, ...
S1: Yeah
F1: And try to see if this hypothesis, like, holds, ...
S1: Yeah,...

F1: How would you point the measuring device if you want just the x-com-
ponent (letter emphasised) to be non-zero, and all the others to be
zero?

All the meanings the students had made up to this point—figuring out the
connections between the physics-specific resources, devising a strategy and
productively implementing it after working out how moving the sensor-box
(“device”) would affect the component values—were now represented by the
single red arrow, pointing towards the floor at a steep angle (see Figure 6.6);
in the language of this thesis, the arrow was now a placeholder for all the
meanings that had been made up to that point. With the arrow in this fixed
position, F1 now based his probing questions on the notion of a static magnetic
field (represented by the arrow) and a movable coordinate system which is
manipulated with respect to this field. The discussion about the meaning of a
zero value for a given component could now take place with the arrow serving
as a “hub” for interaction.

F1: Whyis it zero?
S2: How come?
F1: Good question. Where is y pointing now?

[F1 points at printed axes on the sensor-box and then pulls index fin-
ger in direction of +y]

122



S2: Down... (smiles; signifying that she is aware that this is not the case)
F1: And how is it in relation to the field?

[F1 points at and touches arrow]
S2: Oh! It’s, it’s a ninety-degree angle then

[While holding the sensor-box in one hand, she first pulls her other

hand towards her (in +y-dir’n), and then makes a right angle and
draws her fingers over the arrow]

F1: Yes
S2:  Ah-hah, that is so cool! Ahh, Wow!
[Broad smile directed at F1]
S1: Yeah, that makes sense
[S1 taps on table just before and after talking]
S2: Yeeesss!

What is striking here is S2°s almost immediate and spontaneous response to
F1’s direct question about the spatial relationship between the y-axis and the
cut-out arrow (“the field”). The student suddenly realised that a particular
component value is related to the angle (in this case 90°) between the respec-
tive reference axis (+y) and the “static” physics quantity (the magnetic field).
Importantly, S2’°s synchronised gestures—hand drawn along y-axis, then mak-
ing a right angle immediately followed by tracing the arrow, and talk, “...it’s
a ninety-degree angle then”, signified that the student was personally taking
on this meaning. This was confirmed by both students’ verbal appreciation
and expression of joy at finally grasping the idea, the “Ah-hah” moment cap-
tured in the transcript. Later (as depicted in Figure 6.11) the moment was cap-
tured when S2 simultaneously introduced her thumb aligned opposite to the
red arrow, and curled her fingers around her thumb in a sweeping gesture, in
conjunction with her explanations of the algebraic signs of the component
plots on the screen. After the “Ah-hah” moment, the students quickly started
to check their own understandings by reorienting the iOLab in a number of
ways and explaining the resultant readouts.

By this time most of the groups were starting to fix their arrows. (see Figure
6.6). With this “picture” of the magnetic field in the room, the students also
learned something else about the Earth’s magnetic field; that it is approxi-
mately invariant in the classroom, and that the direction has a steep dip into
the ground.

Excerpt 5 - Students now test and cement their newly acquired
understandings

F1 continued in a series of probing questions and follow-up discussions about
how the manipulation of the sensor-box was related to the graphical readout
in reference to the cut-out arrow. While holding the sensor-box in position
near the arrow, with gaze checking the computer values, they were able to
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predict and explain the reasons for certain components being zero and the neg-
ativity (or not) of the non-zero component (see Figure 6.7).

F1: So now, if you want to align (emphasis) this vector to this vector, what
should you do?

[F1 points in order at printed-on axes in direction of +z, then at red ar-
TOW]

S2: Ah-hah! This way ... ah, OK,

[S2 grabs the sensor-box (smiles broadly) and holds it with +z point-
ing directly opposite to the arrow]

Fl1: Yaahh...
[F1 looks at S1 (to check if he also gets it)]

S2: Yeah, ah-hah, ... it’s a negative, ... because it’s pointing this way
and...

[S2 looks at screen and explains negative value with hand and finger
first gesturing along direction of arrow (down at an angle), then draws
index finger in opposite direction]

S1: Yeah
[S1 nods head up and down]
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Figure 6.11. S2 holds the sensor-box in position with her left hand, so that the x-axis
printed on the sensor-box is anti-parallel to the arrow, with the yz-plane perpendicu-
lar to the arrow. Firstly, she curls her fingers while looking at the screen, and says,
“they are all zero”—referring to the zero y and z plots. Secondly, her thumb aligned
opposite to the arrow accounts for the negative x plot—which she confirms with
speech shortly after in discussion with the facilitator. (Paper II, p. 11)

In Figure 6.11, S2 used talk and gestures—curling her fingers in the plane
perpendicular to the x-axis, and pointing her thumb in the opposite direction
to the arrow—, to show and explain respectively, why the y and z plots were
both zero, and the x value was negative. F1 followed this up by asking the
students to set the sensor-box in new positions—for example, “What if you
flipped it around?” which the students duly answered correctly. He then con-
cluded his interaction with them by summarising what they had learned about
coordinate systems.

Both the instances of the student introducing a hand gesture—Figures 6.7
and 6.1 1—to explain negative and zero components (with reference to the per-
sistent resource, the arrow, and the position of the iOLab sensor box) were
taken as signs of learning about the movability of coordinate systems. Differ-
ent to the usual unconscious gesturing that accompany speech, these hand ges-
tures were deliberate introductions of a resource that connected the meaning
deposited into the red arrow (the direction of the field) to the meanings they
had now grasped from correctly interpreting the component values on the
screen. Furthermore, the students, in their articulation of their understandings
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in answering the questions from the skilled facilitator who purposefully intro-
duced variation (“what if you flip it around”, “etc.), evidenced an appreciation
of the disciplinary relevant aspects of the Cartesian coordinate system—its
movability and the meanings of the algebraic signs of the components—in
finding of the direction of the Earth’s magnetic field using a movable 3D mag-
netometer sensor.

6.2.4. Discussion

The experience of the participants in Case Study (A) supports the assertion
that introductory-level university students may initially view Cartesian coor-
dinate systems as being fixed in standard orientations. To address this transi-
ent learning challenge (Fredlund, Linder, et al., 2015), students were provided
with an opportunity to notice the movability of coordinate systems. Following
the variation approach described for physics-related contexts (as examples,
see Fraser & Linder, 2009; and Fredlund, Airey, et al., 2015), in order for
students to notice any disciplinary aspect, this needs to be varied whilst other
disciplinary aspects remain constant (see Section 3.4.5). To achieve this goal,
a relatively static, unknown quantity was chosen for the students to explore
(the Earth’s magnetic field) with a movable measurement tool (the iOLab sen-
sor-box and system).

The learning activity was set up in such a way that the students would ex-
perience the variation in the orientation of a Cartesian coordinate system
against a background of the invariant direction of the Earth’s magnetic field.
This was achieved in three ways. Firstly, by having a tool that provided the
students with a “visible” coordinate system; secondly, by having the students
fix a paper arrow to denote their measured direction; and thirdly, by the stu-
dents seeing the same result being arrived at by their peers—a spread of ar-
rows fixed in the same orientation distributed throughout the classroom (see
Figure 6.6)..

In most laboratory exercises, determining the magnitude and direction of
an unknown quantity would signal the end of the laboratory task. However, in
this case, the learning goals were focused on students learning about the mov-
ability of coordinate systems. The arrow now served as a persistent, visual
representation (Fredlund et al., 2012; Paper III, p. 24; Paper V, p. 102) of the
constant background signal against which the movability of the coordinate
system could be experienced.

Up until this stage the students’ attention had been focussed on finding the
direction of the magnetic field by manipulating the sensor-box. Now, with this
direction determined, students could turn their attention to the iOLab system
(the sensor-box and the information on the computer screen) itself. In essence,
students were encouraged to make sense of the process they had just gone
through to fix the arrow in terms of the manipulation of a coordinate system.
Here, the printed set of axes on the sensor-box became important. Students
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could now manipulate the sensor-box (and by extension, the coordinate sys-
tem) into different orientations with respect to the arrow and check the out-
comes on the computer screen. At this stage, the facilitator could probe the
students’ understandings of the meanings of the Cartesian components by ask-
ing the students to predict the necessary orientations of the coordinate system
that would achieve particular outcomes in the readouts of the three compo-
nents on the screen. Furthermore, the students experienced movability without
having to engage in numerical calculations. This aspect allowed the students
to engage with the task in a pronounced conceptual way (see Hewitt, 1983, for
a discussion on learning physics conceptually).

The limited dataset presented in this case study does not allow for general-

isation of results. However, what it does do is provide a rich description of
how an educational experience can provide students with a new and meaning-
ful learning experience through a fine-grained analytical description. In other
words, while it cannot be claimed that all (or even a majority) of physics stu-
dents initially conceptualised coordinate systems as being fixed in standard-
ized orientation, an illustrative example of students who did view coordinate
systems in this way has been provided. At the same time, how this learning
challenge may be effectively tackled has been demonstrated.
Papers I and II have shown that some introductory physics students do indeed
think about using Cartesian coordinate systems as though they are essentially
“locked” in one orientation. One way in which this learning challenge can be
effectively addressed is by getting students to engage, as in Case Study (A),
with a movable measurement device (iOLab) in a constant field (the Earth’s
magnetic field). Based on this study, it is proposed that physics lecturers ex-
plicitly address the movability of coordinate systems in the kind of way that
has been exemplified by the conceptually-oriented task designed around a
probeware tool (such as the iOLab) in an open-ended physics laboratory envi-
ronment that encourages interactive engagement.

6.3. A potential barrier to learning physics concepts —
the overvaluing of mathematical resources*®

For Case Study (B) (submitted as paper V), the initial research interest was
to conduct in South Africa a parallel study to Case Study (A). Could similar
results, as described in the preceding sections (6.1 and 6.2), be obtained when
first year South African university students of a similar age (17-19 years) and
educational experience as the Swedish gymnasiet students were asked to solve
the identical task using the same laboratory equipment and setup?

38 Paper IV
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There were many sequences in the South African data set that confirmed the
findings of Case Study (A) (see previous sections and Papers [-I1I). How-
ever, there was one major difference in the way that the South African stu-
dents approached the task. The role of this section is to describe and explain
this difference.

6.3.1. Competence in using mathematics in physics

Previous research has shown that students tend to overvalue mathematical cal-
culation (see the introduction to Paper IV). The iOLab magnetometer task de-
signed for Case Study (A) was purposed to create opportunities for students
to appreciate movability, without the need to resort to mathematical calcula-
tion. This is important, since it was reasoned that grasping a conceptual un-
derstanding of a mathematical resource in this way would benefit students
when they are later asked to use the resource to solve physics problems.

However, it is possible to solve the magnetic field direction task by simply
setting the iOLab on a stable surface, writing down the component values, and
calculating using the Cartesian coordinate system equations. Note however,
that the mathematical competence to solve the task is predicated on an under-
standing of what the three Cartesian components mean in relation to the mag-
netic field, itself an invented physics concept to express the physics commu-
nity’s knowledge about magnetic phenomena in nature. Mathematically, solv-
ing for the direction of the magnetic field vector is effectively a coordinate
transformation—from Cartesian to polar coordinates. Once this is done, to
visualise the field vector (the task was for students to paste a red arrow in the
room), the polar coordinates (the angles relative to the Cartesian reference
axes) must be interpreted in relation to the physical position of the iOLab sen-
sor-box (here, the printed-on axes are critical). Only then can the student re-
construct the direction of the magnetic field vector from its components,
which is the stated goal of this task. For an expert, who possesses the required
mathematical conceptual understanding within the physics context, this may
seem like a relatively simple calculation, but in terms of the conceptual (the-
oretical) framework adopted for this thesis, behind the mathematical calcula-
tions lie the ability to fluently work with the mathematical resources and link
these to the physics phenomena and the other resources made available in the
task (such as the graph plots, the red arrow, the printed set of axes on the
iOLab sensor-box, etc.). This is a key notion that is leveraged in Section 6.4,
in which social semiotics is used to define representational competence in and
across semiotic resource systems. [ will show that even for basic physics top-
ics this is more complex than many physics educators may at first think.
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6.3.2. Summary of analysis for Case Study (B)

The learning activity, classroom setup, and protocol for conducting the re-
search in Case Study (B) was nearly identical to the first case study. The one
difference being the number of students who participated in each of the ses-
sions. Each of the first two sessions accommodated three pairs of students,
and the final session had only one pair. In all three sessions there was one
facilitator (the author of this thesis) present.-

As before, the first step of the analysis saw the researcher making notes of
the students’ interactions as they worked their way through the activity. How-
ever, unlike in Case Study (A) where the analysis focussed exclusively on one
pair of students, here excerpts were drawn from across the seven pairs. The
reasons for adopting this strategy is explained below.

What emerged immediately from the three activities was the fact that six
of the pairs of students, after briefly moving the iOLab around, were not in-
terested in manipulating the device; rather, they simply placed the device
where they found it and stared at the computer screen for long periods of time.

This is in stark contrast to the actions of the Swedish students in Case Study
(A). Barely a minute after reading the instructions, the Swedish students
started moving the iOLab device around, expressed excitement at the changes
they observed on the graphical display, and started making the connections
that were needed to solve the task. It was therefore somewhat surprising, that
none of the South African students, with the exception of one group seemed
to adopt this approach, despite the protocol and resources being identical to
that for Case Study (A).

There was one additional teaching aid that was available in both settings. In
Sweden, the researchers had brought a large wooden model of a set of orthog-
onal Cartesian axes (visible in the left-hand side of figure 6.12). In South Af-
rica a scaled down version of this model was made by inserting coloured party
straws into holes drilled into a dice (see right-hand side of Figure 6.12).

The 3D cartesian axes has a high pedagogical affordance and is therefore
good for explaining physics. The pedagogical affordance of the South African
model was further enhanced by having the colours of the straws match the
colours of the plotted lines of the graphical display on the computer screen.
However, the model has a very low disciplinary affordance, and is therefore
not really useful for doing physics.

Of further interest is the fact that whereas the large wooden model was not
used in Case Study (A), the dice-straw came to play an important role in Case
Study (B) as will be discussed below
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Figure 6.12. The two 3D Cartesian axes models made available. The large-scale
wooden model made available in case study A is on the left, and the dice-straw
model used in case study B is on the right.

The transcript extracts which follow represent the approaches of most of the
student pairs in this case study. Note that individual students featuring in the
extracts are simply labelled S3, S4, etc., as a continuation of the labelling
scheme used for Case Study (A). Since the extracts which follow are from
different groups in different activities, they are not presented in strict chrono-
logical order but rather illustrate the kinds of meaning-making that occurred
across the student groups.

Towards the start of the learning sequences, most of the students seemed to
spend a considerable time just peering at the screen and scribbling in their
notebooks..

Extract 1
F3: [...finishes introducing the iOLab and the activity; some time passes]
S3: ... (no speech)
[S3 picks up the iOLab, looks at the screen, and replaces it in the same
position]
S4: ... (no speech)
[S4 picks up the red arrow and places it back on the table]

The pair (S3 and S4) then had the following brief encounter with the facilita-
tor, who initiated the interaction after noticing the low level of interaction in
this group (no talking and manipulation of the device).

Extract 2
F3: So guys, what is happening?
S3: Should the lines just be flat?
[S3 is looking intently at the screen]

130



F3:

S3:

S4:

What do you think these three lines represent?

[F3 leaning over and pointing at the screen]

I have no idea

[S3, without looking up, still peering at screen intently]

(no speech)

[S4 looking at screen, then scribbling information on the provided A4
page]

During the time that the facilitator was resolving some problems with the
iOLab devices, the students began to talk more freely amongst themselves,
and the researcher was able to gain some insights into what the students had
been thinking when they had been sitting quietly. The following interaction
took place almost 20 minutes after the facilitator had introduced the task.

Extract 3

S3:

S4:

S3:

S3:
S3:

S3:
S5:
S6:

S3:

S6:
F3:
S3:

S6:

S3:

S6:

So somehow, we have to figure out how to get these three

{S3 takes hold of the dice-straw model and holds it in front of him in
one hand, and points index finger of other hand over straw model}

The arrow, are we actually supposed to move this?

{F4 picks up the red arrow and waves it in front of his group partner}
Idon’t know man ...

[shakes his head looking at the arrow]

If we had two components, I know how to connect...

How do you...

[S3 now looks up and across towards the other groups]

Guys, how do you combine 3 different components into one?

...Why do you want (emphasis) to combine...

...Vectors (emphasis), how the heck!? Vectors.

[expression of amazement on her face (as if to say, “you should know
this”)]

Yah, vectors. Vectors, we only had two components (referring to an ear-
lier class work exercise where they only added two components)
Can’t you add (indistinct)... three, you’ll add them all, head-to-(tail)...
...(interrupts groups briefly to check the functioning of the iOLabs)

(S6), you said vectors. How? We only had 2D vectors, that you com-
bined, x and y. Now you have a third one. How are you going to add a
third one?

1 did maths. I did vectors in my Swokowksi book (referring to a common
first year mathematics textbook used in South Africa)

I don’t know what that means

[S3 shakes his head side to side in an exaggerated way]
1 did extra work, and I had to add it in 3D

[S6 smiles]
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S3: Explain

S6: 1t’s like, you must draw the Cartesian plane in 3D. And you draw the
points, and then you move them head-to-tail on a 3D plane

S3:  Adding vectors head-to-tail, makes sense
[S3 takes hold of and closely inspects the dice-straw model]

./1.. S3 and S4 now return to their own pair group discussion/

At first the students appear to be struggling to make sense of the range of
resources in front of them—the arrow, the model set of axes, and the graph
output on the computer screen (although their interaction with the 3D Carte-
sian dice-straw model does indicate that they were interested in the Cartesian
component values on the screen) Significantly, unlike their Swedish counter-
parts in Case Study (A), they made no link to the printed axes on the iOLab
sensor-box. In fact, most of the student pairs hardly ever manipulated the de-
vice, despite the facilitator demonstrating how the device could be rotated.

Once they began engaging across the groups, what was evident is the ex-
plicit appeal to mathematical knowledge made by one of the students (S6) who
went on to explain quite confidently to the other students how to perform the
calculation. However, the video data showed that even this student and part-
ner struggled to successfully implement the intended strategy of adding vec-
tors in 3D.

After another period of staring at the screen and performing adjustments
via the touchpad and keyboard of their computer, two of the students (S3 and
S4) had the following discussion, which illustrates the focus the whole class
had on determining the direction of the magnetic field by mathematical calcu-
lation. They referred explicitly to a previous physics problem solving activity
(relative motion) in which they employed mathematics to add vectors in 2D.

Extract 4

S3: Because we need to find, ... it’s like, you know what we do with when
we have the 2-D motion, the boat,

S4: Mmm
S3: We have to work out the speed and direction at the end...
S4: The final...

S3: When they give you, you first break it up, and then you get the two dif-
ferent speeds and the two different directions. Then you add it together,
then you get the direction.

S4:  Yah, but we used, we did that using Pythagoras

S3: Mm, but nowhere, the issue here now is, we also have to find the mag-
nitude and direction, but now we have these (three) different compo-
nents, and that is the issue

S4: But can’t we find the magnitude using these values here
[S4 points to screen]
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S3: What (name of S6) said now, head-to-tail, sounds ok, but Ahh! (exas-
perated)

[S3 again looks at screen and fiddles with touchpad]

In the period that the facilitator was sorting out the problem with the iOLabs,
students moved around and for a brief period (a couple of minutes) worked in
groups of three. S4 joined S7 and S8 after which S7 proceeded to explain the
strategy of their group to S4. S7 started with drawing a head-to-tail vector
addition diagram on the A4 page (the top-right of Figure 6.13).

Extract 5

S4: We were discussing about the boat,; that was just 2D, so we were like,
what if we use the same strategy as we did with the boat

S7: You can ... (some indistinct speech) ... how can I say now, when you
come to that point where you must combine all...

S4:  Then you must use Pythagoras, isn’t it?

S7: Pythagoras, look, Pythagoras has two sides...

S8: Two, xand y...

S7: Two dimensions to find the magnitude of the third one

[S7 uses two fingers of his left hand and index finger of right hand con-
necting the other two fingers to indicate the head-to-tail vector addition]

S8: Look,...it’s a triangle...
S4: ...the third one
S7: But, but, just give me that pen...

S7: You can add mos (slang Afrikaans word suggesting something that can
be done with a little effort) many vectors

[draws head-to-tail diagram on A4 page—see Figure 6.13—and contin-
ues tracing his pen over diagram as he explains further below]

S7: We have a direction here, nuh, ...
S8: Uhh...
S7: ...We have a direction here,
[S7 continues drawing]
S8: And, then we’re going to take (indistinct), and add it...
S7: That’s more than two vectors...
S4: And, the resultant?

S7: Ek wietie (Afrikaans for I don’t know). Oooo, I don’t know, in terms of
angle-wise! Sien jy (Afrikaans for “do you see”)?

S8: Ohhh, I get you... (expressing worry at the magnitude of the task) so
this is going to be, y?

S4: Why don’t you do it, break it down into two

S8: ....And two each

S7: ...this is what we discussed ...

S7: So y-x, and then y and z, and then x and z.
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[pointing at the three diagrams]
S4: So, how will you combine them in the end?
S7: But, we will get angles relative to each other...
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S7 then proceeded to explain his calculations of the angles for each of the three
two-component trigonometric calculations. He picked up the arrow and quite
ably explained the angles with reference to an imagined set of coordinate axes
he has visualised to be aligned to the way he was sitting at the table—the arrow
was held at the calculated angles relative to the three pairs of axes. At the end
of this interlude the following occurred.

Extract 6
S7: In between all (emphasis) of them (laughs now mockingly at himself)
[shaking his head in rapid fashion side to side and looking at S4]

Interestingly, S7 used the red arrow as a visual representation of the resultants
of his two-component calculations (see Figure 6.13, which are scans of the
groups actual working). Unfortunately, while they were successful in calcu-
lating two-component directions (with S7 even being able to visualise the pro-
jections of the resultant vectors onto two axes at a time), they were not able to
solve for the direction of the magnetic field.

This pattern of attempting to solve for the direction of the magnetic field using
mathematical means repeated itself with the three pairs of students in the sec-
ond session. Based on his experience with the students in the first session, the
facilitator at first allowed the students to proceed with their attempts to solve
the task mathematically. The value of this approach paid dividends with at
least two of the three student pairs—after they had been bogged down in the
calculations, they came to appreciate the movability of coordinate systems
even more (these two pairs had discussions with the facilitator; it does not
mean the other pairs had not come to the same appreciation. Preceding the
interaction between the two students, S9 and S10, with the facilitator recorded
in the excerpt below, the facilitator guided this student pair in a Socratic dia-
logue style to connect their calculations, through mediation of the dice-straw
model, to the task goal, the determining of the magnetic field direction and the
fixing of the red arrow. In the terms used in this thesis, the facilitator was
performing ‘static’ transductions for the students with the aid of the dice-straw
model. Since the iOLab was not moved, the graph plots became persistent
representations in the engagement with the students—the algebraic values on
the screen were connected to the dice-straw model’s three axes, which in turn
were aligned with the printed-on axes of the iOLab. Because of this, the facil-
itator had to guide the students to appreciate the movability of the coordinate
system by instructing them to manipulate the device. After fixing the arrow,
the student pair were told, just prior to the recorded interlude below, that they
should manipulate the device so that only one component plot is non-zero.
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Extract 7
F3: Oohh, look at that, now youve got both x and z to be zero
S9: zis zero, x is not so
F3: Butit’s close to it, right
//...a short while later
S9: (no speech)

[S9 rotates the iOLab about the x-axis, with x-componeent being zero,
and ends with the y-axis along the magnetic field]

F3: Ah-hah, you see, you rotated it now about the x-axis, ...

{S9 is holding the iOLab so that the y-axis is more or less aligned with
the magnetic field in the room (steep negative inclination, out of the
ground},

[F3 inserts his hand in the space between the students and makes a rock-
ing motion forward with his palm over the iOLab to signify what S9
just did in rotating about the x-axis]

F3: ..., and then you got z to be zero, do you see that?

[F3 points at the screen, then resets his palm aligned with the long face
of the iOLab, which is also the y-axis, and the magnetic field]

F3  You had x zero, x is that way, you didn’t change x, ...

[F3 draws finger left and right in the x-direction, then lifts arm and
points into the distance to the right to signify “that way” in the +x-dir’n]

F3: But, but, twisting it around x, you now made z zero, ...

[F3 now in an exaggeratedly slow motion again rocks palm around the
line of x, then points at the z on the iOLab’s printed-on axes |

F3: ..., and now you only have y
[F3 points arm and hand in the direction of y]
F3: So, in which direction is your field pointing? Which, look,. ..

[F3 looks at S10 and at iOLab, wanting her to attend to the printed-on
axes).

S10: (Gasping sound)
[S10 now also points her finger along the direction of the y-axis, but

moves her gaze from the iOLab to the arrow pasted on the cardboard
box,]

F3 ..along, ...,y

[S10 makes a body gesture expressing disappointment — hangs head to
side, upper body slightly leaned back; F3 looks at S10]

F3: Which means, you've got to, ..., align your box like this

[F3 walks around to the box, and moves it around; in the meantime S9
comes to the same realisation, smiles and points his fingers in the y-
direction up and down]

S10: I'm actually shocked how we overlooked this!
[S10 musing at herself and her partner]
//...a short while later...
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S9:  So we figured out, our R (referring to the resultant, the magnetic field
vector), is pointing in that direction.
[Points arm and hand at an up-angle in the direction of the determined
field vector]

S9:  What we didn’t understand, the mistake that we made (slightly subdued
voice), ..., we didn’t know that this is also a compass, why it was diffi-
cult

S9:  So what we did, we tried to make x and y, no z
S10: ...I should have known that all along!

[S10 leans forward and gasps]
S9:  If we knew this was a compass (smiling broadly)!

Both the realisation by S10 (gasping sound, alignment of finger with y-axis
while shifting gaze from the printed axes to the arrow) and the comments by
S9 that he didn’t realise before he could use the iOLab as a (3D) compass, was
evidence of the students having finally appreciated the movability of the co-
ordinate system. After first performing copious calculations—this pair actu-
ally obtained a reasonable mathematical answer, but referenced their result to
the dice-straw model that was not aligned to the iOLab’s printed-on axes—
they were now able to make the connection between the iOLab axes held in
their hands and the arrow which stood for the direction of the magnetic field.

The single pair that took part in the third session were more advanced—they
had completed two half courses in first-year physics, stretched over two years
(see the discussion around ECP courses in SA in the Preface)—, whereas the
other six pairs had completed only the first ECP half course. The two students
seemed to grasp quite quickly the connection between the components and the
graph values. At the start they did not consider the iOLab position. However,
once they began moving the device around, they quickly realised that the
printed-on axes played a role. They then aligned the iOLab axes with the
straws on the model, indicating that they now understood that the measure-
ments were in relation to the orientation of the device but also showed how
they assumed that coordinate systems are fixed in an up-down orientation.
They had aligned their device with the visual coordinate system as though this
was a fixed reference. This group was eventually able to reconstruct the direc-
tion of the Earth’s magnetic field by pointing the red arrow first along the
highest value component (z in this case, the green straw and iOLab z-axis
pointing up), and successively adding in the other two components by tilting
the red arrow towards first the one axis, and then the other. The red arrow now
pointed away from them at an up-angle—as noted previously, the magnetic
field in South Africa points steeply out of the ground. However, they did not
appear confident of their result and called the facilitator over to confirm that
they had correctly identified the direction of the magnetic field. The facilitator
helped them fix the arrow (by pasting it onto a cardboard box), and then asked
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them if there was another way to confirm their solution—the direction was
approximated by their ‘visual’ version of performing the head-to-tail addition
of the three components using the dice-straw model as a persistent represen-
tation. It was clear that the students had not yet appreciated the movability of
the device, and hence the facilitator wanted to check whether they had appre-
ciated the movability of the coordinate system. By guiding them in a Socratic
style, similar to the way that the facilitator in Case Study (A) had done, the
facilitator asked them to predict and explain the values (0, +, —) of the com-
ponents for different positions relative to the found direction (red arrow now
pasted on a large cardboard box). The students made a few mistakes along the
way but were eventually able to connect it all together. The dice-straw model
seemed to offer a key affordance for these students, as illustrated towards the
end of the extract below:

Extract 8
F3: Now that you have the z-axis aligned to the arrow,...ok...

[F3 points at the printed-on axes on the iOLab sensor-box, being held
in the air by S11 with both his hands, so that the printed-on z-axis is
aligned with the red arrow pasted onto the provided cardboard box]

F3: ..., does it really matter, in which direction x and y point?
[F3 pointing at the printed-axes again, first at x, then at y]
S11: Well, if I,... change the, ... , if  rotate it, ..., like this, ...

{S11 rotating the iOLab anti-clockwise about the z-axis very slowly,
while gazing at screen}

S11:,...it does seem to move, the x and the y
F3:  How much, does it move a lot?

[F3 walks around behind the students to look at the screen, so is refer-
ring to the small variation observed on the x- and -plots on the screen]

S11: No, gradually, ... towards negative
{S11 rotating but not exactly about the z-axis}
S12: ...Yah
S11: And if we go this way
{S11 rotates sensor-box anti-clockwise about z-axis}
F3: So, what kind of movement are you doing, how are you moving it?
S11: Rotation, ...
S12: Rotating

[Both S11 and S12 watching the screen intently]{S11 still rotating the
device about the z-axis approximately

S11:,...rotating it, around the z-(emphasis) axis
F3: So, your z-direction points where?
S11: Uhhh, ... , in the direction of the red arrow?

[Both S11 and S12 immediately, and at the same time look at the red
arrow in front of them, which is pasted on the cardboard box; S11 also
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F3:
S11:

F3:

S11:

F3:
S11:

S12:

F3:

S11:

F3:
S12:

F3:

F3:

The facilitator and the students then had a discussion about the Earth’s mag-
netic field in their current location. The students were asked to calculate the
angle of inclination—the dip angle of the Earth’s magnetic field, which would
be negative in South Africa. S12 immediately had an idea and stated that they
should make one component zero; this was taken as further confirmation that

looks by moving his head towards the red arrow (his hands are both
holding the iOLab in place, so he is using his head to point)]

Yah, but show me
That way

[S11 now looks at the iOLab in his hands, and lifts his left hand and
points his finger along the line of the z-axis]

That way, OK, ..., and then your x-component points in which direc-
tion?

That way

[{S11 now while holding the iOLab}, points his right index finger along
the printed x-axis]

And y, ... that way, ...,
...yaswell, ..

[S11 points index finger of left hand along printed y-axis, whilst still
pointing right index finger along x]

..., Y is that way

[S12 confirms by also using his hand and index finger to draw a line in
the direction of y]

So, how do you describe, if you were to just show me, instead of just
using words, right, how would you explain the directions relative to
each other?

{S11, all the while is holding the iOLab in place with his index fingers
aligned to the x and y axes}

They are perpendicular to ...

[S11 & S12 alternately looking at the iOLab and the screen]

They are perpendicular. So how do you see perpendicular in space?
Space...

[S11, now almost immediately looks at the dice-straw model as the
word “space” is uttered, and {picks it up}]

Ah-hah

{S11 now aligns the dice-straw model over the printed-on axes of the
iOLab which is still being held in position with his other hand}

Aha
[S11 & S12 both chuckle in a way that indicated they now get it]
[S11 rubs hands in gleeful manner]

the students now understood the movability of the coordinate system.
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Only the single pair of students in session 3 were able to determine the direc-
tion of the magnetic field in the room from their mathematical workings; all
of the other students failed in their attempts to do the same. This suggests that
the students overvalued the mathematical resources and did not realise how to
simplify the task through movement. They just kept their iOLab and thus the
coordinate system fixed. And the arrow, which played such an important role
as a placeholder for previous meanings for the students in Case Study (A), was
not utilised in a similar way here. Instead, the teaching aid (the dice-straw
model) with its high pedagogical affordance, provided the bridge between the
component information provided on the computer screen, the printed-on axes
on the iOLab device and the arrow. It was only after making these connections
that students were able to appreciate what the coordinate system’s role was in
finding the direction of the magnetic field. However, the evidence here also
suggests that the availability of the dice-straw model may have created a bar-
rier to appreciating the affordances of the iOLab system in grasping the mov-
ability of the coordinate system.

In both case studies the students tended to view co-ordinate systems as
fixed in standard orientations. In Case Study (A), the printed-on axes of the
iOLab sensor-box, and in Case Study (B), the dice-straw model and not the
printed-on axes of the iOLab sensor-box. This would suggest that even if a
tool has high pedagogical affordances associated with the learning task, there
is a potential for it to interfere with the intended learning path. This is to be
expected since pedagogical affordances are for the most part individual rather
than collective.

6.4. Representational competence®

Section 3.3.1 included a brief overview of the use and application of the notion
of representational competence in both science education and physics educa-
tion research (see also the brief overview given in Section 2.5.2). In Paper V,
a social semiotic lens is used to propose a new characterisation (or definition
as it will be referred to here) of representational competence for application in
PER.

Whereas [ would argue the definition is general enough to be applied to
most scientific work, as noted in the literature review, the different scientific
disciplines view the role of representations quite differently and therefore have
developed their own nuanced definitions of representational competence. The
definition adopted here builds on those developed by A. Linder et al. (2014)
and De Cock (2012).

3 Paper V
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What follows is an unpacking of this definition in ways which will allow
us to operationalise the development of representational competence from a
social semiotic perspective.

6.4.1. A new definition of representational competence in
physics

Representational competence for physics is defined for the purposes of this
thesis as follows:

Representational competence (R) is the ability to appropriately interpret and
produce a set of disciplinary-accepted representations of real-world phenom-
ena and link these to formalised physics (scientific) concepts.

This definition was developed precisely because many areas of science are
based on creating scientific explanations of real-world observations. In phys-
ics this is arguably even more critical, as most phenomena can only be expe-
rienced through mediation in a semiotic sense—for representations, or semi-
otic resource systems, are the only means through which disciplinary
knowledge about physics phenomena may be communicated (see Sections
6.1.1. and 6.1.2). It therefore stands to reason that students should be exposed
to investigating disciplinary-specific representations and should be afforded
opportunities to discern their relation, on the one hand, to observation and on
the other to disciplinary concepts.

The definition can be visualised in the form of a triangle (see Figure 6.14).
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Figure 6.14. Representational competence (R) consists of modelling real world phe-
nomena by linking disciplinary-accepted representations to scientific concepts, con-
structs and practices. (Paper V. p. 92)

Further, it follows from this definition that representational competence in this
case can be seen as made up of a set of discrete representational competencies
within a number of semiotic resource systems. Each system would have its
own version of the triangle in Figure 6.14, e.g. graphs (Rgrapr), diagrams (Rpr
4GRaMm), Mmathematics (Ryrm), ... etc. Note that R is made up not only of the
sum of these discrete representational competencies with respect to a particu-
lar concept, but also entails the ability to fluently move between each of these
different representations of the concept to create what Airey and Linder (2009)
term a critical constellation of resources with respect to the object of interest.
Such movement may occur both within a given representational system—
transformation—and across different representational systems—transduc-
tion—see again the earlier discussions in Sections 3.4.6 and Section 6.1. Hav-
ing defined representational competence within the theoretical framing of this
thesis, a logical follow-up task is to apply this definition to a specific area of
undergraduate physics so that its usefulness for physics educators, as a guide
for how to practice and develop students’ representational competence, can be
judged.

As discussed in the Preface and Chapter 1, the area of graphs in the area of
1-D kinematics was identified as a particularly difficult representational sys-
tem for introductory physics students to work with.

The iOLab device, with its set of disciplinary and pedagogical affordances
was also available for this case study (C)—see Section 5.2.2. This time it was
used as a kinematics cart with a wheel sensor tracking the rotation of the pilot
wheel, with the information transducted to the three standard graphs (position-
time, velocity-time, acceleration-time) used in 1D-kinematics to communicate

143



concepts of motion. Graphs in physics in the area of 1-D kinematics was con-
sequently chosen as an illustration of the usefulness of the new definition of
representational competence. This exercise also served another purpose, to
test and broaden the extent of applicability of the conceptual framework being
used in this thesis.

First a brief discussion about graphs in the area of 1-D kinematics, from the
viewpoint of social semiotics, is relevant at this juncture, since a reader may
legitimately ask why such an old topic in PER is revisited, and what new un-
derstandings around students’ difficulties in this area could be offered by this
thesis.

6.4.2. Graphs in 1-D kinematics — a social-semiotic analysis

Students’ difficulties with graphs in 1-D kinematics are well described in
PER—see, for example Goldberg & Anderson (1989). Moreover, proficiency
in interpreting, using and producing graphs is recognised universally by phys-
icists as key to developing disciplinary understandings across a wide range of
topics. The main difficulties students have with graphing can be broadly sum-
marised as challenges with connecting graphs to physics concepts, and prob-
lems connecting graphs to the real-world—see the early work by McDermott,
Rosenquist, & van Zee (1987). Recent studies at university level have shown
that graphing in 1-D kinematics in physics continues to be problematic for
students, despite them being taught this topic at high school—see Planinic,
Ivanjek, Susac, & Milin-Sipus (2013), Bollen, De Cock, Zuza, Guisasola, &
Van Kampen (2016), and Ivanjek, Susac, Planinic, Andrasevic, & Milin-Sipus
(2016).

The generic affordances of graphs in 1-D Kinematics

Since the social semiotic-derived framework used in this thesis deals with dis-
ciplinary knowledge and its representation, a good starting point for a descrip-
tion of representational competence in graphs (Rer.rx) in 1-D kinematics is to
carry out a semiotic audit of the generic possibilities for meaning-making that
graphs afford in this area. The idea is to then analyse the ways in which these
generic affordances are used within physics to make specific disciplinary
meanings.* This has resulted in what is referred to as a disciplinary semiotic
audit (Airey & Eriksson 2019). Interestingly, the three disciplinary-specific
graphs typically used in this area were found to leverage the exact same ge-
neric affordances of the semiotic system, but used them to make very different
disciplinary meanings.

40 See Airey & Eriksson (2019), who showed with the example of the Hertzsprung-Russel dia-
gram from astronomy, that even for experts in a discipline, the linkages between the generic
affordances of a semiotic system and the disciplinary meanings folded into them are not always
self-evident
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The type of graph we are analysing has four quadrants because each varia-
ble can have both positive and negative values—see Figure 6.15.

Figure 6.15. The four quadrants of a generic graph. (Paper V, p. 93)

A disciplinary semiotic audit of the graph system in 1-D kinematics

Limiting analysis to the first quadrant there are eight separate types of generic
shapes that can be leveraged for meaning-making in 1-D kinematics (see Fig-
ure 6.16).

Figure 6.16. The eight generic shapes: (i) straight line horizontal; (ii) straight line
vertical; (iii) straight line increasing to the right; (iv) straight line decreasing to the
right; (v) increasing concave; (vi) increasing convex; (vii) decreasing concave; (viii)
decreasing convex (Paper V, p. 93)

These eight shapes represent the semiotic material, or “building blocks” that
can be assigned meaning within this system—essentially any curve may be
constructed from combinations of these eight shapes. Note that the shapes can
potentially be repeated in all four quadrants. Note also that a curve crossing
any one of the axes also has the potential to mean something specific in a
physical sense. Here, a graph that passes through the origin is a special case
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where both axes are crossed simultaneously. These, then, are the generic af-
fordances (Airey & Eriksson, 2019) that can potentially be leveraged by phys-
icists to represent physical quantities.

From generic to specific—what do graphs communicate in 1-D
kinematics?

Physics-specific descriptions of any phenomenon usually involve a set of
physical quantities, measurable or derived, that have been agreed, by the dis-
cipline, to “stand for” the salient aspects of the phenomenon. As a subsection
of physics, kinematics models the motion of objects. This entails understand-
ing how position (r), velocity (v) and acceleration (a) vary with time (¢). In 1-
D kinematics at high school and introductory university levels these four var-
iables communicate a complete picture of an object’s motion in a straight line.

Within the single semiotic system of graphs, these four basic scientific con-
cepts have come to be represented using three particular graphs—position-
time (r-t), velocity-time (v-t), and acceleration-time (a-t). For physicists, the
three graphs communicate how an object’s motion is changing, which in turn
represents an object’s state of motion, e.g. stationary, uniform motion, uni-
formly accelerated motion, etc. In these three graphs, time is placed on the
horizontal axis, and, since time (unlike position, velocity and acceleration) is
not usually negative in physics experiments, this means that in 1-D kinematics
we are usually only interested in quadrants 1 and 4 in Figure 6.15. Given this
focus on just two quadrants, the eight shapes in Figure 6.16 yield 8+8=16 ge-
neric possibilities for meaning-making per graph. If we ignore for the moment
the meaning potential of the crossing of the axes, there is then a total of 16 x
3 =48 generic possibilities that students potentially need to be able to interpret
and produce across the three graphs in order to be representationally compe-
tent in graphs in 1-D kinematics. Following the proposed definition of repre-
sentational competence, each of these meaning-making possibilities would
also need to be linked to real-world situations and the associated kinematics
concepts. An example is presented below.

Consider the following real-world motion:
A car moving along a straight road slows down.

One possible set of the three 1-D kinematics graphs associated with this real-
world motion and the way that physics conceptualises that motion can be seen
in Tables 1-3. Notice that assigning a positive direction and a reference posi-
tion is part of a process of connecting the real-world motion to disciplinary
representations—in this case the three graphs. Another possible set could have
negative positions and negative velocities, in which case acceleration would
necessarily be positive (“slowing down” in 1D-kinematics always means ve-
locity and acceleration having opposite signs).
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Table 1. 4 position-time graph of real world motion and the physics concept(s) used
to describe it. (Paper V, p. 94)

Position-time graph Kinematics Concept(s)

Positive position
Positive velocity
Negative acceleration

[r>0,v>0,a<0]

Convex curve, 7> 0 . . . .
Note: a is constant if curve parabolic, but this

cannot be seen in this particular graph.

Table 2. 4 velocity-time graph of real world motion and the physics concept(s) used
to describe it. (Paper V, p. 94)

Velocity-time graph Kinematics Concept(s)

Position unknown
Positive velocity
Negative acceleration

Uniformly accelerated motion

Straight line decreasing to right, v > 0. [v>0,a<0]

Table 3. An acceleration-time graph of real world motion and the physics concept(s)
used to describe it. (Paper V, p. 95)

Acceleration-time graph Kinematics Concept(s)

Position unknown
Velocity unknown
Negative acceleration

Uniformly accelerated motion

Straight horizontal line a < 0. [a<0]

In representing aspects of the real-world motion, each of the three graphs lev-
erages one of the 8 generic shapes in Figure 6.16 in two quadrants. Further-
more, each graph has different disciplinary affordances, meaning, for the pur-
poses of this thesis, different possibilities to visually communicate essentials
of the different kinematic concepts (Airey & Eriksson, 2019). In our particular
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illustrative case no new information is added by the a-¢ graph (Table 3), alt-
hough uniform negative acceleration is made much more clearly visible by the
horizontal line in the 4™ quadrant (negative). This is in contrast to a purely
mathematical treatment of graphs, where knowledge of the function of the r-¢
graph is all that is required—that one function contains all the information,
from which the v-¢ and a-t graphs may be derived.

This section started out by defining representational competence in terms
of the ability to interpret and produce a set of disciplinary-accepted represen-
tations of real-world phenomena and link these to formalised physics con-
cepts. Thus, in this characterisation, full representational competence in
graphs (Rgrapr) for 1-D kinematics would entail being able to interpret and
use all of the 48 possible graph/shape combinations to describe different kinds
of real-world motion and link these to kinematics concepts. Describing real-
world motion in this way also involves the ability to combine the different
generic shapes to make complete graphs. Furthermore, the three graphs are
linked, so that a particular shape on a position-time graph will be associated
with specific shapes on velocity-time and acceleration-time graphs creating an
interconnected system of “allowed states”.

Returning to the visualisation of representational competence in Figure
6.14, the results of the semiotic audit can be applied to create a specific trian-
gle for representational competence in graphs (Rgrapr) for 1-D kinematics
which involves interpreting and producing three types of graph that need to be
appropriately associated with both kinematics concepts and real-world motion
(Figure 6.17). For the full disciplinary semiotic audit of the graph system in
1-D kinematics within the definition of representational competence pro-
posed, please see Appendix C.

Figure 6.17. Representational competence in graphs (Reuei) for 1-D kinematics con-
sists of modelling real-world motion by linking features of three graphs to the kine-
matics concept(s) (Paper V, p. 96)
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Leveraging the definition of representational competence (R), Figure 6.17 of-
fers then a template for how representational competence in graphs (Rgrarr)
for 1-D kinematics may potentially be practiced and developed, i.e. a way to
operationalise the definition. This leads to the first research question for Paper
V:

Using this definition, what kind of tasks might be used to systematically de-
velop and practice representational competence in the area of graphs in 1-D
kinematics?

In the particular area of graphs (Ru..) for 1-D kinematics, the semiotic audit
suggests the different meaning-making possibilities of the three graphs (posi-
tion/time, velocity /time and acceleration/time) need to be linked to real-world
motion and kinematics concepts. As may be deduced from the complexity of
the full semiotic audit—see Appendix C—, this is not a trivial learning chal-
lenge for students. Based on the definition of representational competence, a
systematic development would involve students being provided with one ver-
tex of the triangle in Figure 6.14 and being asked to generate the other two
vertices. For developing Ra.. in 1-D kinematics, then, tasks need to be created
where students are provided with one vertex of the triangle in Figure 16.7 and
asked to generate the other two. Logically, this would entail three separate
tasks where each task begins with a different vertex of Figure 16.7.

6.4.3. Operationalising the definition

This section presents how the definition of representational competence was
operationalised. Three open-ended tasks were designed in order for students
to develop and practice representational competence in graphs (Rgrapr) for 1-
D kinematics. It must be noted here that following the semiotic audit, these
tasks can only begin to develop students’ representational competence. This is
because there are 48 possible generic meaning making shapes (plus the cross-
ing of the axes) across three graphs that students need to appropriately coor-
dinate and associate with real-world and physics concepts.

Task 1

Given a situation with real-world motion, observe the shapes of the three
graphs and explain these in terms of kinematics concepts.

Task 2

Given a formal verbal description of how a kinematics concept changes over
time, generate an example of the associated real-world motion and predict the
shape of the three corresponding graphs.
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Task 3

Given the same generic shape in each of the three graph types, interpret each
graph in terms of its related kinematics concepts and produce the associated
real-world motion.

Note that as well as purposefully starting from a different vertex of the triangle
in Figure 6.17, the tasks also become successively complex.

This leads to the second research question for Paper V.

To what extent does the implementation of these tasks appear to develop the
desired representational competence?

Open-ended tasks designed around the iOLab

The designing and delivering of the tasks to develop representational compe-
tence in graphs in 1-D kinematics formed the basis of Case Study (C). As
discussed in Section 5.2.2, the tasks were given to a class of Swedish univer-
sity students on a physics teacher undergraduate program.

In order to implement and assess the three tasks with students, the iOLab
was again used. Essentially, the open-ended tasks revolved around students
engaging with the iOLab both as a system for producing the disciplinary rep-
resentations (the three graphs) and as a tool to produce the real-world experi-
ences (observing and effecting the motion of the sensor-box), which then pre-
sented the opportunities for students to carry out the tasks in the way it was
conceptualised, i.e. practice and develop Rgrapr in 1-D kinematics. One of the
sensors is connected to a wheel on the underside of the iOLab. This measures
the position of the device at any given time and can therefore be used to pro-
duce the three graphs that describe the motion of the device—see Figure 6.18
for a screenshot of the iOLab interface screen for a recorded run with the
wheel sensor selected and the iOLab sensor-box dragged across the floor at
constant speed in a straight line by a toy car (see Figure 6 in Paper V, p. 98).
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Figure 6.18. The iOLab interface screen with the wheel sensor utilised to track the
motion of the sensor-box and transduct that meaning to the three motion graphs. The
red line is the »,~¢ graph, green the v,-¢ graph, and blue the a,- graph.

Due to the nature of the task, roving cameras were used to record the students’
engagement with the iOLab, and the other resources made available to them
(for example, the toy car) and those in the room (the tables were used as flat
and inclined surfaces for the student-designed experiments to solve the tasks).
Based on the previous findings reported for Case Studies (A) and (B), the re-
search team were aware of the importance of the (sometimes brief) interac-
tions between student pairs and facilitators, for it is then that students get the
opportunity to articulate their understandings, and for teachers to check such
learning. For example, this chapter has already provided a theoretical basis,
supported by empirical evidence, for the importance of transduction as a sign
that learning has taken place in these kinds of learning situations. Given the
open-ended nature of the task that required students to move around the venue,
a roving camera was used to record the interactions between the students and
with the facilitators. Section 5.2.2 describes the data collection methods used
for Case Study (C).

The three iOLab tasks described below are variations of some of those pro-
posed by Selen (2013) for working with the iOLab system.

Task 1 (starting with real-world motion vertex)

In the first task a toy car was tied to one end of the iOLab sensor box and
pulled across a table or the floor, at constant speed in a straight line (see Figure
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5.4). Students were simply asked to observe the motion, inspect the outcomes
for the three graphs on the computer screen, and finally, explain the motion in
terms of the kinematics concepts. Here, we leveraged the transduction func-
tion of the system to produce the graphs for the students—see Paper XX. This
meant that at this stage the students only needed to interpret the graphs made
by the system, rather than having to produce the graphs themselves. A follow-
up aspect of this task was for facilitators to join the pairs and suggest changes
to aspects of the real-world motion. Students could then offer predictions and
explanations for the new shapes that would result for the three graph types.

Task 2 (starting with a kinematics concept vertex)

In this task, the students were simply instructed to engineer a situation in
which a stable and repeatable constant acceleration for the iOLab would be
achieved—most of the participating students quickly chose to leverage gravity
by raising the laboratory table at one end to create an inclined surface and let
the iOLab (without the toy car) roll down the incline. Students were then asked
to predict with explanations what the three graphical readouts would look like
in terms of the shapes and directions of the graphs produced.

Task 3 (starting with the graphs vertex)

This task required the students to move the iOLab in such a way as to produce
the same pre-set shape for each of the three graph types in turn (see Figure
6.19). Students first interrogated the graph in terms of the kinematics concepts
described, before predicting the necessary real-world motion. The students
could then move the iOLab and observe the graphical output. Note that this is
a very complex task when the graph shape is inspected with the semiotic au-
dit—the combination graph shape involves eight different segments, each
meaning something different in the real-world domain of the motion of the
iOLab sensor-box. It was therefore anticipated that this activity would be the
most challenging for the students.
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Figure 6.19. The shape students were asked to produce for each of the three graph
types. (Paper V, p. 99)

With these tasks, the first study question was answered—recognising and lev-
eraging the affordances of the iOLab system, and applying the theoretical per-
spectives derived from the conceptual framework for this thesis, the tasks were
believed to be ideal for students practising and developing their competence
in working with graphs in 1-D kinematics. The following section reports on
the empirical findings related to the second study question—to what extent
were the three tasks observed to develop the needed representational compe-
tence.

6.4.4. Results and discussion

As explained in Section 5.2.2, only selected excerpts constitute the multi-
modal transcript for this study. These vignettes were selected to illustrate the
ways in which the students engaged with the three tasks. The reader is referred
to Section 6.1.4 where the particular style of presenting the transcript excerpts
are provided. These transcript excerpts have been simplified from our full
multimodal transcript (see Appendix B for one vignette as an example)—for
example, words replace snapshots and superimposed graphics to signify ac-
tions and gestures, together with using different styles of brackets. -

Note that since the students’ representational competence was not tested
before the three tasks, only the shifts in representational interpretation and
production that the students exhibited can be reported on. However, it was
often evident to the researchers, particularly during their engagement with the
students,~that representational competence was being developed and prac-
ticed.
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Task 1

The students managed to successfully complete Task 1 by explaining the
shapes of the three graphs and correctly deducing the kinematics concepts
from the observed real-world motion—essentially, that the toy car was pulling
the iOLab device across the floor or table at a constant velocity (see Figure
6.18 for a representative set of graphs produced by the iOLab system for the
observed motion). At this point two facilitators engaged with one student pair
to probe their level of representational competence. The students were first
asked to imagine the iOLab box still towed by the toy car but with the car now
moving from right to left across the laboratory bench, instead of left to right
as before. They correctly concluded the graphs would be the same. One of
them pointed to the printed set of axes on the iOLab to correctly conclude that
the sensor would “not notice” the difference. Thereafter, the students were
asked to imagine the iOLab itself being rotated through 180 degrees so that it
was in effect “towed in reverse”. Starting by tracing the original graph line in
the air, the student then correctly imagined and traced out the new shape (see
Figure 6.20).
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Figure 6.20. Student correctly deduces the shape of the new graph, tracing it out in
the air. The student’s left hand is deliberately positioned and shaped (holding a
something in space) to signify the point on the r,-¢ graph corresponding to the posi-
tion at which the first run would have been stopped and the iOLab sensor-box hypo-
thetically turned around, so that the toy car now pulls the sensor-box in reverse. The
right hand is shaped like the tip of a pen (signifying a drawing action) and traces the
deduced straight line graph that would result. (Paper V, p. 100)

When asked to vary the real-world system, the students could begin to cor-
rectly visualise the graphs themselves (up until this point the graphs had been
generated “automatically” for them by the iOLab system). Furthermore, the
students could also correctly predict the new velocity graph—first a horizontal
line in the 1* quadrant (positive), followed by a horizontal line in the 4™ quad-
rant (negative). Analytically, this was taken as evidence of the development
of Rorirn within 1-D kinematics.

Task 2

The students quickly created a sloped surface by simply balancing two feet of
the laboratory table on the edge of the skirting board of the room. Some stu-
dents articulated their choice by explicitly referring to creating a “free-fall”
situation; an example of leveraging their prior physics knowledge about con-
stantly accelerated motion. Their improvisation—not free-fall, but a sloped
surface—was evidence that they could successfully conceptualise the kine-
matics concept of constant acceleration and produce an appropriate real-world
instantiation. After one pair had completed the task, the facilitator with the
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video recorder was called. A Socratic-like dialogue ensued. One student (S13)
explained the graphs in the following way:

S13: The position graph is showing exponential growth, because it goes
faster and faster, more and more increase [simultaneously moving
hand in an ever-steeper gesture] in the position. And the velocity is a
constant slope, as it gains the same increase in speed over time, one
can say. And, as expected, the acceleration is a constant over time

One of the facilitators then asked the students what the graphs would look like
if the iOLab were rolled down the sloping surface with the device turned
around, “and let it go in the same way”. The following interaction ensued:

S14: So the direction in the graph would be, opposite, ...but the minus...
would still be the same

S13: [S13 makes a hand gesture and traces a concave decreasing curve in the
4™ quadrant similar to shape vii in Figure 6.16]

F3: So can you just go one by one? (Gesturing to the three graphs the stu-
dents have produced—by making the iOLab move in the way they set
it)

S14: OK, so, this (referring to the ry-t graph) would still have an exponential
curve
[S14 points directly at graph on screen and traces a decreasing convex
curve similar to shape viii in Figure 6.16 with index finger]

F1: And where would it start? (referring to the line the student just traced
with hand over screen)

S14: Umm, oh, it will still start at zero. But, it will be like...

[S14 again traces the same curve, but much more clearly, starting index
finger at the origin, and tracing a convex decreasing curve in the 4%
quadrant spanning the width of the screen]
... in the negative, uhh, (chuckles), call it ...

Fl: Yeah, the, the ne-.., 2" quadrant (referring to the 4th quadrant—re-
member the students only have 2 quadrants on their graphs)

S14: And then, the velocity, it'll just like turn like this

[S14 first aligns her hand with the increasing straight line (shape iii),
then mirrors it to be a decreasing straight line in the 4™ quadrant (shape

iv)].
So we will have still have the same slope, but negative. As with the po-
sition, it would just be in the negative.

F1: And start with?

S14: Start with zero. And with acceleration, we would have a negative ac-
celeration.

F1: So, it would be negative...? (F1 earlier led students to read off the ap-
proximately constant value of the positive acceleration from the graph.)

S13: Minus 1.
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S14: Negative 1.
F1: Negative 1, yeah.

If one overlooks the “incorrect” everyday usage of the word “exponential”™—
a term commonly used by the students as a kind of “generic label” for a con-
cave shape (rather than a particular mathematical function)—then, this inter-
action becomes a powerful demonstration of how the students practiced rep-
resentational competence while carrying out the tasks. Firstly, S13 could ex-
plain with physics-specific descriptions the meanings of the graphs for the
motion of the iOLab down the incline. Interestingly, when asked about the
reversal, S13 first draws the new graph incorrectly choosing a concave de-
creasing shape. However, S14, then, takes over, and using hand and index
finger, traces out the correct shape (convex decreasing) over the top of the first
graph. Here, the original graph functions as a persistent semiotic resource and
acts as both a placeholder for the first student’s meaning making and as a co-
ordinating hub for new meaning making (see Section 6.1.5). As such, the per-
sistence of the graph provided the facilitators and the students with opportu-
nities to check and modify understandings. For the description of the new ve-
locity graph, the students begin to spontaneously introduce new resources—
here hand gestures specifically generated over the graphical plot. In Section
6.1.6 it was argued that the introduction of such new semiotic resources pro-
vides signs of student learning taking place (Papers I and III). This is clearly
illustrated in this excerpt, a hand laid along a line of constant slope, accompa-
nied by physics-specific speech. For the new acceleration curve, the usage of
the single value (minus one) signified the students’ understanding of the new
curve being constant, but in the fourth quadrant.

Task 3

This was understandably the most challenging task for students and indeed the
introductory semiotic analysis suggested this would be the case. This is be-
cause the “double-bump” in Figure 6.19 involves four of the generic shapes
from Figure 6.16 in each quadrant (total eight). Moreover, the meanings of
these generic shapes change radically across the three graphs.

Only the analysis of the students’ explorations and experiments to obtain the
r-t graph is presented here.

As a first attempt, the participating student pair started again with a table
raised at one end, as was the case for Task 2. They rolled the iOLab device up
the slope, starting the run from rest, pushing it to achieve a smooth but short
acceleration before letting it go, and then stopping it when the box had rolled
back to the starting position. Analytically this demonstrates that they had ad-
equately conceptualised the different phases of the motion (the kinematics
concepts) for obtaining the “single bump” shape graph. However, they ex-
pressed having “big trouble” with getting the “negative bump”. They ex-
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plained how they first, after a short pause, just turned the box around and re-
peated the same motion—here they leveraged their earlier realisation of the
function of the wheel sensor and the printed axes from the first two tasks. A
second idea was to let the iOLab simply roll past the original starting point
and stop it lower down the slope—thus creating the negative position. How-
ever, the students observed that that would need a different “force” in order to
produce the shape that was asked for in the task. One facilitator then suggested
they try to move the box on a flat surface and just use their arm—a suggestion
they readily accepted. For their first attempt, S13 pushed the box in four per-
ceivably different stages forwards and backwards starting and stopping at the
same point. S13 then inspected the graph (only a single bump) then with the
support of the facilitator S1 shifted the starting position to the middle of the
table. S13 now moved the iOLab backwards and forwards in one direction
from the starting point (negative positions) and, after a short pause, repeated
the same motions in the other direction (positive positions). The students
quickly realised their “mistake”—either the box should have been turned
around, or the motion should have started in the opposite direction first. Aided
by timely facilitator inputs, the students’ words and actions demonstrated an
ability to quickly make the required adjustments to their real-world motion
experiments, in order to achieve the desired shapes for the position-time
graph. Analysis and discussion about this pair and other pairs of students’ en-
gagements which followed obtaining the graph shapes for the vt and a,-¢
graphs, are excluded from this thesis. The hope is that this data will lead to a
further publication in the future, along with a comparison with a South African
group of university students who also did the same iOLab wheel sensor task.

6.4.5. Summary and conclusions

In this section, the social semiotic lens as applied in the conceptual framework
of'this thesis was used to suggest a nuanced definition of representational com-
petence that may be used in physics:

Representational competence (R) is the ability to appropriately interpret and
produce a set of disciplinary-accepted representations of real-world phenom-
ena and link these to formalised physics concepts.

This definition was chosen because much of physics involves the creation of
disciplinary concepts from real-world observations. This characterisation was
summarised in the triangle in Figure 6.14.

The usefulness of the proposed definition of representational competence was

tested by applying it to one particular semiotic system (graphs) in 1-D kine-
matics. As a first step, a disciplinary semiotic audit was carried out to establish
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what representational competence would entail for this particular area of phys-
ics. This is illustrated diagrammatically (in Figure 6.17). Based on the semi-
otic audit, three iOLab-based tasks were developed with the explicit intention
of assisting students to develop and practice representational competence in
this area. There is evidence from the student interactions documented in Case
Study (C) that successful completion of these tasks goes some way in assisting
students to acquire the intended representational competence. However, no
claim is made that after completing these tasks, they develop full representa-
tional competence in this area.

In the literature there are several examples of research and curricula focussed
on encouraging movement between multiple representations in science learn-
ing, similar to those described in this thesis—for example, the Physics Active
Learning Guide of van Heuvelen and Etkina (2006) and the work of Stern,
Aprea, & Ebner (2003) and Duval (2006a, 2006b). Through Case Study (C),
one way of thinking about representational competence has been offered (in
the form of the triangle in Figure 6.14) within which one can understand why
such approaches are successful and how approaches in new areas might be
developed. Thus, although the illustrative empirical work presented in this
thesis deals with the application of our definition, to the developing and prac-
ticing of representational competence in one particular semiotic system for a
very particular area of physics, it is argued that there are potentially broader
lessons to be learned.

For example, could the description of how the three tasks were constructed
provide guidance for teachers on how to help students develop and practice
representational competence in other semiotic systems for other areas of phys-
ics and indeed science education in general? Whilst this is beyond the scope
of this thesis, it does however suggest possibilities for future research.

A note about transduction and transformation

Further to what I write about transduction and transformation at the end of my
preface and the beginning of Chapter 1, I wish to point out the following: The
episode (see the discussion under Task 2, Section 6.4.4 above, or that on page
101 in Paper V) in which the student pair were able to deduce the appropriate
graphs by inspecting the other graphs, is an example of where a (successful)
transformation took place—here, the students were able to correctly interpret
the information from the position-time graph, and then correctly deduce what
the shape and quadrant of the velocity-time graph should be. Not only that, it
appears that it is the transductive link between the graph system and the real
world, which facilitated the ease with which the students were able to make
this correct transformation. The students showed evidence of their understand-
ing by introducing their own resources (deliberate hand gestures accompanied
by verbal explanation) and in so doing demonstrated developing competence
by making the link between the real world and the graphs for themselves (see
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the caption for Figure 6.20). There appears therefore to be an interesting rela-
tionship between transformation and transduction, especially when the roles
of these different shifts in meaning-making are considered from the perspec-
tive of developing representational competence.

When it comes to transduction (i.e. meaning-making across semiotic sys-
tems or ‘transmodal’ meaning-making), as previously discussed (see Sections
3.4.6, and 6.1), meanings by necessity are added or lost. Put another way, the
signmaker—as [ have discussed in Section 6.1, could either be a device which
represents the interests of the device maker, which is the physics community,
or a discourse participant engaged in a disciplinary communicative practice—
1s forced to make certain semiotic choices, but must make sure these choices
result in a coherent ‘message’ being shared. In this way, the transductions
made possible in our tasks, by linking real-world phenomena to the physics-
specific semiotic resources or representations that stand for the disciplinary
relevant aspects we want students to learn, train students to notice what is im-
portant from a physics perspective. In the context of the VTL, the transduc-
tions performed by the students in the tasks generated the required variation,
but in a dynamic sense. Speculatively, students may then be in a much more
secure position to make the appropriate transformations—because, if they can
make the required transductions within the representational competence trian-
gle, they can then best understand which transformations will not make sense,
since each resource within a semiotic system must also be accessible through
transduction in a coherent way to real-world phenomena.

This answers the question about how students may learn to discern which
combinations (or “allowed states”) of the three graphs are appropriate for de-
scription of a real-world motion or a state of motion in a certain context. As
the semiotic audit shows, there are at least 96 (8 x 3 x 4) different possible
meanings, excluding zero-line graphs and graphs crossing axes, that may be
associated with the standard generic shapes across the three motion graphs in
the four quadrants, which introductory students are presented with when stud-
ying 1-D kinematics.

Taking this further, Airey & Linder (2009, 2017) realised the importance
of a critical constellation of semiotic resources to make learning of new phys-
ics concepts possible, and that varying the disciplinary relevant aspects of the
targeted physics concepts in any given task is the only way for students to
notice these semiotic resources. Further, students need to develop fluency in
(the effective application of) each semiotic resource, which of necessity re-
quires them to go through a learning process in which they progressively con-
nect disciplinary meanings to their initial discourse imitation as they increase
their disciplinary discernment. Case Study (C) has demonstrated how trans-
duction plays a central role in the development of representational compe-
tence.
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6.5. Answering the research questions

In this section I directly address the answers to my research questions and
collect them together in one place. In doing so I naturally collate and summa-
rise the information presented in this chapter and my publications. My overall
research question was as follows:

What might transduction—a theoretical construct common in the field of
multimodal social semiotics—contribute to social semiotics research
work in PER?

Here, it is clear that the introduction of the term transduction (and its parallel
concept transformation) has offered PER new ways of viewing the role of se-
miotic resources. Before the inception of this thesis, the main focus when cat-
egorising semiotic resources within the conceptual framework discussed in
Chapter 3 was the persistent/non-persistent distinction. This distinction
formed the theoretical basis of the then ground-breaking notion of coordinat-
ing hubs put forward by Fredlund (2015)*. However, when Fredlund et al.
(2012) discussed the differences in disciplinary affordances between a ray di-
agram and a wavefront diagram for explaining why refraction occurs, he was
in fact talking about a transformation—that is, a recasting of meanings within
the same semiotic system (diagrams).

The main theoretical contribution of this thesis is to point out that, on the
whole, transductions provide more opportunities for student learning than
transformations. This is because of the fundamental requirement that meaning
must be added and/or taken away for transductions to be able to take place
(see discussions in Paper III, Section 6.1, and in particular 6.1.6 of this chap-
ter). Next, transduction introduces a dynamic aspect to learning. Before the
introduction of the transduction lens, social semiotic discussions around learn-
ing in PER had typically involved three stages: 1. identifying disciplinary rel-
evant aspects, 2. choosing appropriate semiotic resources that showcased
those aspects and 3. creating variation within those resources to help students
discern them (see for example (Fredlund, Airey, et al., 2015), and (Airey &
Linder, 2017). With the introduction of the concept of transduction in this the-
sis, the focus has changed from creating purposeful variation within each of
the separate semiotic resources to create a critical constellation, to a realisation
that the necessary variation for a critical constellation may also be created by
movement of meanings between semiotic resource systems—that is by trans-
duction. As such, this thesis has enhanced the social semiotic perspective in
PER by adding a second, complementary method for the creation of variation

4l In his notion of coordinating hubs, Fredlund points out the value of a persistent semiotic
resource as a permanent, unchanging hub around which other (mostly non-persistent) semiotic
resources could be coordinated to form a critical constellation.
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to the system already detailed in Fredlund, Airey & Linder (2015). Using this
insight, further research questions were devised. Thus, the answers to ques-
tions 1-6 all stem from and are answers to my overarching research question.

RQI: How can the role and functions of physics devices be described when
applying the social semiotic lens used in this thesis?

Section 6.1.1 started with an analysis of the role of physics devices from the
viewpoint of social semiotics. Principal to that analysis was the simple obser-
vation that physics devices must generate outputs that physicists can interpret.
Here, the ways in which the output of such devices can be interpreted has
already been agreed within the discipline. Thus, the sensors, electronic cir-
cuitry, etc. that make up physics devices all exist to perform functions to shift
signs produced by environmental input to outputs within semiotic systems that
physicists can work with. In this respect, three major functions of physics de-
vices were identified. Physics devices intensify, filter, and transduct environ-
mental input. Semiotically then, for phenomena that are not directly perceiv-
able via the human senses such as magnetic field, transduction becomes criti-
cal, since by necessity the semiotic material of interest must be moved to a
new semiotic system that humans can perceive. An example here is the click-
ing sounds produced by a Geiger Counter. This answer to RQ1 now forms a
basis for answering RQ2.

RQ?2: Based on the answer to RQI1, how can the concept of transduction be
used in this thesis to extend our understanding of the role and function
of probeware in physics teaching and learning activities?

How physicists use and interpret the outputs of physics devices is an integral
aspect of physics work. To understand the ways in which physicists make
meanings with devices, especially in teaching and learning contexts, one
therefore needs to understand how devices themselves contribute to discipli-
nary meaning-making practices.

From a semiotic perspective, if students, as novices in physics, are to un-
derstand the links between the disciplinary-accepted semiotic resources used
in physics and the physical world around them, they need to be given oppor-
tunities to connect the real world to its standardised representation. This nec-
essarily involves transduction of semiotic material from the environment to
standard disciplinary representations. In all three case studies described in this
thesis, probeware enabled students to interact with the environment around
them whilst simultaneously paying attention to disciplinary-accepted outputs.
Thus, from a social semiotic perspective, the relationship between the physical
world and its disciplinary-accepted representation is constantly the focus of
such probeware activities and transduction is the means by which this is
achieved.
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Using the theoretical relationship between pedagogical and disciplinary af-
fordance of semiotic resources (Airey & Eriksson, 2019), in an analysis of the
iOLab’s design with its array of sensors, computer interface and portability,
etc., revealed that the system has both high disciplinary and high pedagogical
affordances. Probeware, in general can be used then to both do physics and
learn physics, if their generic affordances are leveraged appropriately in tasks;
here again, transduction to facilitate movement of semiotic material in the sys-
tem is key.

RQ3: In what ways might a transduction perspective supplement our under-
standing of why interactive engagement is an effective strategy in phys-
ics education?

The empirical work of this thesis has demonstrated how physics with a range
of semiotic resource systems typically need chains of transductions (see Paper
III, p. 24), especially in active learning situations such as the physics teaching
laboratory. Whereas physics problem solving could be done successfully by
individuals, pair work encourages meanings to be placed in the semiotic space
between individuals. This generates possibilities for communicated mean-
ings—through the production of signs—to be interrogated and disambiguated.
In the case studies long chains of transductions could be seen to be needed
before students could make sense of the what the resources available to them
were saying about the physics/real-world relationship. This would have been
impossible without the pairwork encouraging meanings to be placed in the
semiotic space between individuals. The insertion of a placeholder (usually a
persistent resource that holds all the meanings that had gone on before in a
long learning chain) then performs the function of holding the chain together
up to a certain point in a learning sequence, and further may function as a
coordinating hub—as shown in this thesis—for further meaning-making
through transductions in the continuing chain towards a learning goal. Thus,
it is argued that it is the discussions around meanings that are enabled by in-
teractive engagement that allow students to progress towards physics under-
standings through chains of transductions.

RQ4. How can the application of social semiotics help us design tasks where
students gain initial access to mathematical concepts for physics with-
out the necessity for mathematical calculation?

Using probeware, students can leverage their bodies to interact simultaneously
with the environment and its disciplinary representation. Utilising this aspect,
students no longer need to take readings that they then must transduct into
graphs or equations in order to generate mathematical answers. Students can
thus interact more directly and intuitively with physics phenomena without
the need for mathematical calculation. Using this lens, it is argued that it is
possible to design any number of tasks where students can “feel” their way to
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RO6.

a conceptual understanding of a phenomenon before mathematical formalism
is introduced. In educational contexts, where mathematical resources (espe-
cially using equations to calculate) are overvalued, tasks should be designed
to force students to rather pursue chains of transduction that train their atten-
tion on the conceptualisations relevant to the learning goals.

RQ5. Using the lens of social semiotics, what is the role of student represen-
tational competence in learning 1-D kinematics and how can such
competence be developed?

The work in this thesis, detailed in Case Study (C) and published in paper 5,
highlights the complexity involved in becoming representationally competent
in 1-D kinematics. Student representational competence in one particular se-
miotic resource system (graphs) was analysed through a semiotic audit of the
three graphs traditionally used within this area of physics, namely posi-
tion/time, velocity time and acceleration/ time. Here, it was shown that the
eight generic shapes used in these graphs to represent physics knowledge to-
gether form an intricate system of meaning making that students need to be
able to master (see the full analysis in Appendix C). In terms of generic mean-
ing-making affordances, 8 x 2 x 3 = 48 specific physical meanings are poten-
tially represented by the generic shapes in two quadrants across the three
graphs (see Section 6.3.4). It was noticed that as well as the generic shapes,
there are two further aspects that students need to understand before they are
representationally competent. First, there are the specific physical meanings
that are signified when curves on the three graphs intersect the axes. Second,
a given shape on any one of the three graphs signals certain shapes on the
other two graphs—this can be likened to a system of allowed states across the
graphs. Thus, representational competence in the system of graphs for 1-D
kinematics involves not only being able to interpret each shape on each of the
three graphs in terms of what is happening physically, there is also the inter-
connected transformation aspect between graphs that needs to be considered.

In the thesis, representational competence in graphs for 1-D kinematics
consists of being able to connect physics concepts, through the graphs to real
world motion and vice versa. Having defined representational competence in
terms of linking these three aspects, a method for practicing such representa-
tional competence was proposed where students would be given one of the
aspects (graph, real world situation or physics concept) and be asked to gen-
erate the other two.

How can the results from RQS5 be used to propose a generalised way of de-
veloping representational competence in physics education?

In this thesis it is suggested that representational competence (R) consists of a
set of discrete competencies in different representational systems R, €tc.,
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adding in a holistic way (complementary and supplementary) to R. Transduc-
tion now is bridge between the systems, which suggests a generalised way of
developing R.

Figure 6.21. This figure is a duplicate of Figure 6.14. (see Paper V, p. 92).

Students can practice and develop representational competence in each of the
discrete semiotic systems first, by linking the semiotic system to the real-
world phenomena under study and the physics concept(s). Then, by having
the opportunity to make linkages through transduction between the systems,
students can systematically construct more holistic understandings of a phys-
ics concept.

In the next Chapter, a summary of all the contributions to the field of PER that
emerged during the process of answering my research questions, is given.
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7.

Contributions to PER

The purpose of this chapter is to summarise the contributions of my PhD work
in the field of Physics Education Research (PER). I have collated these con-
tributions under three headings:

1. Empirical findings
2. Theoretical contributions
3. Suggestions for the teaching and learning of physics.

7.1. Theoretical contributions

This thesis makes the following theoretical contributions to the field of PER:
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The introduction of the term fransduction into PER vocabulary to refer to
the movement of meaning from one semiotic resource system to another.
The claim that transduction is central to making learning possible in phys-
ics.

The insight that transduction always involves addition and/or subtraction
of meaning.

Since meaning is always added and/or subtracted, transductions across se-
miotic systems offer important opportunities for teaching and learning in
terms of helping students notice different aspects of physics meaning.
Interactive engagement can be seen to be effective because of the need it
creates to generate communication about conceptualisations with peers
and/or lecturers.

Seeing as all communication involves representation(s) of some form or
another; once produced, representations can be interrogated by peers and
lecturers, which in turn leads to conceptualisations being tested and re-
fined.

Transduction is one of the means by which meanings can be interrogated
and disambiguated.

With its focus on transduction, this thesis introduces a new dynamic un-
derstanding to the UUPER theoretical framework. Building on the Varia-
tion Theory of Learning, it is the movement of meaning between semiotic
systems that generates new opportunities for student learning. This is
complementary to the existing theory, where lecturers generate variation



for their students by leveraging the different disciplinary affordances of
individual semiotic resources to form a critical constellation.

This thesis adds the following theoretical understandings about the role of de-
vices in physics, particularly in laboratory settings:

e Physics devices are designed so that they intensify, filter, and/or transduct
environmental input—in order to make it more readily available to the
human senses (e.g. a Geiger counter’s audible clicks).

e Semiotically, the interpretation of the physics meaning of the output of
any physics device has already been agreed upon by the discipline—only
certain meanings are allowed.

e A large part of learning to work with physics devices therefore involves
students coming to understand how device outputs should be interpreted.

e Probeware tools are particularly effective in teaching and learning of dis-
ciplinary content when they combine high pedagogical affordance with
high disciplinary affordance with respect to the intended learning goals.

This thesis makes the following theoretical contributions in the area of physics
work with multiple semiotic resource systems:

e Representational competence is defined as the ability to appropriately in-
terpret and produce a set of physics-specific representations of real-world
phenomena, and link these to formalised physics concepts.

o This representational competence is made up of the sum of a number of
discrete competencies (i.e. Rrorur = Rorapr + Ryare + ...€tc.), and also
involves being able to move fluently between each of the different repre-
sentations.

This thesis makes one further theoretical contribution to the pre-existing social
semiotic framework used and developed for this thesis:

e Persistent semiotic resources (diagrams or graphs for example) can func-
tion as placeholders that facilitate cognitive off-loading of all the mean-
ings that have been made up to a given point.

7.2. Empirical findings
This thesis presents the following empirical findings:

e Students’ spontaneous introduction of new semiotic resources (i.e. their
own transductions) can be a sign that learning is taking place.

e Introductory physics students may conceptualise Cartesian coordinate
systems as being fixed in a standard orientation (as shown in textbooks).
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The thesis demonstrates how an appreciation of the movability of a Car-
tesian coordinate system can be developed without the need to engage in
mathematical calculation.

Probeware tools that facilitate direct physical interaction can allow stu-
dents to leverage their proprioception (i.e. the knowledge of how their
body is moving) while simultaneously focussing on the output from the
tool.

In a learning context where mathematical resources are highly valued, stu-
dents may adopt a purely mathematical approach, even though a task may
have been designed to avoid the need for such calculation.
Representational competence (as defined in this thesis) can be effectively
developed by designing tasks that specifically target movement of mean-
ings between real-world experiences of phenomena, disciplinary accepted
scientific representations, and the physics concepts they are linked to.

7.3. Implications for the teaching and learning of

physics

Building on the theoretical contributions and empirical findings discussed,

this
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thesis makes the following recommendations for physics lecturers:

Encouraging student transductions can help students to learn physics more
effectively

Lecturers should leverage transductions to check their students’ concep-
tions.

Lecturers should choose interactive engagement as the basis for designing
tasks targeting conceptual understanding.

If used, probeware tools should be assessed in terms of their disciplinary
and pedagogical affordances with respect to the learning goals of the in-
tended task.

Tasks that leverage student proprioception should be used where possible.
Physics lecturers should endeavour to map out the potential chains of
transductions that would be required for an idealised version of the learn-
ing task they present. Then, by paying attention to actual student trans-
ductions physics lecturers can better understand where students are in
their reasoning, and, if need be, nudge the students towards more fruitful
avenues (but note the following point).

Students may still be learning in transduction chains that do not lead to
the solution of the physics problem at hand. Physics educators should
therefore contemplate this possibility before intervening to correct stu-
dents’ “unproductive” avenues of investigation.



Lecturers should be aware that their own transductions to non-disciplinary
resources (such as gestures) may assist students in making the desired
connections between resources.

Lecturers should give careful consideration to what persistent resources
might be able to function as placeholders for off-loading meaning within
a given task.

The possibility of such placeholders functioning as a coordinating hub for
other resources in continued meaning-making should also be considered.
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8. Future work

The findings in this thesis and their implications for the teaching and learning
of physics, presented in the previous chapter, open the way for ~ a number
of exciting areas for future research work.

The three cases studies that formed the empirical base of this thesis repre-
sent the tip of the iceberg of a wide range of physics concepts that introductory
students find problematic. However, the analysis of these three cases has pro-
duced interesting generalised perspectives on how students may learn better
with probeware tools in interactive engagement laboratory tasks. A natural
continuation of this research would therefore entail expanding this perspective
to other types of learning situations. When King (1966) envisioned a “shoebox
of sensors that could be used to measure almost everything” (Tinker, 2000, p.
1), it was only a pipe dream. Now that such devices have actually become
available and are beginning to be widely adopted in physics curricula (see
Ansell, 2020) there is much work that still needs to be done in understanding
the roles and potential benefits of probeware devices, such as the iOLab. In
my many years of teaching there have been a number of areas that my intro-
ductory physics students found particularly difficult—for example, waves and
oscillations, sound, heat, energy, etc. In future work I would like to explore
the pedagogical and disciplinary affordances of the iOLab when working
within these topic areas.

In Case Study (C) I examined the development of Swedish students’ repre-
sentational competence in the area of graphs in 1-D kinematics. Given the
surprising differences in student approaches that were observed between Case
Studies (A) and (B), I plan to carry out a comparative study where the same
task is given to South African students.

One thing that I did not have time to explore in Case Study (C) was the role
of other semiotic systems in the development of the holistic representational
competence (R) as it was defined in this thesis. In particular, from the perspec-
tive of my initial research interests, what role may the mathematical system
play in attaining R in 1-D kinematics? A further question is how such mathe-
matical competence may be built upon the competence practised and devel-
oped for the graph system. Would it, for example, be more efficient from a
learning perspective to focus on graphs first, and scaffold the mathematics on
top of the understandings gained in connecting graphs with the kinematics
concepts, or would it be better to develop the discrete competencies in paral-
lel?
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This thesis began with an interest in what might be gained by the introduction
of the distinction between transduction and transformation into Physics Edu-
cation Research. The findings of the thesis clearly point to transduction as an
integral component of multi-representational work with a range of semiotic
systems, however, the role of transformation and its relationship to transduc-
tion remains a complex one, and hence calls for further research. For example,
in the case of the use of graphs in 1-D kinematics, the issue of transformations
between the three graphs (position-time, velocity-time and acceleration-time)
poses further interesting questions. The semiotic audit of the graph system
suggests that students need to develop a sense of which combinations of
graphs describe a real-world motion—in the thesis these relationships between
the three graphs are discussed in terms of allowed states. Performing deriva-
tions and integrations of the mathematical functions associated with the graphs
presents one way of ensuring that the transformations are consistent. However,
the difficulties students have with these transformations appear to be more
conceptual than mathematical. Being able to perform the calculations does not
mean students can interpret the provided solutions correctly. One question for
future work is whether the ability to perform (and understand) such transfor-
mations is dependent on students having first experienced transductions.
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9. Sammanfattning pa svenska

Denna avhandling bidrar bade teoretiskt och empiriskt till forskning kring 18-
rande i fysik pé hogskoleniva. Teoretiskt tar avhandlingen en socialsemiotisk
ansats. Socialsemiotik handlar om hur olika grupper utformar och upprétthél-
ler specialiserade sétt att kommunicera inom den egna gruppen. Darmed in-
tresserar sig denna avhandling for hur fysiker kommunicera fysik till varandra.
Forskningen dr viktig eftersom fysik anses vara ett svart &mne att behirska
och denna svarighetsgrad har tidigare kopplats till den mangd av olika semio-
tiska system (diagram, bilder, matematik, sprék, etc.) som fysiker oftast behd-
ver koordinera i sina beskrivningar av fysiska fenomen (Airey & Linder,
2009).

I avhandlingen undersoks vad introduktionen av en teoretisk gransdragning
mellan tva olika termer transformation och transduktion skulle kunna ha for
betydelse for forskningen om lérande i fysik. Transformation &r forflyttning
av mening inom samma semiotiska system—t.ex. mellan ett diagram och ett
annat diagram—medan transduktion &ar forflyttning av mening mellan tva
olika semiotiska system—t.ex. fran bild till matematik. Avhandlingen fram-
haller att transduktioner dr mer virdefulla i ldrande situationer eftersom de
alltid innebér att information 14ggs till och tas bort. Dessa fordndringar kan
anvindas 1 ldrandesituationer for att dra studenternas uppmarksamhet till vissa
aspekter av ett fysiskt fenomen.

Redan 1966 ség John King framemot en tid dd man skulle ha en “skokar-
tong” fylld med detektorer med vilken man skulle kunna mita nistan vad som
helst. Idag dr Kings samling av métenheter i en enda box verklig—och i be-
tydligt mindre format dessutom. I de tre fallstudier som undersoks i denna
avhandling anvénds just en sddan box som heter iOLab. De tva forsta fallstu-
dierna handlar om studenter som ska ldra sig om flyttbarheten av koordinatsy-
stem genom att undersoka Jordens magnetfalt. Studenterna kunde fé fram rikt-
ningen av magnetfiltet i rummet genom att fa en av koordinaterna i sin iOLab
box att dverensstimma med faltets riktning. Hér visar fallstudierna att studen-
ter inledningsvis sdg koordinatsystemet som fixerad i en vertikal position
(sdsom de framstills i textbocker). Avhandlingen visar hur en forstaelse for
rorligheten av ett koordinatsystem kan utvecklas utan att man behdver dgna
sig &t matematiska berdkningar. Detta &r viktig eftersom for fysiker &r en av
de s.k. disciplinary affordances av ett koordinatsystem dess flyttbarhet—det
ar hur fysiker forenklar sina berdkningar. Ovningen i fallstudierna visade sig
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vara ett effektivt sétt att hjdlpa studenterna att forst forsta att ett koordinatsy-
stem gér att sitta upp hur man vill och dérefter kunde de se virdet av denna
flyttbarhet for fysiken.

I den tredje fallstudien undersoks 1-D kinematics dér studenterna far for-
flytta sin iOLab pa olika sitt och koppla forflyttningen till olika grafiska fram-
stillningar och fysiska koncept. Hér studeras studenternas s.k. representat-
ional competence. Representational competence definieras som formégan att
pa ett lampligt sitt tolka och framstélla en méngd fysik-specifika representat-
ioner av fysiska fenomen och ldnka samman dessa till formaliserade fysikbe-
grepp. | avhandlingen beskrivs denna representational competence som besta-
ende av summan av ett antal diskreta kompetenser (dvs. Rroraz = Reraru +
Ryura + ...etc.), och involverar dven formagan att rora sig obehindrat mellan
varje representation. Representational competence (s& som det dr definierat i
denna avhandling) kan darfor pé ett effektivt sitt utvecklas genom att designa
uppgifter som specifikt riktas mot forflyttandet av meningar mellan: verklig-
hetsbaserade erfarenheter av fenomen, inom disciplinen accepterade represen-
tationer av fenomenet och de fysikbegrepp som de lénkas till.

Vidare lagger avhandlingen fram &dnnu ett teoretiskt bidrag—namligen att
i studentdiskussioner kan bestdndiga semiotiska resurser (till exempel dia-
gram eller grafer) vara virdefulla som platshadllare. Dessa platshéllare funge-
rar som en kognitiv avlastning for alla de meningar som har avhandlats fram
till en given tidpunkt i en studentdiskussion.

Att kunna identifiera nér ldrande pagar har alltid varit svart for didaktiska
forskare. Ett av avhandlingens empiriska bidrag &r att studenters spontana in-
troduktion av nya semiotiska resurser (dvs. deras egenhindiga transduktioner)
kan vara ett tecken pa att lirande haller pa att ske. Hér foreslas att larare bor
utnyttja dessa transduktioner for att kontrollera studenternas forestéllningar.
For att 4stadkomma detta bor fysiklarare strdva efter att kartligga de potenti-
ella transduktioner som krévs for att utfora de ldrandeuppgifter de ger sina
studenter. Genom att sedan uppméarksamma de faktiska transduktionerna kan
fysikldrare battre forstd var studenterna &r i sitt resonemang och, om det be-
hovs, forsoka rikta in studenterna mot mer produktiva végar.

Slutligen, inom fysik anses matematiska beskrivningar som de mest virde-
fulla resurser vi har for att beskriva fysiska fenomen. Men matematisk skick-
lighet utan en konceptuell forstaelse av fysiken ar inte meningsfullt. Mot
denna bakgrund visar avhandlingen att fysikstudenter rent av kan overvdirdera
det matematiska tillvigagéngssittet. T.ex. i en av fallstudierna envisades stu-
denter med sina forsok till matematiska 16sningar trots att uppgiften hade ut-
formats for att undvika behovet av just en sddan berdkning, varfor det foreslés
att larare bor arbeta med konceptuell forstéelse innan man introducerar mate-
matiska berdkningar. Avhandlingen ger flera exempel pa hur sddana 6vningar
kan utformas.
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Full multimodal transcript of a selected student pair’s interaction
— Case Study (A)
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Appendix B
Partial multimodal transcript of a selected student pair
— Case Study (C)
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Appendix C
Semiotic audit of graph system for 1-D kinematics
— graph shapes in the 1st and 4th quadrants
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Appendix D B



Appendix D

Examples of task instruction sheets
Magnetometer activity instruction sheet (English)
Wheel sensor activity



D1. Magnetometer activity instruction sheet (English)

Uppsala University / XXX Gymnasiet Nal4

Exercise with earth's magnetic field

Preparation: Drivers and IOLab program can be downloaded from www.iolab.sci-
ence. Follow instructions on how to install driver. Unzip IOLab-program at a con-
venient location in your computer.

Calibration: this step is essential to make sure that you get as true measurements as
possible.

1st step: Place the IOLab on the white plastic box. This is to ensure that the IOLab is
far away from the influence of iron during calibration. Plug in the USB-dongle in
your computer and start the IOLab then start the IOLab program. Click on the cog-
wheel and work your way through the calibration of accelerometer magnetometer
and gyroscope. Be sure to place the IOLab as shown in the pictures while going
through the calibration steps. The view in the pictures are from the side, not from
above!

Measurements and goal: With the IOLab you can test different sensors and per-
form many experiments. This time we concentrate on the magnetic field. To make
the IOLab measure magnetic field you must tick the magnetometer box in the Sen-
sors list and click Record.

The task is to measure the direction of the earth magnetic field at different locations
and to fix an arrow that represent the direction of the magnetic field in the class
room. Together we will produce a nice view of the earth's magnetic field in the
room.

Extra tasks could be measure the field strength as a function of distance from a mag-
net, try to find where the reinforcement are located in the floor or something else.



D2. Wheel sensor activity

Task statements to students — no instruction sheet given

The tasks were presented verbally and summarized on the blackboard.

Task 1 — Observe motion and the shapes and link these to the kinematics

concept

a. Connect the toy car to the IOLab-box.

b. Observe its motion and the graphs (position-versus-time, velocity-time
and acceleration-time) on the computer screen. What can you say about
the motion? Think about the features of the graphs.

c. Ifyou turn the whole setup around (moving in opposite direction), what
would you expect the graphs to show? Try it and see.

d. If you turn the IOLab box around (front end facing backward), and the

toy car moves in the same direction, what would you expect the graphs
to look like now? Can you explain this?

Task 2 — linking motion to kinematics concept of constant acceleration,
predict and explain the graphs

a.

b.

Design an experiment for which the IOLab-box will move with a con-
stant acceleration.

How can you be sure that the IOLab-box is in fact moving with a con-
stant non-zero acceleration?

What happens if you turn the box around (front to back) and move it in
the same direction as before?

Task 3 — reproduce the “double bumps” (+/—) — interpret kinematic
meaning of graph shapes and produce the motion

Your task is to reproduce, by performing experiments with your hands and

the IOLab-box, the “double-bump” curves drawn on the blackboard. Try not
to rely on ramps or other devices for this task. Use only your hands, unless
you can only achieve the features you want by using your artefacts or extra
apparatus.






Appendix E

Example of an informed consent information sheet
Example of an ethical consent form

Redacted HSSREC application document



E1. Example of an informed consent information sheet

Informed consent — Information Sheet

A social semiotic approach to the use of mathematical tools in the teaching and learning
of physics

PARTICIPANT INFORMATION SHEET

You are being invited to take part in research on the teaching and learning of physics, i.e.
physics education research.

Trevor Volkwyn, a full time PhD student in the Division for Physics Education Research at
Uppsala University, is leading this research.

Before you decide to take part, it is important you understand why the research is being con-
ducted and what it will involve. Please take time to read the following information carefully.

‘What is the purpose of the study?

This study will explore how students engage with each other, their teachers, work with educa-
tional laboratory design, and mathematical tools and resources, in open-ended, active engage-
ment learning settings.

Why have I been chosen to take part?

You are invited to participate in this study because you are currently enrolled in an introduc-
tory course in physics.

What are the benefits of taking part?

By participating, you will be assisting the research staff of the Uppsala University Physics Ed-
ucation Research Group in making a contribution to research that aims at obtaining a better
understanding of how to provide physics students with better access to abstract mathematical
and physics ideas.

Are there any risks associated with taking part?
There are no specific risks associated with participation.
Do I have to take part?

No — it is entirely up to you. If you do decide to take part, please keep this Information Sheet
and complete the Informed Consent Form to show that you understand your rights in relation
to the research, and that you are happy to participate.



You are free to withdraw your information from the study at any time up until the data are
completely anonymized. If you withdraw, your raw data will be destroyed. Please refer to the
section “Data Protection and Confidentiality” below for further details.

It is important to note that your anonymized data may be used in the production of formal re-
search outputs, such as journal articles, conference presentations and papers, theses and re-
search reports.

You are therefore advised to contact the lead researcher at the earliest opportunity should you
wish to withdraw from the study.

To withdraw, please contact the lead researcher (contact details are provided below). In the
event of the lead researcher’s absence please contact either John Airey (john.airey@phys-
ics.uu.se) or Cedric Linder (cedric.linder@physics.uu.se) so that your request can be dealt
with promptly.

You do not need to give a reason. A decision to withdraw, or not to take part, will not affect
you in any way.

What will happen if I decide to take part?

You will take part in an open-ended active engagement activity which will take place during
one of your scheduled class periods. You will not be required to spend any extra time on the
activity outside of the scheduled time slot.

If you decide to participate, you should choose a working partner who has also agreed to par-
ticipate in the research, since we will study your pair work when scrutinising the data. In addi-
tion, we request that you agree to communicate in English. The activity will involve working
with educational laboratory design.

Even though the activity forms part of your planned curriculum, the collected data will not af-
fect your grade in any way.

In the said activity we will collect video and audio data of your engagement with each other,
the teacher, any other researchers and the set of resources made available to you (e.g. mathe-
matics, a device system called the IOLab, and a laptop). This, together with researcher field
notes and any written work you may produce during the activity, will make up the research
data.

Prior to the activity, we will ask you to download and install the IOLab system operating soft-
ware onto your laptops.

Please note that since the data includes video, you could be identified in the data until it gets
completely anonymized. Thus, you have the right to have video data that includes your face
excluded from the study.

Data Protection and Confidentiality

If you consent to participate in this study, your data will be processed in accordance with the
General Data Protection Regulation (GDPR) (EU) 2016/679. All information collected about
you will be kept strictly confidential. If you consent to being video recorded, all recordings

will be treated anonymously—not linked to your personal information e.g. name and contact



details. Furthermore, all the raw data will be destroyed after the quality of the research has
been established. This process will be officially checked on a regular basis.

For more information about how Uppsala University handles personal data, please follow the
link, https://www.uu.se/en/about-uu/data-protection-policy/.

Your personal contact information will only be used to contact you in the event that there are
changes to the agreement and consent you have given us as stipulated in the consent form.

Your data will only be viewed and accessed by the Uppsala University Physics Education Re-
search group research team and colleagues.

All electronic data will be stored on password-protected computers or two offline hard drives,
which together with all paper records, will be stored in locked filing cabinets in a lockable of-
fice at Angstrémlaboratoriet, Uppsala University. Only temporarily, your data may be stored
on a university approved, secure, digital facility for the purposes of analysis and sharing it
amongst the researchers in the study.

Your consent information will be kept separately from your responses (video data and/or writ-
ten work) in order to minimise risk in the event of a data breach. The lead researcher will take
responsibility for data protection as per the above.

What will happen with the results of this study?

As described earlier, the results of this study may be summarised in published articles, reports
and presentations. However, anonymity is guaranteed by, for example, using sketches, fully
anonymous transcriptions, and masking of audio and video clips—making it impossible to
identify you in any way.

Making a Complaint

If you are unhappy with any aspect of this research, please first contact the lead researcher,
Trevor Volkwyn (contact details provided below).

After this, if you still have concerns about your participation in this study, you should put
them in writing to:

Cedric Linder
Programme Responsible Professor
Division of Physics Education Research, Uppsala University

Email: [ I

In your letter please provide information about the research project, specify the name of the
researcher and detail the nature of your complaint.

What rights do I have?

You have the right to access information held about you. Your right of access can be exer-
cised in accordance with the General Data Protection Regulation (GDPR) (EU) 2016/679.
You also have other rights including rights of correction, erasure, objection, and data portabil-
ity. Please see https://www.datainspektionen.se/other-lang/in-english/the-general-data-protec-
tion-regulation-gdpr/the-data-subjects-rights/.



Uppsala University is the legal Data Controller for the information you provide. If you have
more general questions about the controller of personal data and the processing of personal
data at Uppsala University, or if you wish to exercise any of your rights listed above, you may
contact Uppsala University (address details at http://www.uu.se/en/about-uu/contact/) and the
data protection officer through email at dataskyddsombud@uu.se.

Anyone who believes that Uppsala University has processed his or her personal data contrary
to the GDPR and related supplementary national legislation has the right to submit complaints
to the Swedish Data Inspection Board (http://www.datainspektionen.se, and email datain-
spektionen@datainspektionen.se).

Contact Information of lead researcher

Trevor S. Volkwyn

PhD student

Division of Physics Education Research, Uppsala University
Email: trevor.volkwyn@physics.uu.se

Mobile: | GG

office: NG



E2. Example of an ethical consent form

Deltagande 1 en vetenskaplig studie om hur tekniska hjalp-
medel paverkar elevers larande av fysik.

Vi dr forskare pa avdelningen Fysikens Didaktik, institutionen for Fysik och Astro-
nomi, Uppsala universitet( Bor Bregor¢ié, Filip Heijkenskjold, Trevor Volkwyn) . Vi
vill forbéttra undervisningen i fysik genom att anvianda négra tekniska hjdlpmedel (
t.ex. IOLab och Algodoo) och undersoka hur det paverkar elevers larande. Vi hoppas
pa din hjélp for att 6ka var forstaelse och bidra till en forskningsbaserad pedagogisk
utveckling. Allt deltagande i undersdkningen ar frivillig. Du kan nir som helst under
studien vélja att hoppa av, men i sddana fall behéller vi data som redan har samlats in.

Data som samlats in genom att videofilma spela in ljud eller anteckningar kommer att
analyseras genom att t.ex. skriva ut och tolka vad ni sdger och gor. Analyserna kan
komma att presenteras pa konferenser och i vetenskapliga artiklar, men inte i andra
sammanhang. For att garantera din anonymitet kommer inte ditt eller din skolas namn
att publiceras. Videomaterial kommer inte att publiceras t.ex. i sociala media eller
YouTube. I rapportering av resultat kommer alla svar att vara anonymiserade. Under-
sokningen genomfors i enlighet med god forskningssed.

Information om tekniska hjdlpmedlen, http://iolab.science/ http://www.al-
godoo.com/ och

om god forskningssed, http://codex.vr.se/manniskal.shtml http://codex.vr.se/man-
niska2.shtml

Medgivande
Hiarmed godkénner jag att min medverkan i intervjuer och videoinspelning anvéands i
forskning och analysarbete av forskare vid Fysikens Didaktik, Uppsala universitet.

Elevs godkdnnand Maélsmans godkinnande for omyndig elev

Ort och datum

Namnteckning

Fortydligande
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ETHICAL CLEARANCE APPLICATION FORM (HUMANITIES AND SOCIAL
SCIENCES RESEARCH ETHICS COMMITTEE)

PLEASE NOTE THAT THE FORM MUST BE COMPLETED IN TYPED SCRIPT. HANDWRITTEN
APPLICATIONS WILL NOT BE CONSIDERED

SECTION 1: PERSONAL DETAILS

11 Surname of Applicant :
1.2 First names of applicant:
1.3 Title (Ms/ Mr/ Mrs/ Dr/ Professor etc) : Mr

1.4 Applicant’s gender
1.5  Applicant's Race (African/

Coloured/Indian/White/Other) :

1.6 Student Number (where applicable)
Staff Number (where applicable)

1.7 School
1.8 College
1.9 Campus
1.10

1.1

Existing Qualifications

Proposed Qualification for Project

(In the case of research for degree purposes)

2. Contact Details

Tel. No.
Cell. No.
e-mail

Postal address (in the case of

Students and external applicants)

Volkwyn
Trevor Stanton

. Male

Coloured (self-classification of race required by South

African legislation)

. [l main campus - Physics
: M.Sc.

: Ph.D.

;02170595 51 (SA); +46 18 471 35 57 (Sweden)
: 08134041 28 (SA); +46 79 337 71 03 (Sweden)
. tvolkwyn@uwc.ac.za / trevor.volkwyn@physics.uu.se

3. SUPERVISOR/ PROJECT LEADER DETAILS

. Staff member (& PhD student, Uppsala Univ., Sweden)

NAME TELEPHONE NO. EMAIL SCHOOL / QUALIFICATIONS
INSTITUTION
3.1 DrJohn Airey | +46 18 471 35 | john.airey@physics.uu.se | Uppsala Univ., | PhD
(Reader = Assoc. | 73 Sweden
Prof.)
3.2 Prof. Cedric | +46 18 471 35 | cedric.linder@physics.uu.se -/ Uppsala | PhD
Linder 39 Univ., Sweden




|]SECTION 2: PROJECT DESCRIPTION]]

Please do not provide your full research proposal here: what is required is a short project
description of not more than two pages that gives, under the following headings, a brief overview
spelling out the background to the study, the key questions to be addressed, the participants (or
subjects) and research site, including a full description of the sample, and the research approach/
methods

2.1 Project title
A study of the didactic and pedagogical relations between physics and mathematics in physics
education

2.2 Location of the study (where will the study be conducted)
Il (Physics Department) with comparative study in Sweden (local science upper secondary
school — Hgymnasiet)

2.3 Objectives of and need for the study
(Set out the major objectives and the theoretical approach of the research, indicating
briefly, why you believe the study is needed.)

Recent PER work has begun to produce compelling evidence that many physics students lack essential
parts of mathematics conceptual understanding, which results in severely limiting the possibility of
working appropriately and/or productively with problem solving, and/or effect further advanced learning
in a range of negative ways (e.g., Christensen & Thompson, 2012). Of interest from a contextually
relevant perspective, is the dire state of mathematics education at upper secondary and introductory
university levels in South Africa, and how this situation is most likely having a negative effect on Eh‘sics

teaching and learning. As an Extended Curriculum Programme (ECP) specialist at the
| have first-hand experience and

perspective on this situation, observing with concern the deteriorating proficiency in mathematics of
university entrants in the sciences and engineering. The broad objectives are to embark on a series of
studies that explore the teaching and learning relations between mathematical knowledge and
constructing appropriate ways of understanding and applying physics. The theoretical framing will build
on the work of Airey & Linder (2009), who argued that in undergraduate physics there is a critical
constellation of semiotic resources that are needed in order to make appropriate learning possible. By
semiotic resources is meant language, graphs, diagrams, laboratory work, apparatus, mathematics, etc.
Duval (2006) argues that whilst many teachers focus on teaching mathematical operations (what he calls
treatment), the main problem occurs in the movement between one semiotic system and another (what
he terms conversion). This movement between the various modes of representing a discipline is termed
as fransduction by Gunther Kress (1997). A number of researchers have identified this movement as
critical for the ability to do physics (e.g. Lemke, 1998; Van Heuvelen, 1991; Mc Dermott 1990). In this
respect, Fredlund, Airey & Linder (2012) introduced the term disciplinary affordance to denote the role
played by an individual semiotic resource in the discipline of physics. Taking this idea further, Airey (2015)
defines pedagogical affordance as “the aptness of a semiotic resource for the teaching and learning of
some particular educational content”. In this study the relationship between the disciplinary and
pedagogical affordances of mathematical semiotic resources used in undergraduate physics will be
examined. This (inverse) relationship suggests that the most efficient way to learn physics may not be
simply by using disciplinary resources with high disciplinary affordance (i.e. by doing physics) but rather
by using other semiotic resources with high pedagogical affordance, that better give students access to
physics concepts. This study will investigate the teaching and learning relations between semiotic
resources in mathematics and physics, as well as investigating how newly available pedagogical tools
like the 10Lab (a handheld laboratory device that allows real time data collection and presentation) can
assist the transduction between students’ and disciplinary semiotic resources, and how this affects
meaning making and learning in physics.



2.4 Questions to be answered in the research
(Set out the critical questions which you intend to answer by undertaking this research.)

The structure of this PhD study (typical in Sweden) involves extensive coursework, especially during the
first year of study, during which more detailed research questions will be developed. The first year of
study (September 2016 — August 2017) therefore will focus on the exploration of relations between
disciplinary, pedagogical semiotic resources and student learning outcomes. Initially, my personal focus
is in the area of coordinate systems at the introductory physics education level. This will involve
exploratory data being collected both in Sweden and possibly in South Africa (

ﬁ). This data and new knowledge gained from coursework and literature reading will help me
formulate, write and present a full research proposal in Feb-March 2017. | therefore present only a
preliminary set of research questions here, formulated around the exploratory work into probing the links
between mathematical and physics semiotic resources in the learning of disciplinary aspects of physics
(coordinate systems).

2.41. How can the key disciplinary relevant aspects of coordinate systems be made noticeable to
students in order for them to appreciate the disciplinary affordances of the system of semiotic
resources as used in the discourse of physics?

2.4.2. How available and effective are the semiotic resources in physics to help students cultivate
disciplinary fluency and appreciation of the disciplinary relevant aspects of coordinate systems?

2.4.3. Does the IOLab contribute in giving students access to the disciplinary relevant aspects of
coordinate systems, and in which ways does it stimulate appreciation of the disciplinary
affordances of the system of semiotic resources employed when working with coordinate
systems?

2.4.4. Can students’ everyday semiotic resources familiar to them be leveraged to mediate fluency in
and appreciate the meaning potentials of physics semiotic resources (e.g. in the area of
coordinate systems), i.e. to have a holistic experience of the disciplinary way of knowing?

2.4.5. Which semiotic resources available for unpacking coordinate systems are particularly
problematic for students and how may this be addressed?

The investigation around these preliminary questions will feed into developing the theoretical framework
which will crystallize and refine the research questions.

2.5 Research approach/ methods

(This section should explain how you will go about answering the critical questions which you have
identified under 2.4 above. Set out the approach within which you will work, and indicate in step-by-step
point form the methods you will use in this research in order to answer the critical questions — including
sample description, sampling strategies, data collection methods, and data reduction strategies.

For a study that involves surveys, please append a provisional copy of the questionnaire to be
used. The questionnaire should show how informed consent is to be achieved, as well as indicate
to respondents that they may withdraw their participation at any time, should they so wish.

For the exploratory study, data will be collected of students working in a laboratory setting using PC’s
and laptops engaging with the IOLab device. In some instances, a guided response worksheet with
mostly open ended questions will be provided, and in other activities just an instruction sheet with a
clearly defined task and goal statement. Video and interview data will be collected of students working
with experimental design (IOLab) that potentially encourages transduction, with comparative data
collection in Sweden and South Africa. The protocol before commencement of the activities involves
students receiving a consent form, explanation of the voluntary nature of the study and students signing
the consent form. Students will be given copies of the signed forms, on which are the contact details of
the principal investigator in the case that a student wants to withdraw from the study for whatever reason.
A copy of the consent form is attached.



The study may involve a survey questionnaire, which will be developed after the first phase of the
data collection, i.e. the exploratory study mentioned in 2.4 and above. It is therefore not available at this
stage, as the information needed to compile this will be gathered in phase 1.

The student samples involved in the first phase are (i) a group of upper secondary (“gymnasiet’)
school students in Uppsala, Sweden — representing high achieving science students who will very likely
pursue science degree at university, and (i) ECP (extended curriculum programme) students in their first
and second years of study (first year level) — representing students with potential but having had not the
same level of science education at school as compared with Swedish learners. The rationale behind this
choice of groups for possible comparison is that although different in age (1-3 years), they could be at
the same level in terms of disciplinary knowledge about physics. However, the main reason is that the
groups represent opposite extremes in terms of school preparation and availability of resources, and it is
thus envisaged that the study will make interesting findings about the similarities and differences between
these cohorts, which could enlighten the researchers on the links between different mathematical and
physics semiotic resources and the interplay between disciplinary and pedagogical affordances,
especially in relation to different learning backgrounds. This is important from a pedagogical point of view
informed by our theoretical basis — what modes are critical and how are these (or how should they be)
made available to students, in order for students to have a more holistic experience of the facets of the
disciplinary ways of knowing that the mode/s give access t0?

The video data will be transcribed to identify links between resources employed by students, those
available in the discipline, and when or whether transduction occurs in different learning moments. The
data analysis technique is therefore qualitative and participant responses and gestures (students and
learning facilitator who is also a researcher and may or may not be the main investigator) will be used to
develop the affordance links within the theoretical framework set out above. The data will be used to
attempt to answer the preliminary research questions set out in section 2.4. This information will then
inform the possible development of a questionnaire (as mentioned before) in the second or third year of
study to test students’ fluency of use within the critical constellation of semiotic resources necessary for
gaining access to a disciplinary way of knowing, and their adoption of key disciplinary aspects. After
validation, this could be developed into a future tool to test movement to a deeper understanding of a
particular way of knowing (coordinate systems as a first case).

2.6 Proposed work plan
Set out your intended plan of work for the research, indicating important target dates necessary to
meet your proposed deadline.

STEPS DATES
1. Phase 1 - Exploratory phase: [OLab April to June 2016 - first activities completed in
activities at H(School in Sweden) | Sweden (approved by/at Uppsala University).
2. Phase 1 - Exploratory phase: I0Lab 2nd to 4t quarters 2017. Start of exploratory data

activities at Physics (ECP students) | collection at [l planned. Shifted due to ethical
clearance delays related to disruptions end-2016.

3. Phase 2 — Comparative: |OLab activities at | 3rd quarter 2017 to 1st 2018- continuation of
Il Physics (ECP students) exploratory phase into comparative study at [}

Please note that the proposed work plan currently only includes the initial phases of the study. Further
details and plans will be finalised after the full research proposal and study plan has been approved in
March 2017. At that stage we may have to apply for an extension to our ethical clearance.



|]SECTION 3: ETHICAL ISSUES[I

The [l Research Ethics Policy applies to all members of staff, graduate and undergraduate students
who are involved in research on or off the campuses of * In addition, any
person not affiliated with [l who wishes to conduct research with students and / or staff is bound

by the same ethics framework. Each member of the University community is responsible for implementing
this Policy in relation to scholarly work with which she or he is associated and to avoid any activity which
might be considered to be in violation of this Policy.

All students and members of staff must familiarise themselves with, AND sign an undertaking to comply
with, the University’s “Code of Conduct for Research”.

QUESTION 3.1
Does your study cover research involving: YES

=
o

Children

Persons who are intellectually or mentally impaired

Persons who have experienced traumatic or stressful life circumstances
Persons who are HIV positive

Persons highly dependent on medical care

Persons in dependent or unequal relationships

Persons in captivity

Persons living in particularly vulnerable life circumstances

X [ X [X [X |[X |X |X |X

If “Yes”, indicate what measures you will take to protect the autonomy of
respondents and (where indicated) to prevent social stigmatisation and/or
secondary victimisation of respondents. If you are unsure about any of these
concepts, please consult your supervisor/ project leader.

QUESTION 3.2
Will data collection involve any of the following: YES NO

Access to confidential information without prior consent of participants

Participants being required to commit an act which might diminish self-respect or
cause them to experience shame, embarrassment, or regret X

Participants being exposed to questions which may be experienced as stressful
or upsetting, or to procedures which may have unpleasant or harmful side effects X

The use of stimuli, tasks or procedures which may be experienced as stressful,
noxious, or unpleasant X
Any form of deception

If “Yes”, explain and justify. If appropriate, indicate what steps will be taken to
minimise any potential stress/harm.




QUESTION 3.3
Will any of the following instruments be used for purposes of data collection: YES | NO

Questionnaire

Survey schedule

Interview schedule — see comment below
Psychometric test

Other/ equivalent assessment instrument

X [ X [X | X |X

If “Yes”, attach copy of research instrument. If data collection involves the use of a
psychometric test or equivalent assessment instrument, you are required to provide evidence
here that the measure is likely to provide a valid, reliable, and unbiased estimate of the construct
being measured. If data collection involves interviews and/or focus groups, please provide a list
of the topics to be covered/ kinds of questions to be asked.

Comment: The potential interviews will be semi-structured — a set of open-ended and closed questions
either based on the task or aspects that may have informed certain actions during engagement with task.
Students will be interviewed individually and in a focus group setting to discuss the progression of the
task in a stimulated recall setting (shown video data, transcripts). The task- or worksheets (attached) for
the activities will be used as the basis for the interview questions.

QUESTION 3.4
Will the autonomy of participants be protected through the use of an YES | NO
informed consent form, which specifies (in language that respondents will
understand):
The nature and purpose/s of the research x
The identity and institutional association of the researcher and supervisor/project
leader and their contact details x
The fact that participation is voluntary «
That responses will be treated in a confidential manner "
Any limits on confidentiality which may apply 9
That anonymity will be ensured where appropriate (e.g. coded/ disguised names
of participants/ respondents/ institutions) X
The fact that participants are free to withdraw from the research at any time
without any negative or undesirable consequences to themselves X
The nature and limits of any benefits participants may receive as a result of their
participation in the research X
Is a copy of the informed consent form attached? x




If NO to any of the above: (a) please justify/explain, and (b) indicate what measures will
be adopted to ensure that the respondents fully understand the nature of the research and
the consent that they are giving.

QUESTION 3.5

Specify what efforts have been made or will be made to obtain informed permission for the
research from appropriate authorities and gate-keepers (including caretakers or legal
guardians in the case of minor children)?

In Uppsala at the high school, we have obtained ethical clearance from all the relevant authorities.
This document makes application for the part of the study involving - students. There have been
discussions between the investigator (myself) and the Head of Department of Physics, and with the
PC lab manager in the Physics building and colleagues (fellow lecturer i who has taken
over course coordination, the two teaching assistants and the demonstrators in ECP PHY[Jl). The
HOD, Prof. [l gave his consent, and the PC lab manager and colleagues indicated their
willingness to facilitate the performing of the tasks (IOLab involves using interface software for real-
time readout on a computer screen graph), assisting with facilitation (facilitator-student engagement
about the task) and video recording specifically identified students (who will agree beforehand by
signing consent forms) and the classroom in general. Students not wishing to be recorded in the
general class settings (physics laboratory and lecture periods) will be placed in a part of the room that
is not visible on the video footage. For sessions involving only research groups the same measures

apply.

QUESTION 3.6

STORAGE AND DISPOSAL OF RESEARCH DATA:
Please note that the research data should be kept for a minimum period of at least five years
in a secure location by arrangement with your supervisor.

How will the research data be secured and stored? When and how (if at all) will data be
disposed of?

At the Division for Physics Education Research, all signed consent forms, personal data including
video and audio recordings, transcripts and all other personally identifiable information will be scanned
(if relevant) and uploaded onto a secure data server in the office of the program responsible professor
(professor responsible for the research program in which the project is located). Hard copies will also
be kept in a locked office in a lockable cabinet for a minimum of five years. Thereafter a decision will
be made whether to keep the records or to dispose of paper copies (by shredded) and / or electronic
data (by permanent deletion from data servers, drives and personal computers).




QUESTION 3.7

In the subsequent dissemination of your research findings - in the form of the finished thesis,
oral presentations, publication etc. — how will anonymity/ confidentiality be protected?

Original names of participants will be substituted with fictionalized names (alphanumeric swapping
scheme). Stillimages or video clips will be edited so that no facially recognizable images or clips are used
if a student requests this, e.g. oval shape to blot out faces, outline sketches, etc. audio muted and
replaced with subtitled text (for presentation purposes). In the event of a need to use full video clips
including faces and audio (gestures, comment intonations and facial expressions may be key to the
analysis), students will be contacted and requested to sign a revised consent form giving explicit consent
to use such data.

QUESTION 3.8

Is this research supported by funding that is likely to inform or impact in any | YES NO
way on the design, outcome and dissemination of the research?

X
If yes, this needs to be explained and justified.
QUESTION 3.9
Has any organization/company participating in the research or funding the YES NO
project, imposed any conditions to the research? x
If yes, please indicate what the conditions are.
QUESTION 3.10
Do you, or any individual associated with or responsible for the design of YES NO
the research, have any personal, economic, or financial interests (or any
other potential conflict of interests) that could reasonably be regarded as X

relevant to this research project?

If you answered YES to Question 3.10 please provide full details:




[BECﬂON4:FORMAUSAﬂONOFTHEAPPUCAHONH

APPLICANT]

I have familiarised myself with the University's Code of Conduct for Research and undertake to comply
with it. The information supplied above is correct to the best of my knowledge.

NB: PLEASE ENSURE THAT THE ATTACHED CHECK SHEET IS COMPLETED

DATE: 2016/10/31 SIGNATURE OF APPLICANT:

SUPERVISOR/PROJECT LEADER/DISCIPLINE ACADEMIC LEADER

NB: PLEASE ENSURE THAT THE APPLICANT HAS COMPLETED THE ATTACHED CHECK
SHEET AND THAT THE FORM IS FORWARDED TO YOUR SCHOOL RESEARCH COMMITTEE
FOR FURTHER ATTENTION

DATE: 2016/10/31

SIGNATURE OF SUPERVISOR/ PROJECT LEADER/DISCIPLINE LEADER

RECOMMENDATION OF FACULTY RESEARCH ETHICS COMMITTEE/HIGHER DEGREES
COMMITTEE

The application is (please tick):

Recommended and referred to the Human and Social Sciences Research Ethics
Committee for further consideration

Not Approved, referred back for revision and resubmission

Other: please specify:

NAME OF CHAIRPERSON:

SIGNATURE:

RECOMMENDATION OF UNIVERSITY RESEARCH ETHICS COMMITTEE (HUMAN AND SOCIAL
SCIENCES)

NAME OF
CHAIRPERSON: SIGNATURE




CHECK SHEET FOR APPLICATION

PLEASE TICK
1. Form has been fully completed and all questions have been v
answered
2. Questionnaire attached (where applicable) v
3. Informed consent document attached (where applicable) v
4. Approval from relevant authorities obtained (and attached) v
where research involves the utilisation of space, data and/or
facilities at other institutions/organisations
5. Signature of Supervisor / project leader v
6. Application forwarded to Faculty Research Committee for v

recommendation and transmission to the Research Office
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