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Abstract

Various representations, used for communication and problem solving in science, are an unspoken prerequisite
for learning, understanding, and participating in scientific communities. Work has been done highlighting the
importance of competence in particular multiple representations in science learning, the specific representational
practices for the different disciplines, and to translating between representations. However, limited attention has
been paid to obtaining a threshold level of ability in, not only one, but some combination of representations for a
discipline. This notion leads to generic fluency with various representational forms used in science, with
discipline specific expertise — representational fluency nuanced for a particular discipline. The aim of this study
is to examine representational fluency nuanced for physics. This is achieved through the development of a
survey instrument, the Representational Fluency Survey (RFS), consisting of representationally rich multiple
choice items obtained predominantly from various validated sources. The survey was implemented with 334
students from first year to postgraduate at an Australian university to capture a cross-sectional snapshot of
representational fluency nuanced for the specialization of physics. Reliability and validity were determined
through standard statistical analysis and through consultation with experts. The results show that representation
fluency develops across the years, and that there is a threshold associated with fluency. However, our study does
not comment on causality. We demonstrate that in coalescing existing research on multiple representation while
paying attention to disciplinary differences is a potentially fruitful pursuit. The RFS test of representational
fluency in science is tailored to be used with university physics students but illustrates that adaption for other
specializations may be possible.

Introduction

Societies, and particularly academic communities, rely on individuals and groups being able
to communicate effectively. The purpose of using representations e.g. graphs, diagrams,
mathematical equations etc. is often in order to communicate more effectively or efficiently,
whether it is in collective understandings of financial reports, advertising campaigns or
scientific research. These “communities of discourse” use common language and
representations (visual, linguistic and symbolic) to communicate (Driver, Asoko, Leach,
Mortimer, & Scott, 1994). For science, Airey (2009, p.52) introduced the term “disciplinary
discourse” to describe the set of representations. He suggests that in order for disciplinary
outsiders to become part of an academic discourse community, they must become fluent in
disciplinary discourse (Figure 1). Airey and Linder (2009, p.27) have suggested that “Fluency
in a critical constellation of modes of disciplinary discourse may be a necessary (though not
always sufficient) condition for gaining meaningful holistic access to disciplinary ways of
knowing”. The term critical constellation refers to a threshold level of ability in, not only one,
but some combination of representations for a discipline. Multiple representation fluency is,
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thus, this threshold ability to engage with the combination of science representations as one
progresses within one disciplinary discourse.
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Figure 1: The different representational modes required for participation in a
disciplinary discourse. These include images, spoken and written language,
mathematics, gestures and working practices. Students must develop fluency in a
‘critical constellation’ of these modes to be a part of the community of discourse (Airey
& Linder, 2009).

Within sciences, therefore, the multiple representations that make up disciplinary discourse
are critical for understanding content, communicating, and for practices including modelling,
problem solving and prediction to applications (Schwarz, Reiser, Davis, Kenyon, Acher,
Fortus, Schwartz, Hug, & Krajcik, 2009).

From the 1970’s to the 1990’s multiple representations have been embedded (presented but
not explicit) in research on problem solving (De Jong & Ferguson-Hessler, 1986; Larkin,
McDermott, Simon & Simon, 1980) and novice expert studies (Larkin et al., 1980). The
Force Concept Inventory (Hestenes, Wells, & Swackhammer, 1992) paved the way for
multiple choice concept surveying of large numbers of students. Such surveys indirectly
exploit multiple representations to elicit student understandings. The utility of multiple
representations in these areas demonstrate their centrality within science discourse,
resonating with the need for developing fluency in a range of modes (Figure 1). More recent
qualitative studies explore student engagement with the different representations and fluency
to translate between them (Fredlund, Airey, & Linder, 2012; Gilbert, 2008; Kozma, 2003;
Rosengrant, Van Heuvelen, & Etkina, 2006; Woolnough, 2000). Building on this research,
the question of whether students develop generic fluency in a range of science-specific
multiple representations which are tuned to a particular discipline, but also somewhat
independent of that discipline, has not been broached. In other words, can physics students
answer not only physics, but also chemistry and biology questions that require fluency with
multiple representations that are common within physics? To investigate this question, we
designed a survey, where fluency in a number of representations is tested. In the survey the
information necessary for answering the individual survey items is provided within the
question. So the physics student has all the information necessary to answer the biology
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question, using the representation. Of course the survey is for specialization in physics so
there are more physics questions and there are subtleties associated with the interplay
between the physics and the representation utilized. Our focus in providing all the content
information is an attempt to keep content, including conceptual knowledge, somewhat
independent of the multiple representational fluency that we are interested in.

This paper describes the development of the survey and its subsequent evaluation when used
to investigate a group of undergraduate physics students’ fluency with representations.

The specific aims are to
e create a survey to measure scientific representational fluency amongst university
physics students;
e evaluate the survey using relevant statistical analysis.

This study uses a mixed methods approach - quantitative data to statistically analyze the
survey and qualitative data considering how students approach the questions.

Background

Multiple representations

This refers to the many ways that information can be presented. Examples of representations
include the spoken or written word, symbols, equations and images (graphs, photographs,
diagrams, maps, plans, charts, tables and statistics). Using appropriate representations can be
helpful because they can be memorable (Aldrich & Sheppard, 2000), overcome cognitive
load limitations (Ainsworth, 2006), and portray relationships where they are not obvious
(Bowen, Roth, & McGuinn, 1999; Goldman, 2003). In addition, the construction of
representations has also been linked with successes in learning science (Prain & Tytler,
2012). The more abstract representations can be seen as short-hand, condensed notation
employed by a discipline in its discourse such that fluency with these is central to
successfully entering the discipline (Vygotsky, 1978). Hence, due to the co-dependence of
representational fluency and disciplinary learning, physics experts are more fluent than
novices with physics multiple representations. However, to our knowledge, no attempt has
been made to examine generic representational fluency and its interplay with subject
specialization.

The study of Chi et al. (1981) highlights the impact of representational format on novice and
expert students’ perceptions of physics problems. They asked eight PhD students (“experts”)
in physics and eight undergraduate students with only one semester of physics (“novices”) to
sort physics problems into categories of their choosing. The experts sorted the problems
according to the underlying physics concepts such as conservation laws whilst the novices
grouped the problems according to the diagrammatical format relating to the given problem
and whether the corresponding diagrams were similar. It was concluded that novices were
distracted by the surface or representational features and were less likely to identify the
underlying concept of the problem. Experts demonstrate increased ability to translate between
representations when asked to reproduce problems (de Jong & Fergusion-Hessler, 1991).
Being able to translate between representations, experts are able to use the variety of tools
(epistemic forms) at their disposal to attempt to solve the problem. The suggestion is that
there is a threshold level of ability in a combination of representations necessary for solving a
given disciplinary problem, representational fluency students need to learn to successfully
solve the problem (Airey & Linder, 2009).
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Dufresne et al. (2004) developed a teaching strategy to illustrate that the representations
students choose to use are not always the ideal ones and to help students consider using non-
algebraic representations when solving problems. University physics students were given
problems and asked to solve them multiple times using strobe diagrams (a time-lapse
representational format), algebra and graphs. The students commented that particular
representations made solving the problem easier even though they wouldn’t have used that
representation if they had the choice. This suggests that not only do students require a
threshold level of ability in particular representations, but the ability to choose the most
appropriate representation to generate a solution, that is to recognize the disciplinary
affordances of the different representations (Airey & Linder, 2009; Fredlund et al., 2012),
what we term representational fluency.

Representational Fluency

Aspects of representational fluency appear in the literature through three related perspectives.
If visualization is defined as the process of making meaning out of representations,
metavisualisation is someone fluent in visualization, or able to “acquire, monitor, integrate,
and extend, learning from representations” (Gilbert, 2008, p5-6). This perspective of
representational fluency focuses on particular criteria including understanding of all
representations across three dimensions (1D such as equations, 2D such as most graphs, 3D
such as physical objects) and three levels (macro, sub-micro and symbolic).
Metarepresentational competence (MRC) is another perspective of representational fluency.
The primary focus of MRC is a metacognitive approach to representations where individuals
are able to understand the rationale and design strategies of creating particular
representations. Displays of MRC include the ability to create or invent new representations,
to understand, explain and critique representations for adequacy of use and learning new
representations quickly (diSessa, 2004). Representational Competence (Kohl & Finkelstein,
2005; Kohl & Finkelstein, 2006) looks more closely at the domain specific constellation of
representations, working exclusively in physics, chemistry or biology. The term is also is
used of ability in particular representations as opposed to cross-representational competence.
However, multi-representational instruction and simulations have been identified as methods
of developing representational competence (Stieff, 2011).

Representational fluency, as described in this paper, is an integration of these perspectives.
There are elements of each perspective, such as the importance of translating between
representations and making meaning in metavisualization, the metacognitive skills required
for metarepresentational competence, and a recognition of domain specific representational
competence. What is unique about representational fluency is that it is a cross-disciplinary
threshold level of ability that incorporates a level of comfort (hence fluency) with using a
variety of representations for a given purpose within a discipline of specialisation.

Diagnosing representational fluency

The most common way to investigate representational use is to leverage either individual
problems, or novel combinations of problems to investigate particular facets of
representational reasoning (Kohl & Finkelstein, 2006; Kohl & Finkelstein, 2008; Meltzer,
2005; Woolnough, 2000). Meltzer (2005) used individual problems expressed using various
representations to compare how well students would perform on the same physics question
(similar to Dufresne et al. (2004)). The results indicated that students in general prefer
questions expressed with verbal reasoning, and that female students had more difficulty than
male students answering questions presented in a graphical format. The ‘far end of the
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spectrum’ is observational data, including viewing student work and watching interviews
which undoubtedly provides benefit and illumination, but does not allow for large scale
quantitative comparisons of representational use and/or understanding across institutions and
student groups (Fredlund et al.,, 2012; Rosengrant et al., 2006; Sia, Treagust, &
Chandrasegaran, 2012). To date, there is no investigation into the development of
representational use (and/or understandings) with incremental increases in disciplinary
expertise, but there are studies that compare experts with novices. This paper attempts to fill
this void by providing a cross sectional snapshot of representational fluency.

In contrast to small scale (often qualitative) studies such as those described above, diagnostic
tests for large classes offer a different way of examining student competencies. Concept
inventories have gained in popularity since the 1990s with the formation and extensive use of
the Force Concept Inventory (FCI) (Hestenes et al., 1992). There have been extensive
conceptual tests developed in a wide variety of disciplines. Concept inventories in physics
and engineering may be the most varied and popular (Beichner, 1994; Ding, Chabay,
Sherwood, & Beichner, 2006; Muller, Bewes, Sharma, & Reimann, 2008; Streveler et al.,
2011; Tongchai, Sharma, Johnston, Arayathanitkul, & Soankwan, 2009).

One particular type of diagnostic test, using two-tiered multiple choice questions, examines
not only student selections from multiple choices but also obtains their reasons for choosing
their answer. These have been used to gain insight into student thinking on topics such as
thermodynamics (Rollnick & Mahooana, 1999), biology (Haslam & Treagust, 1987), and
logical thinking (Tobin & Capie, 1981). Three-tiered multiple choice surveys can also be
found in the literature, typically adding student confidence as a further factor (Caleon &
Subramaniam, 2010). Multi-tiered surveys have been shown to be a valid method of
diagnosing student conceptual knowledge, specific misconceptions, and variables of student
thinking (Tamir, 1989).

There are also a series of surveys focused on a single type of representational use, often in a
particular context. Beichner’s survey on kinematic graphs investigates graphs but in a highly
contextualized situation of interpreting kinematic questions (TUGK) (Beichner, 1994).
Another recognized representation-based survey is the Purdue Spatial Visualization of
Rotation (PSVT:R) test (Bodner, 1997) investigating spatial ability for introductory
chemistry. These, along with the qualitative papers on representational reasoning with
regards to individual questions (Fredlund et al., 2012), are all related to specific
representations and not directly about the threshold level of ability in one or more
representations necessary to access disciplinary discourse.

Therefore, the Representational Fluency Survey (RFS) presented in this paper is designed to
be the first diagnostic test of the threshold level of ability in a range of representations
necessary to access disciplinary discourse for the domain of university physics.

Iterative Development of the Survey

Philosophy of the Survey

Practitioners often suggest that students who have learning experience in one scientific
domain find learning in another scientific domain somewhat easier than students with no
science experience. This aligns with the notion of the disciplinary discourse one gets
accustomed to in science, suggesting there is a generic element to students’ fluency in a
repertoire of multiple representations. In addition, as students specialize in their science
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subjects, the discourse within that discipline specializes too, such that a biology student is
accustomed to a nuanced discourse within the sciences. In this study we focus on science
multiple representations nuanced for a physics specialization. The problem questions on the
survey are from across the sciences but have been selected for the physics specialization (see
Appendix 1). Each problem contains all the explicit content including conceptual knowledge
information necessary to answer the problem. This, combined with the choice of problems
from different sciences, facilitates a level of decoupling of the multiple representations from
explicit content including conceptual knowledge. The primary goal of the survey was
therefore to examine physics students’ fluency with different representations somewhat
decoupled from testing how well they know physics concepts.

This posed two key challenges. Firstly, which representations should be included and
secondly, how will representational fluency be examined. “Representational fluency” is the
threshold level of ability in, not only one, but a combination of representations, such as
graphs, words, equations and diagrams, to effectively solve problems. This could involve
solving problems (i) presented in a particular representational format, (ii) requiring a
particular representational response, or (iii) allowing for alternative representations to help
elucidate the information presented in a problem.

The representational reasoning selected from within the science discourse as providing
affordances for the physics specialization are:
e Graph-based — A symbolic/visual representation
e Word-based — A linguistic representation
e Equation-based — A symbolic representation focused on arithmetical and algebraic
equations
e Diagram-based — A visual representation

Problems were presented with different combinations of either graph-based and/or word-
based representations but were designed so that all four sets of representations (and
potentially others not listed) may be helpful for students to use during the process of solving
the problem.

The second challenge in measuring representational fluency was addressed by working with a
team of experts, strategically sourcing questions, utilizing a two-tier structure to the problems
(Haslam & Treagust, 1987) and a three-tier scoring scheme (a variation of (Caleon &
Subramaniam, 2010), checking with interviews and utilizing an iterative development
process. The development process involved the four phases shown in Figure 2 and described
in the sections below.
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Box 1: Collating Items
7 Items from 4 established sources and 2 original problem items

Box 2: Pilot Stmdy
Five pre-university students
Nine university students from varying levels of physics learning experience
Improvements made in collaboration with expert panel

Box 3: Implementation with Physics Students at the University of Sydney —
Number of students (total=334)

2011 - 1% year Fundamental: 30 2012 - 1% year Fundamental: 13
- 1* vear Regular: 31 - 1® vear Regular: 30
- 1% yvear Advanced: 31 - 1% vear Advanced: 30
- 2" year-PG: 83 - 2" year-PG: 86

Box 4: Analysis
Development of marking scheme with expert panel
Analysis investigating representational ability

Figure 2: Flow chart summarizing the development and use of the survey.
Collating items

Collating Items

The criteria for problem items (hereafter referred to as “items”) was for them to utilize
representations from the science discourse with affordances for physics specialization.
Furthermore, the items had to contain all the information necessary and require minimal extra
content, including conceptual knowledge, such that every student doing the survey (covering
all levels of physics student at university) would be able to answer correctly, provided that
they could use the representations fluently. The items were to be typically multiple choice
and allow for various pathways for students to get to the answer utilizing multiple
representations.

It was initially decided not to generate items but to choose from those available and to
scrutinize the existing data for those questions. The existing data included an item’s difficulty
and discrimination from published and unpublished results, including local data (the known
difficulty for some questions is presented in Table 1). After an extensive search through a
range of question sets and surveys, four sources were used to generate a short list of nine
possible items that met the required criteria. With permission, items were selected from the
Rio Tinto Big Science Competition* senior paper 2007, and The Australasian Schools
Science Competition® 2003 and 2004 papers. These papers are produced by established

! The Big Science Competition is run in many Australian, New Zealand and Singaporean high schools by
Australian Science Innovations, a not for profit organization committed to providing high quality science
extension programs for students and teachers. Further information on Australian Science Innovations can be
found on their website: www.asi.edu.au.

? The Australasian Schools Science Competition (ASSC) was produced annually by the Educational Testing
Centre, University of New South Wales (UNSW). ASSC is now published as the International Competitions and
Assessments for Schools (ICAS) by Educational Assessment Australia, an education group of UNSW Global
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academic organizations which undertake thorough testing with high school students
validating the questions’ difficulty and discrimination. Three items were drawn from well
established surveys in published literature. Two were selected from the Force and Motion
Concept Survey (FMCS) (Thornton & Sokoloff, 1997), along with one item used by Beichner
(1994) on testing student understanding of kinematic graphs (another established survey).
Finally, two items were specially created, designed to allow for varied representational
choices for how students gave an explanation in their answer.

The representations in the survey were in the format of three graph-based items (problems
based around interpretations of graphs with some supporting words), three word-based items,
two items involving both word and graph-based representations, and one item requiring the
construction of a graph. Each had the capacity for students to include at least three different
types of representations in their explanations of how they attained their answer (See Table 1).
The items were compiled into an initial survey which was put through an iterative process of
two pilot studies, and cross-checked by a panel of experts.

Pilot Study

To investigate whether the items were sufficiently decoupled from physics content including
conceptual knowledge, the initial survey was administered to a group of students undertaking
a preparatory program prior to studying science at University (Box 2 in Figure 2). They had
limited background experience in physics or other science subjects. Based on the student
responses, the suitability of each item was assessed by a panel of ten experts in the field of
physics education research, five of whom have over thirty years of physics education
experience. The assessment was based on the criteria that when students answered a question
incorrectly, their explanations revealed that their misunderstandings were due to misreading
the graphs or verbal information, or mistakes while working with various representations
rather than their limited background in physics or science. This analysis of the pilot study
supported the premise that the survey was successful in appropriately decoupling physics
content, including conceptual knowledge from fluency with representations.

To further confirm that the questions had a sufficient difficulty and level of discrimination for
undergraduate physics students, the survey was then deployed to 9 randomly selected
university students covering various levels of undergraduate physics learning experience.
Again, the expert panel was engaged in this process. On average, students answered 7.8 of
the 9 questions correctly, which was higher than expected. There was a trend where students
from higher levels of physics learning experience scored better than novice students. As a
result, two items which had both a very high success rate, and where most students used the
same representations in their explanation, were removed. This increased the sensitivity of the
instrument and resulted in the seven items of the final survey. Once students’ explanations
were taken into account, the difficulty and discrimination of the survey was deemed
appropriate to be run with all levels of undergraduate physics students at the university.

Final survey

The link to the full survey can be found in Appendix 1 but it is summarized in Table 1, which
describes the main representations which constitute the item, the most common
representations utilized in student explanations, the original source, and difficulty from
previous studies (Table 1). Each item is two-tiered (Haslam & Treagust, 1987) and a three-

Pty Limited, a not-for-profit provider of education, training and advisory services and a wholly owned enterprise
of UNSW.
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tiered scoring scheme, as described below, has been utilised (a variation of (Caleon &

Subramaniam, 2010).

Table 1: Summary of each item in the RFS

Item Main Representation Source Difficulty®
number representation  format in student
format in explanations
information
1 Graphs Words Beichner (1994) 16%
Graphs Of USA high school
Equations and university
students tested
2 Words Words FMCE 17%
Equations (Sharma, Johnston, Of 1% year
Diagrams Johnston, Varvell, fundamental physics
Robertson, Hopkins,  students at The
Stewart, Cooper, & University of Sydney
Thornton, 2010; (Sharma et al., 2010)
Thornton & Sokoloff,
1997)
3 Graphs Words Australasian Schools  42.7%
Equations Science Competition  Of Australian, year
2003, Year 12, Q37 12, high school
students tested
4 Graphs Words Australasian Schools  44%
Graphs Science Competition ~ Of Australian, year
Equations 2004, Year 12, Q32 12, high school
students tested
5 Words Words Written for this n/a
Graphs survey
Diagrams
6 Graphs Words Written for this n/a
Graphs survey
Equations
7 Graphs, Words  Words Big Science 35%
Graphs competition Of Australian, year
Equations 12, high school
Diagrams students tested

Analysing student responses: marking and coding
For each item, up to three marks were awarded corresponding to the three tiers. The criteria

for success of each tier is:

1.1  Selecting the correct answer to the representationally rich multiple choice
question-(referred to as the student’s “answer’’)

1.2 A scientifically congruent explanation (using any representation), relevant to
the question and leading to the answer. It may not always end up producing
the answer chosen by the student. (referred to as the student’s “explanation”)

* The difficulty is the percentage of students giving the correct answer in previous research.
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1.3 Consistency between the chosen “answer” and the “explanation” in that the
explanation leads to the selected multiple choice answer, further
demonstrating representational  fluency. (referred to as a
“consistent/inconsistent explanation”)

The items were presented one per page and, for each item, the page involved space where
students were invited to “Provide information supporting your answer or why you chose your
answer” (Figure 3). The exceptions were questions 4 and 6 (see appendix), although each had
space where extra explanation was required.

This multifaceted marking scheme allowed for examining the threshold level of ability in, not
only one, but some combination of representations, that is a broad scale of representational
fluency. A selection of five student responses for question 1 is presented and coded in Figure
3.

Acceleration versus time graphs for five objects are shown below. Acceleration is a measure of how ve-
locity changes with time. All axes in the graphs have the same scale. Which object has the greatest
change in velocity during the interval?

(A) (B) ©) (D) (E)
— —
c | 1= s I = c
(o 2 . o 2 2
B ; B |/ i & ki £
AP7IRIE R 2 VAN
8 224 ﬂ 1 8 | 8 3 g
Time ]‘ Time ~ Time < Time = Time

Answer: ’ b

Provide information supporting your answer or why you chose your answer:

YA~ 6{,;:-';(«{;/ \/:fk;‘{#d?‘;

Z Ao— v miaph,

Student A: Correct answer, seientificalty congment reasoning, consistert reasoning and snswer = 3 marks

Answer: . Answer: _C

Provide information supporting your answer or why you chose your answer:

Provide information supporting your answer or why you chose your answer:
4 . : o Bres wndat  aee D Lj-‘*“-"
EARRES S C C
B: Cottect answet, congient reasoning, consistent reasoning and answer = 3 marks | | C: Incorrect answer, congmient reasoning, inconsistent re asoning and answer = | mark
Answer; D : Answer: ’A

Provide information supporting your answer ar why you chose your answer:

The accelerapion & conshnt, and Herefare  the

Provide information supporting your answer or why you chose your answer:

As {}J e =:2, e ok redva o UnCreame)
it Ba, bee R = (P vgfgciJH will increase af o comatant szl
f“\ a QAyer o &l "rﬂr

LS Fgy Iy

D: Incotrect answet, incongrent reasoning, consistent reasoning and ansvret = 1 mark | | E: Incorrect answet, inconguent rsasoning, inconsistent teasoning and answer =0

Figure 3. Five student (A-E) responses to item one showcasing various representational
responses and demonstrating the use of the three-tier marking system in Table 2 below.
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Table 2. Demonstration of the three-tier marking system. To be read with Figure 3.

Question
Number 1.1 1.2 1.3
N
Correct Scientifically Congruent Consistent answer &  Total
Answer Explanation explanation
Student A v v v 3
Student B v v v 3
Student C x v x 1
Student D x x v 1
Student E x x x 0

For this question, students who chose the correct multiple choice answer “B” demonstrated
an ability to interpret the words of the question and the graphs presented for the possible
answers (Student A and Student B). Those students who were also able to give a scientifically
congruent explanation in any representations, consistent with their answer, would attain a full
three marks for that item. In Figure 3, Student A uses correct equations and graphical
representations (describing that they are looking at the “area under the graph”) and by filling
in the area under graphs and Student B also uses a correct equation.

Student C did not choose the correct answer (chose “C”) but did offer a scientifically
congruent explanation, “Area under graph is greatest”. Therefore Student C will attain one
mark for the explanation, but neither marks for the answer or the consistency.

Similarly, Student D will receive only one mark. This student’s answer “D” was consistent
with the explanation: “As the rate of acceleration is increasing with time, the velocity is
increasing at an ever increasing rate”. But the answer was incorrect, and the explanation,
while a true statement in the same context area as the question, was not in any way leading to
the answer and therefore the second-tier mark could not be awarded.

Finally, Student E did not achieve a mark on any tier. The answer was incorrect, the
explanation was not scientifically congruent, and there was no consistency between the
explanation and the chosen answer.

From here on, it will be considered that the seven item survey had a total of 21 “questions”
referred to as questions 1.1, 1.2, 1.3, 2.4, 2.5... 7.20, 7.21 etc, where the number before the
point indicates the item and the second number indicates the question. This resulted in the
survey being worth a maximum of 21 marks.

Implementation

The instrument was used with physics students from different levels of physics learning
experience within undergraduate physics at The University of Sydney. The phrase “levels of
physics learning experience” refers to the six different groups of students grouped according
to the level of physics course being undertaken at university. The groups include 1st year
fundamental, regular and advanced, 2nd year, 3rd year, and a postgraduate level masters
equivalent cohort (PG).

Students were given a maximum of 30 minutes to complete the survey, but on each occasion
participation was voluntary and students were not required to use the maximum time. From
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anecdotal evidence, many students did not stay for the whole time for various reasons
unrelated to the activity. Students in 1st and 2nd year completed the survey during a
supervised laboratory session at the end of semester 1. The 3rd year students completed it in a
supervised laboratory session at the start of the following semester. The postgraduate students
were offered the survey in a controlled environment during the four week break between
semesters. This process was repeated in 2011 and 2012 at the university.

On average, the response rate was 50%. Surveys which had more than one answer missing
(that is, did not choose a final answer for more than one item) or surveys with more than two
(2) explanations left uncompleted, did not meet the minimum criteria. These strict criteria
ensured the validity of the implementation by focusing on only the students who were
engaged at the same level. This allowed for the diversity of responses across the various
levels of learning experience to be adequately compared. As a result, approximately 25% of
the manuscripts conformed to the criteria and were used for analysis.

Z-tests to compare the final physics examination marks of students who completed the RFS
manuscripts, according to the criteria above, with the full cohort showed that there was a low
probability (P<0.15) that there was a self-selection bias amongst the students resulting in an
uncharacteristic sample from the student groups.

Evaluation of the Survey
In this section, the validity and reliability of the RFS will be examined.

Validity

Validity is a process which will need to be continually assessed (Streveler et al., 2011)
through the various future uses of the RFS to determine its suitability for various groups of
students. Here the focus will be on content validity and face validity, as indicated by the
development process, results of the survey, and interview data.

Content validity — The breadth of the questions covers the breadth of representational ability
As discussed earlier, there is considerable difficulty measuring a broad range of
representational ability, with many researchers choosing to focus on individual
representations, such as a particular form of graphs (e.g. Beichner (1994)). With the
constraint of a 30 minute test, the maximum of 7 items limited the breadth of the items. Items
were chosen such that various visual and verbal representations could be used to reach the
answer. In particular, the graphs in items 1, 3, 4 and 7 are very different — using a kinematic
graph, a column graph, a nomogram, and multiple two variable line graphs needing to be
combined. This diversity, combined with the varied integration of words, from sparse (items
1 and 3), even (item 7), to only words (items 2 and 5), allows the measurement of a broad
range of representational fluency.

In addition to this, the form of the questions contributes to the content validity. By assigning
three separate marks for each item (e.g. 1.1, 1.2 and 1.3) the RFS not only measures the
ability of individuals to interpret the given representation to attain the correct answer, but
also their own form of representational reasoning and their ability to relate self-constructed
representations to both the information and answer. This means that the questions cover a
wide breadth of representational fluency.

33



International Journal of Innovation in Science and Mathematics Education, 22(5), 22-42, 2014.

Face validity —The questions appear to differentiate between students on the basis of some
measure of their representational ability

Face validity was determined using three mechanisms: the criteria for item selection,
comparisons to results from conceptual surveys, and interviews.

Firstly, the items were chosen to have low conceptual knowledge requirements to minimise
the effect on the survey’s validity for assessing representational fluency. Some items had
been selected from other tests already verified as examining a particular facet of
representational ability. Finally, the explicit process of selecting representation-rich items
was carried out in regular collaboration with the expert panel (including multiple individuals
with over 30 years physics education experience).

Secondly, RFS results were compared with results of surveys testing conceptual knowledge.
The University of Sydney has been implementing the structure of separating the 1% year
cohort into fundamental, regular and advanced students for 20 years. Research has shown that
the groups performance on valid conceptual surveys (Tongchai, Sharma, Johnston,
Arayathanitkul, & Soankwan, 2011) shows a linear trend, see Figure 4a.
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FMCE (Sharma & Stewart, 2004) MWCS (Tongchai, 2012) RFS

Figure 4. (A) The average student mark from conceptual surveys. (B) The average
student mark for the representational survey (RFS). Error bars, where available, depict
95% Confidence Intervals. The R? values indicate the linear increase of conceptual
understanding across the four levels of physics learning experience rather than
indicating a correlation between continuous data as normally used. The linearity of the
concept test results across the four levels is not reflected in the RFS scores. Rather, we
see two groups represented by the joining lines in figure (B).

The figure shows results from two internationally recognized conceptual surveys - The Force
Motion Concept Evaluation used with Regular and Advanced Students in 2004 (Sharma &
Stewart, 2004) and Fundamental students in 2007-2009 (Sharma et al., 2010), and the
Mechanical Waves Conceptual Survey (Tongchai et al., 2011). In comparison, Figure 4b
shows the results from the RFS, administered to the same level of students, at The University
of Sydney. The RFS indicates almost no discernible increase from the 1st year fundamental
to regular students then a jump to advanced. The different trend clearly shows that the survey
used in this investigation is assessing a different ability, and we argue that this ability is
representational fluency.

34



International Journal of Innovation in Science and Mathematics Education, 22(5), 22-42, 2014.

Lastly, interviews were conducted with eleven 1% year regular students in 2013 at The
University of Sydney. Students who had already completed the RFS under test conditions
were given blank copies and asked to explain why particular questions were difficult. None
of the students indicated that they did not have the appropriate content, including conceptual
knowledge to solve any problem. The quotes below indicate that students’ difficulties were
associated with interpretation and use of representations.

Student F referring to item 4: “(I) have never done this before, and never seen this graph
before”

Student F referring to why item 7 was difficult: “The stimulus, with the written part
describing the different types of dwellers and the graphs... | probably couldn’t put them
together and synthesise that information™

Student G referring to item 5: “I tend to have struggle (sic) with problems where there is a
whole bunch of stuff you have to integrate [interpret] that are presented in words... translating
this text (to vectors) takes a lot more time”.

The interview results, together with the design and comparative analysis of results, support
the thesis that the RFS has high face validity.

Reliability

The consistency, potential for repeatability and discrimination power of the survey were
evaluated using four statistical tests (Tongchai et al., 2009): the difficulty index,
discrimination index, point bisereal coefficient, and Chronbach’s alpha reliability index. The
formulas and statistical methods for each index can be found in other publications of Ding et
al. (2006; 2009) and Wuttiprom, Sharma, Johnston, Chitaree, & Soankwan (2009).

Difficulty index (P)

To function as a reliable diagnostic survey each question of the test, and the test as a whole,
should not be too easy or too hard. The difficulty index is the fraction of the number of
students in each group who answered the question correctly divided by the number of
students who attempted the question. The lower the difficulty index (P) the more difficult the
question. Typically, an acceptable difficulty index will be between 0.2 and 0.8 (Kubiszyn &
Borich, 2003), though some argue that even questions with a difficulty of up to 0.9 are
acceptable (Ding et al., 2006). See Table 3 for the difficulty index of each question of the
RFS.

Values lightly shaded are of a difficulty index greater than 0.8, but less than 0.9. Values
greater than 0.9, where questions are too difficult for a group, have been coloured with a
darker shade. Observation indicates that there are no questions that are too difficult, rather
some questions are easy across all groups of students (questions 6.17 and 6.18 have difficulty
indices above 0.8 for almost all groups). Question 1.3 has a high index. This indicates that
participants have written consistent answers and responses for item 1. We consider it
appropriate to have such an item where students give consistent working to give students
confidence for the rest of the survey. The difficulty for question 2.1 is very different when
comparing the Fundamental (0.28) and Regular (0.80) students. Overall, different groups of
students are finding different questions and representations difficult to varying degrees.
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Table 3: Difficulty indices of each question separated for student groups

2" Year-

Item Overall  1%year 1¥Fund 1%Reg 1%Adv PG
Question n=334 n=165 n=43 n=61 n=61 n=169

1 0.79 0.65 0.47 0.57 0.87 0.93
1 2 0.79 0.66 0.47 0.61 0.85 0.92
3 0.90 0.83 0.74 0.75 0.97 0.96
4 0.68 0.65 0.28 0.80 0.77 0.70
2 5 0.72 0.62 0.40 0.56 0.85 0.82
6 0.76 0.68 0.47 0.66 0.85 0.85
7 0.63 0.53 0.35 0.44 0.74 0.74
3 8 0.53 0.45 0.28 0.33 0.69 0.62
9 0.84 0.83 0.84 0.75 0.90 0.85
10 0.69 0.62 0.56 0.59 0.69 0.76
4 11 0.63 0.55 0.42 0.49 0.70 0.70
12 0.70 0.65 0.53 0.62 0.75 0.76
13 0.87 0.87 0.74 0.85 0.98 0.86
5 14 0.82 0.78 0.70 0.69 0.93 0.86
15 0.85 0.85 0.74 0.82 0.95 0.86
16 0.77 0.76 0.74 0.75 0.77 0.78
6 17 0.97 0.96 0.98 0.90 1.00 0.99
18 0.85 0.84 0.91 0.77 0.87 0.85
19 0.41 0.33 0.16 0.28 0.51 0.49
7 20 0.40 0.33 0.19 0.23 0.52 0.48
21 0.63 0.55 0.47 0.51 0.66 0.72
Mean 0.73 0.67 0.54 0.62 0.80 0.78

No Shading, P<0.8, light shading, 0.8<P<0.9, dark shading P>0.9

Discrimination index (D)

Discrimination is important for diagnostic surveys as it allows the students who have a
representational fluency to be clearly distinguished from the students who do not. It is
measured by subtracting the difficulty index individual questions for the students within each
group who scored in the top 25% and bottom 25% on the overall RFS. Questions with little or
no discrimination (D<0.3) are deemed unhelpful in contributing to a meaningful total score.
Table 4 presents the discrimination indices for each question.

In Table 4, the shaded cells indicate that the discrimination index is less than 0.3, that is, the
question does not discriminate for that group. There is more discrimination for the 1% year
fundamental and regular groups that the other two groups. Items 1, 2 and 3 have one question
which has a low discrimination but the other two questions for those items have high
discrimination indices.
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Table 4: Discrimination indices of each question separated for student groups

2" Year-

Item Overall  1%year 1¥Fund 1%Reg 1%Adv PG
Question n=334 n=165 n=43 n=61 n=61 n=169

1 0.57 0.51 0.72 0.74 0.27 0.18
1 2 0.51 0.44 0.72 0.67 0.27 0.16
3 0.27 0.29 0.22 0.34 0.07 0.09
4 0.25 0.17 0.08 0.20 -0.07 0.11
2 5 0.58 0.54 0.34 0.61 0.27 0.30
6 0.53 0.39 0.43 0.54 0.20 0.34
7 0.59 0.51 0.63 0.49 0.40 0.43
3 8 0.66 0.56 0.54 0.43 0.33 0.64
9 0.23 0.24 0.30 0.28 0.07 0.27
10 0.52 0.49 0.43 0.80 0.67 0.48
4 11 0.59 0.61 0.45 0.74 0.73 0.48
12 0.49 0.44 0.54 0.34 0.67 0.55
13 0.37 0.27 0.60 0.20 0.07 0.34
5 14 0.41 0.39 0.70 0.34 0.13 0.30
15 0.40 0.22 0.60 0.27 0.07 0.39
16 0.24 0.17 0.11 0.01 0.27 0.36
6 17 0.07 0.12 0.00 0.20 0.00 0.02
18 0.11 0.12 0.01 0.01 -0.07 0.16
19 0.69 0.54 0.17 0.43 0.67 0.73
7 20 0.66 0.51 0.26 0.37 0.53 0.77
21 0.58 0.44 0.32 0.35 0.73 0.66
Mean 0.44 0.38 0.39 0.40 0.30 0.37

No Shading, D>0.3; Shading, D<0.3

Point biserial coefficient (rpps)
The point biserial coefficient indicates the consistency of results between individual
questions and the survey as a whole. A high value of ryys for a particular question indicates
that a student who gets a high score on the survey is likely to get that question correct.
Criteria of rys>0.2 is generally considered adequate. Figure 5 shows the point biserial
coefficients for each question.

The three questions which have rys<0.2 are all from the same item, questions 6.16, 6.17 and
6.18. Item 6 has also returned non-ideal results for each of the previous statistical tests. All
other questions are above the threshold of 0.2. Excluding question 6, the average is rp,s=0.47
which supports the hypothesis that the survey is internally consistent.
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Figure 5. Point biserial coefficients for each question

Chronbach’s alpha reliability index

Another measure of internal consistency, Chronbach’s alpha takes into account multiple
questions when correlating with the total score. An &plia is generally considered
adequate. The values of alpha for the survey are presented in Table 5. Item 6 was excluded
from this analysis due to low discrimination and point biserial coefficient. For each student
group, the value of Chronbach’s alpha is high and the overall value of 0.78 indicates a high
level of internal consistency on the survey.

Table 5: Chronbach's alpha reliability indices separated for student groups

Overall 1% Fund 1" Reg 1% Adv 2" Year-PG
n=334 n=43 n=61 n=61 n=169
0.78 0.67 0.69 0.64 0.71
Discussion

We have described the formation and evaluation of the RFS designed to test the fluency of
physics students in science representations. The survey was verified through consultation
with experts and also through the observations by students when reflecting on what made the
survey difficult. Student observations were that items 4 and 7 were the most difficult,
consistent with the numerical results, and that the reason for the difficulty was often due to
not understanding representations along the lines of not having a threshold level of ability to
engage with the necessary combination of representations. The questions associated with
these items also had high discrimination indices along with all other questions, except those
associated with item 6.

The analysis of 334 student manuscripts allowed for a determination of the reliability of the
RFS. The results present appropriate difficulty, high discrimination indices and point biserial
coefficients for most questions giving a quantitative measure of the consistency and
appropriateness of the survey. The stand out exception was item 6 and the associated
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questions. It is therefore recommended that item 6 be removed from analysis as it does not
meet the required criteria for a reliable item in the RFS.

While item 6 is not reliable for the RFS, its use may still provide benefit in other areas. Many
research projects have involved cataloguing and recording student representational use and
drawing and interpreting graphs is just one example of where this is possible. Observation of
student manuscripts for item 6 highlighted various interesting trends, including differing
reactions among students to dealing with outliers in data. Dealing with real data is often
unusual for new students who are used to the conforming data often presented in high school
(particularly mathematics) (Bowen & Roth, 2005). Therefore, depending on the objectives, a
researcher may decide to retain item 6 for alternative analysis.

Another consideration for a researcher or educator is whether the difficulty and
discrimination suits the intended cohort, as a particular threshold level of ability is necessary
to access disciplinary discourse for different cohorts. This paper has shown the RFS is
optimized for first year university students. There is still clear and helpful information for
more senior years of university physics but care will need to be taken.

The results presented in figure 4 reveal that the level of representational fluency across
different levels of physics learning experience at The University of Sydney does not correlate
with scores on conceptual surveys. Most notably is the distinct difference in RFS scores
between the lower and upper two groups. The 1% year Regular students have a similar
representational ability to the 1% year Fundamental students who have studied two years less
of high school physics. Furthermore, the 1% year advanced students and 2" year students
have no difference in scores. This supports the existence of a critical constellation of
representational modes required for participation in the discipline (Airey & Linder, 2009) and
affirms the premise of the RFS.

Further Research

There are multiple other ways to analyze student answers to the RFS. These include coding
for which a particular representation is used, and creating novel ways to present trends in
representational use across various questions and groups of students. Preliminary analysis
indicates that these further support the notion that the RFS is truly a test of representational
fluency. In addition to this, the results of the RFS, particularly the way that expert students
chose to use representations in completing the items, have been used to inform research and
practice at The University of Sydney, including the creation of online teaching supplements
designed to target and improve student representational use. In 2013, the authors have used
the RFS as a set of tests (pre and post) to measure first year student gains in representational
fluency across a semester of university physics. This highlights the diversity of use of the
survey in influencing practice and measuring the effectiveness of teaching activities.

The RFS is a survey that measures representational ability in science. It is targeted at a
specific domain (physics) and a particular demographic (university students). As described
earlier, it is therefore a measure of a physics student’s representational ability (science
representational fluency nuanced for physics students). In its current form it would also be of
use to researchers investigating the representational fluency of students in their final years of
secondary education before entering university. Modifications to the RFS may allow research
to be conducted with students even earlier in their education investigating the extent of the
development of representational fluency of students throughout secondary education. We also
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suggest that there are elements in the survey that may be generalizable to other scientific
domains and that the survey has the potential to be adapted to suit the needs of research and
teaching further afield as the requirement of representational fluency is not unique to physics.
We do, however, recommend that care is taken, and the motivation and processes presented
in this paper are considered.

Conclusion

In this study, we developed a robust survey to measure representational fluency in science for
university physics students. The design was optimised to combine elements of
representational fluency in order to compare representational use amongst individuals or
groups. The survey has been tested with students of various levels of physics learning
experience, undergraduates to postgraduates. Through pilot studies, and standard statistical
analysis of the main implementation, the final survey is a valid and reliable measure of
scientific representational fluency and can therefore be used by instructors to measure the
development of representational skills of students at different stages of their time at
university, or to evaluate the effectiveness of teaching strategies to improve representational
fluency.
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Appendix 1: The Representational Fluency Survey
See http://www.physics.usyd.edu.au/super/RFS/The%20Representational%20Fluency%20Survey.pdf
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