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Abstract

A study has been carried out at the University of Edinburgh in order to

examine how physics students’ abilities and attitudes towards study change

during their time at university. This is a large topic with numerous possible

avenues of research, as a result the field has been narrowed for this thesis in order

to focus on three main subject areas; how students adapt during the transition

from school to university, how students attitudes towards studying physics change

during an undergraduate degree and, finally, student data handling skills in the

undergraduate laboratory with links to whether student perceptions of their data

handling skills are consistent with their ability.

It has been found that students may face difficulties going from school

to university study. Students potentially face gaps in their prior learning

due to differences in school leaving qualification syllabi, which is compounded

by instructors having expectations of student ability that are higher than

student actual ability. It has been seen that students become less positive in

their attitudes towards study over the course of their first year of instruction,

potentially due to a drop in confidence.

In the subject area of attitudes towards study, longitudinal studies have been

carried out in order to examine the expert-like thinking of students. Results

gathered are suggestive of a selection effect with the most expert-like thinkers

possessing levels of expert thinking similar to those of physics instructors, even

when initially entering the degree program.

Investigation of student laboratory work has shown that there is a large gap

between student estimations of their own ability and the reality of such skills. This

has been demonstrated by contrasting the results of surveys examining student

perceptions towards practical work with data gathered from a data handling

diagnostic test that has been designed and implemented as part of this thesis.
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Chapter 1

Introduction and Motivation

The process of completing an undergraduate degree can be viewed, in itself, as

a transition where students enter a degree, most commonly directly from school,

and leave to join the workforce or continue on to further study. During that

time students will have studied new subjects and met people from a variety

of different backgrounds and cultures. For most this is seen as an enriching

experience with many people suggesting that either the chosen subject of study

[1] or the university experience as a whole [2],[3],[4] was one of the most formative

episodes of their life. Claims such as these can, by their very nature, only ever

be anecdotal as they are virtually impossible to quantify. In this thesis, while

the focus is on the transitions faced and changes experienced while passing from

secondary school to degree graduation, the emphasis is on specific, measurable

changes that students experience during an undergraduate degree.

This project originally began as a one year Masters by Research looking at the

transitional period faced by physical science students going from secondary school

to university. This research remains a key part of the project and is discussed

in Chapter 3. However, some of the results produced from the initial research

presented searching questions as to the longer term changes in undergraduates;

these areas are discussed in Chapters 4 and 5.

The over arching theme of this thesis, if the content was to be described by only

one sentence, could perhaps be thought of as ‘investigating what students gain

during an undergraduate degree’, a topic which has been studied from many angles

such as graduate attribute studies [5],[6], studies into the employment prospects

of young people [7],[8] and socio-economic considerations [9]. In addition, studies
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1.1. The school to university transition

have also considered what communities and countries gain from a university

educated workforce [10]. None of these topics will be considered in this thesis

and it is, therefore, perhaps more accurate to instead consider it as a body of

work which looks at how students change during the course of a degree rather

than what they gain. This thesis does not seek to examine graduate attributes

nor to present an exhaustive list of the changes experience by students during a

degree. It should be considered as a map of the evolution of specific qualities in

students during their time at university.

The research questions in this thesis, at their most general, are concerned with

looking at the changes that occur in students over the course of an undergraduate

degree. This is such a large and general subject area that to carry out a literature

review of all related subject material would be a task that could well last the

length of the research project itself. As such the decision has been made to focus

on work that relates to three main areas of research; the school to university

transition, student laboratory work, and finally, attitudes and beliefs towards

study. The research into the school-university transition consists of two additional

areas (scientific reasoning and content knowledge) which were chosen as part of

the scope of the project when it was originally conceived as a one year research

project but are now less central to the issues addressed in this thesis as a whole. In

this introductory chapter the background of the project and reasoning behind the

decision to study each area will be discussed in the sections below. As the topics

addressed in each of the three results chapters can be read as three distinct studies,

there is additional information included at the start of each chapter explaining

the motivation behind the research, with comparisons to previously conducted

work included alongside the research itself.

1.1 The school to university transition

Whilst this thesis now looks at changes through all years of an undergraduate

degree it is known that the changes students experience going from secondary

school to university (and over their first year of study) will be some of the

largest that they are faced with during the course of their education. The level

of upheaval students experience, finding themselves confronted with far larger

class sizes, less teacher to student contact time, and often the need to adopt new
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learning styles to cope with the higher level and greater volume of the material

presented to them, can mean that students feel overwhelmed and struggle to

cope in tertiary education. It is well documented that this is a key point in

students’ academic careers [11],[12], and one where student retention can be a

large issue. The physical sciences (with physics especially effected) experience a

“leaky pipe” effect [13] with students failing to complete their degrees and leaving

higher education at various stages of their studies [14]. The retention of these

non-completing students is of concern to the management of universities as the

departure of students will impact academic institutions financially as well as there

being a moral responsibility to ensure that all recruited students have an equally

fair chance of completing the degree [15] and there exists a potential reputation

risk to the university if students are often seen to fail.

In order to help ease the transition from secondary school it is important

to first identify the potential problems that students may face. There has

been extensive research into the first year experience [16] with issues such as

retention, student support, learning and teaching and student perseverance all

well represented. Retention may be impacted in the first year of study by

issues with student academic ability and student attendance. In these cases,

as might intuitively be expected, research has shown that those students who

are academically ‘weaker’ [17] or do not attend lectures and tutorials [18] have a

lower chance of succeeding in their chosen courses and as a result are more likely

to exit higher education.

In this research project it was decided to expand upon the potential difficulties

experienced by students in their first year and attempt to broaden the research

into the first year experience that had already been carried out in the UK. Four

different topics were identified as potential problem areas to be investigated

and constitute the original scope of this project when it began as an MSc:

Students’ ability to reason scientifically; student laboratory work; subject content

knowledge and, finally, attitudes and beliefs towards the subject. Both the

areas of attitudes towards study and student laboratory work have grown

considerably since the project was extended to form a doctoral thesis, and the

results of investigations carried out on these topics can be found in Chapters

4 and 5 respectively. Background and introductory material for the areas of

student attitudes and laboratory work can be found in the sections 1.2 and 1.3
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respectively.

As will be discussed in Chapter 3, the issue of student preparedness for

university is an emotive issue. At the time of writing this thesis, the most recent

figures for A-Level pass grades (the prerequisite qualification of university study

for students in England, Wales and Northern Ireland) showed that the pass rate

had risen for the 29th year in a row [19]. This continued increase leads to an

inevitable yearly debate in the media as to whether the examinations are getting

easier and if so, are they are still fit for purpose (examples can be seen in [20],[21]).

Presented within Chapter 3 is a review of the most recent assessments of the

school leaving qualifications in physics and mathematics alongside a comparison

of the different options offered by the numerous examination awarding bodies in

England, Wales and Northern Ireland, which highlight the differences in course

content the students in the first year cohort may be facing. The number of

different examination boards offering A-Level physics and the variation in the

course content within the syllabi, means that it is a difficult task for universities

to be fully aware of which topics will be familiar to all students and which will

be new material for some of the class. This exercise of comparing course content

to provide a concise picture of student prior knowledge could be viewed as a first

step towards enacting Ausubel’s dictum “Ascertain what the student knows, and

teach accordingly” [22].

Teacher expectations of students can have a profound effect on the way that

students are taught (and in turn how students learn), both in terms of the content

covered with a class and the way in which the teachers interact with students

[23],[24]. This issue is also explored, albeit briefly, in Chapter 3 in the context

of university entry level mathematics. Studies have shown that the mathematics

content of the A-level examination has been decreasing in the period from 1991

to 1997 (the point at which the particular study ends), and as a direct result

students entering university were seen to have poorer mathematics skills than

the generation before them [25],[26]. In contrast the studies included in this

thesis show that teaching staff have high expectations of student mathematics

skills, far higher in fact than the actual ability of these students, a finding which

is discussed in greater detail in Chapters 3 and 6.

The final area discussed within the context of the school-university transition

is that of scientific reasoning. Sometimes known as scientific enquiry, scientific
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reasoning relates to the skills needed to carry out science by applying the scientific

method [27]. This itself is an enormous area of study, with scholars studying the

scientific method going as far back as Aristotle [27]. The presence of the scientific

reasoning component of this thesis is small, not due to a lack of inspiration for

research questions but rather due to the opposite; the field represents so many

potential avenues of research that it would not be possible to focus on this topic

and to do justice to the other research presented within this thesis. As a result

the concept of scientific reasoning is used within this thesis as an assessment

tool, another way to measure the changes experienced by students within their

first year of university study rather than another area of research in itself. A

conscious choice was made to use an assessment instrument that is widely used

in science education research, The Lawson Test of Scientific Reasoning [28] which

has been used in many different trials ([29] and [30] are just two examples of

many). This meant that options were available to expand this area of study,

if required, through comparison to previously conducted studies. In actual fact

due to the expansion of other areas of this thesis this option was not explored.

However, the results of using the Lawson Test with students on either side of the

school-university boundary are discussed within Chapter 3, with further work on

scientific reasoning and problem solving continuing in the form of another PhD

thesis within the University of Edinburgh Physics Education Research group [31].

1.2 Attitudes towards physics study

In Chapters 3 and 4 the issue of attitudes towards study are discussed. Over

and above their content knowledge, there is evidence that the way students think

about a subject has a profound effect on performance in that subject. It has been

suggested that from as early as primary school children develop misconceptions

which can shape their attitudes and beliefs of how they view science in general

[32]. It has long been established that external social factors and stereotypes

create a series of beliefs in students that can affect performance [33]. In fact it

has been suggested in previous research that attitudes and beliefs may be a better

indicator of student ability than school examination results [34]. This has lead

to increased research into students’ attitudes and beliefs in a variety of subject

disciplines (just a few examples of a great number of studies can be seen in [35],
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[36], [37]).

The study of student attitudes towards learning and the impact that these can

have on student performance have been a subject of science education research

for several decades both for discipline based research and for those researchers

based in Education Departments (see [38] for an extremely thorough review of

non-discipline based literature on the subject).

One of the reasons the literature is so rich in attitude-based studies is that

it is such a broad subject area. Gardner suggests that one of the first points

for a researcher of student attitudes to consider is whether they are interested

in studying “attitudes towards science” or “scientific attitudes”[39], the former

of these two covering pupil “feeling, beliefs and values held about an object that

may be the enterprise of science, school science, the impact of science on society

or scientists themselves” and the latter relating to “features that might be said to

characterize scientific thinking and are cognitive in nature” [38].

In this thesis the focus will be only on attitudes towards science, specifically

how such beliefs formulate and change over the course of an undergraduate

degree. While this is an area that perhaps is traditionally thought of as being far

more qualitative, a variety of survey instruments have been established to assess

quantitatively the attitudes and beliefs of physics students. There are many of

these instruments that have been developed, including the Views of Nature of

Science questionnaire (VNOS)[40], the Views About Science Survey (VASS)[41],

the Maryland Physics Expectations Survey (MPEX)[42] and the Colorado

Learning Attitudes about Science Survey (CLASS)[34]. Studies undertaken with

these instruments have allowed better understanding of the attitudes of science

students, the evolution of these attitudes over time and the differences in attitudes

between physics students and physics academics and practitioners.

In the area of physics, the instrument that has been most widely used to

examine student attitudes is the Colorado Learning Attitudes about Science

Survey (CLASS)[34]. This measures the attitudes and beliefs of university

students through a series of attitudinal questions and calculates their level of

expert-like thinking by comparing the answers to those of physics professors

(further details of the development and use of the CLASS survey can be found

in Chapter 2). The survey has been used at many institutions across North

America but has been far less widely adopted in the UK. The survey is usually
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administered both before and after a specific course is taught (known as a period

of instruction) thus allowing the effect of the course on students attitudes to be

assessed through the shift in the students answers.

The survey was developed by the Physics Education Research group at the

University of Colorado building on a previous survey, MPEX, produced by the

Redish Group at the University of Maryland [43]. One perhaps surprising feature

of the MPEX survey was that a downward trend was observed in the attitudes

and beliefs of university undergraduates after their first year of study, with

student levels of expert-like thinking seen to significantly decline after a period of

instruction. Students were surveyed at many institutions, with both traditional

and more innovative teaching styles represented, and it was found that at all the

institutions included in the study student levels of expert-like thinking declined

significantly after a year of university teaching. Redish also pioneered the use

of the ‘agree-disagree’ plot in order to represent the findings of such studies.

The percentage of favourable scores (the extent to which answers agree with the

expert responses) are plotted on the y-axis, with the percentage of unfavourable

(the answers which are at odds with the expert opinion) on the x-axis. An answer

that was in perfect agreement with the expert response would therefore be plotted

in the top left hand corner, conversely if responses are becoming less expert over

time the move would be towards the bottom right hand corner. An example

‘agree-disagree’ plot on which the results for four institutions (surveyed pre and

post instruction) is shown in Figure 1.1. It should be noted that the expert

response in Figure 1.1 is not at the (0,100) position, this is due to the fact that

not all the answers on the survey were found by the experts to have an overall

consensus of agreement.

This decline in expert-like thinking is also observed in using the CLASS survey.

It has been consistently shown that student attitudes are seen to decline after

a period of instruction [34],[44], unless student epistemologies are specifically

targeted in the course design [45],[46],[47]. This decline, which has been widely

reproduced in academic institutions around North America and the rest of the

world1, has led to CLASS increasingly being used as a measure of the success of

course redesigns, with students taking a specific course being surveyed before and

1Although there are few published studies which report this decline, perhaps due to the fact
it has been established in Physics Education Research as the expected result when looking at
the changes in attitudes over time.
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Figure 1.1: An agree-disagree plot showing a decrease in expert-like thinking for
students in four universities in the USA. For further details see reference [43]

after the changes in order to assess the benefit of the redesign [45],[47],[48],[49].

Another attitudinal survey with science students to show a decline in positive

student attitudes is that of Anders and Berg at Ume̊a Universitet, Sweden who

examined shifts in attitudes in chemistry students [50] using a survey based on

the works of Perry [51]. The study reported a negative shift in student attitudes,

(although this was not the focus of the study). In addition the study was used

to identify the students displaying the biggest positive and negative shifts, six

of these students were then interviewed at length to try and determine the root

of these changes. Following the interviews the responses were categoriesed into

“choice”, “activity” and “persistence”, all of which could be classed as either

positive or negative. Overall they found that those with negative attitude shifts

were lacking in positive motivational choices. They concluded that students

can lose or gain motivation in the subject for varying reasons including teacher

attitude and class atmosphere.

A literature search reveals that published papers that report a decline in

student attitudes after study are relatively uncommon, perhaps due to the
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fact course designers and instructors are unwilling to publish such statistics as

they may be seen as a reflection on the teaching of the instructor rather than

symptomatic of a change in the way of thinking in the student cohort. Even in

the case of the CLASS survey where the move towards more negative attitudes

after one year of has been established as a standard result in most academic

institutions, there are few examples of these results being published, although

in this case this may be due to the fact this decline is now considered a ‘known

result’.

Given that most physics instructors would be surprised and disappointed to

be told that a course which is considered successful by every other measure is

likely to produce students that are less positive than when they commenced

their studies it is remarkable that the reason behind this decline has not been

directly examined by researchers. Studies have looked at course reforms that

claim improved CLASS scores [45],[46],[47] but do not pinpoint why in particular

the scores have been improved or what causes the scores to decline in the first

place. One idea that may be connected to this decline in expert-like thinking

is a loss of confidence with students feeling less confident in their abilities as a

result of the transitions taking place in their way of learning during their first

year of study. One model that describes such a lack of confidence is Perry’s

Model [51], a model of learning which suggests a theory of intellectual and ethical

development of university students. Perry describes students as being within a

development process of learning rather than having static personality traits which

affect the way they learn. A drop in confidence is detailed in Perry’s model which

contains nine stages of intellectual development of university students. These

nine stages can be grouped into 4 categories known as ‘dualism’, ‘multiplicity’,

‘relativism’ and ‘commitment’. Most students will begin university in the first

stage of intellectual development, dualism, which relates to the idea that there is

only one correct answer and it is the job of the learner to gain the right answer

from the instructor. Multiplicity is an extension of dualism where students extend

their horizons to incorporate the idea that an answer can be not yet known, as well

as right or wrong. The step to the third stage, relativism, where students realise

that knowledge is relative and context dependent is seen as a very large step of

progress in development. It is at this stage that students can experience a loss

of confidence and step back to previous levels, with a cyclical process established
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where some students may never reach the uppermost categories. It could be that

the drop in expert-like thinking seen at the end of first year instruction relates

to a step back to a previous learning stage.

In the six years between the publishing of the CLASS survey and the

completion of this thesis, use of the CLASS survey has grown considerably

and it is increasingly used, not just to look at a class as a whole but to

study the expert-like thinking of different demographics of a physics class. The

instrument has been used to investigate gender differences in expert-like thinking

[44],[52] with male students found to generally hold more expert-like views and

a larger decline observed in the expert-like thinking of female students post

instruction. Differences in attitudes between physics majors and non-majors are

often commonly investigated [34],[53](perhaps unsurprisingly non-majors are seen

to be less expert-like in their views than physics majors). This trend has been

further investigated with the Colorado Physics Education Research Group going

further in this area to explore the differences in attitudes seen between those who

intend to major in physics and those who actually do major in physics [54]. The

results of these studies will be discussed in further detail in Chapters 3 and 4 in

relation to the work carried out using the CLASS instrument at the University

of Edinburgh.

Within Chapter 3 the CLASS instrument is used in order to investigate the

changes in student attitudes on either side of the school-university boundary, as

well as during the first year of study (as the instrument was originally designed

to be used). In Chapter 4 longitudinal studies have been carried out in order to

attempt to establish what happens after the drop in expert-like thinking reported

in previous studies and when (if ever) students go on to become fully expert-like

thinkers, a question that is discussed both in terms of data collected as part of

this thesis and comparatively to other studies which have emerged on similar

topics.

1.3 Experimental work

Laboratory based experimental work is a key component of an undergraduate

physics degree, with even those students enrolled on a theoretical physics degree

programme required by UK guidelines from the Institute of Physics to carry out
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some experimental work in the first years of the degree program [55]. The reasons

for compelling students to carry out such work are not just as preparation for

future employment prospects (in fact less than 20% of UK graduates from physics

degree programs entered employment in scientific services in 2008 [56]) but as an

opportunity to learn and practice the numerous transferable skills that can be

gained through laboratory based work.

The skills potentially gained in laboratories are extensive. A thorough review

of the learning objectives of university laboratories has been carried out by

Richardson et al at the University of Sydney [57]. While this review was carried

out in the context of the Australian educational system many of the learning

objectives highlighted are in clear agreement with those outlined by the Institute

of Physics in the UK [55], such as the planning of experiments, data analysis,

interpretation of uncertainties and presentation of data, to name just a few

of these themes. These ideas are also echoed in guidelines from the American

Association of Physics Teachers which state five learning objectives for student

laboratory work “the art of experimentation”, “experimental and analytical skills”,

“conceptual learning”, “understanding basic knowledge of physics”,and finally

“developing collaborative learning skills” [58]. These categories suggest that

there should be great potential for learning opportunies in the undergraduate

laboratory, not just through the linking of experiment and theory but also through

the skills (both analytical and collaborative) learnt.

Experimental lab work is one of the areas that students tend to have the

strongest feelings, both positive and negative, about when starting university.

These views tend to be so varied as the experience of practical work in secondary

education can be extremely different from school to school, due to different

interpretations of the syllabus [59], teacher preference of areas to teach as well as

financial and timetable constraints of individual schools.

The study of various aspects of university experimental laboratories is popular

in science education research fields. Herrington states that the study of laboratory

instruction is so important because “the laboratory is a different instructional

context from class room instruction”[60] .

As has already been eluded to in Section 1.1 and will be further discussed

in Chapter 3, due to the diverse nature of school qualifications (both between

Scottish and English Qualifications and between the English qualifications
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themselves) there is no absolute definition of what students entering tertiary

education will have experienced in their secondary education. Within many

university physics departments there is a general feeling that school experimental

work is leaving students underprepared for conducting science research [59],[61]

and that the students who have obtained the skills needed to do well in school

science are not necessarily being given the skills needed to be researchers “Our

current system of science education and assessment favours the syllabus-bound,

diligent pupils who are happy to learn the facts, often by rote, and answer

questions almost parrot-fashion. Whilst such pupils may well gain the highest

grades at GCSE and often also at advanced level, are they really the sort of people

who will thrive in the research laboratory where the safety of the syllabus has gone

and innovation is the key to success?” [61].

Johnstone [62] describes practice in laboratory classes in schools as “recipe

following”, with students engaged in the mindless following of instruction

manuals. He suggests while is is partly due to the nature of the teaching it

is also due to the naturally limiting nature of working memory capacity. It is

possible to overload the mind, causing students to revert to recipe following.

One of the reasons that the undergraduate laboratory is so often stated as

being of vital importance is the opportunity it offers for learning by inquiry, a

method of learning that is highly prized by many educators. In 1996 the American

National Research Council ([63]) described inquiry as “a multifaceted activity

that involves making observations; posing questions; examining books and other

sources of information to see what is already known; planning investigations;

reviewing what is already known in light of experimental evidence; using tools

to gather, analyze, and interpret data; proposing answers, explanations, and

predictions; and communicating the results. Inquiry requires identification of

assumptions, use of critical and logical thinking, and consideration of alternative

explanations.” This is a description which is still very relevant to the learning

objectives outlined by the Institute of Physics today [55]. Although it should be

stated that while laboratory based work may provide the opportunity to learn

such skills, there are also large numbers of papers that lament the perceived lack

of room for scientific inquiry in the school and univerity laboratory ([64] and [65]

are just a two examples).

While it is clear that lab based work provides the opportunity for students
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to explore and develop many different skills it is not apparent that a universal

measure for such skills is available. Unlike for subjects such as Newtonian

Mechanics and Electricity and Magnetism ([66] and [67] respectively) there is

not, in the field of physics education, a widely used test of student experimental

skills for undergraduate students. In Chapter 5 the development and testing

of such a tool will be discussed, with reference to work carried out with 1200

undergraduate students in the UK and Ireland.

The decline in the number of students studying science, especially physics,

is well documented and is the focus of many outreach programs designed to

encourage students into STEM subjects. A lack of scientists raises problems

for industry and research as well as the education of future generations (a topic

which has been the focus of many research papers and will not be covered in

this thesis). Figure 1.2 shows the decrease in the number of students choosing

to study physics between 1990 and 2000. One of the reasons suggested for this

decline is student attitudes towards and perceptions of science, with researchers

suggesting that this decline in interest can be seen as early as primary school

[68],[69]. In primary schools students often experience science through hands on

work rather than the more traditional bookwork often experienced by students in

secondary schools. It has been suggested that student attitudes towards science

are generally positive in primary schools, although a decline in attitudes can be

seen from as young age as ten due to decreasing practical work in the classroom

as well as repetitive practice assessment for national tests [68]. This suggests that

students have generally positive attitudes towards experimental work whilst in

school (albeit which decline with increasing age) and should in theory be arriving

at university with a positive view towards the experimental work element of their

degree.

The attitudes of students in the undergraduate laboratory is an issue that has

been on the periphery of science education research since at least the 1970s,

when Shulman and Tamir stated “We are entering an era when we will be

asked to acknowledge the importance of affect, imagination, intuition and attitude

as outcomes of science instruction as at least as important as their cognitive

counterparts”[70]. However, a review of the literature shows that there have

been few studies which consider attitudes towards practical work, especially in

the the undergraduate laboratory. One such study by Hanif and Sneddon [71]
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Figure 1.2: Graph showing the decline in uptake of A-Level science subjects in
school over a period of 10 years from 1990-2000. For further details see [38] from
which the image is used.

assesses physics undergraduates at the University of Glasgow at various stages of

their degree and surveys them to gain a picture of students perceived values of

laboratory work. They found that students thought that university laboratories

were beneficial in illustrating theory as well as teaching practical skills. The

second element of the work presented in Chapter 5 is a study of the attitudes of

physics students on either side of the school university boundary, in work carried

out with students at the Universities of Edinburgh, Glasgow and St.Andrews,

aiming to establish not only the changes that students experience during their

first year of study, but also a baseline of their attitudes and perceptions on leaving

school. Combining the two themes of this chapter, it will be established how much

the thinking of the students changes towards experimental work and if this, in

turn, is reflected in the experimental skills gained by the students.
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1.4 Structure of thesis

Contained within this thesis are, in addition to this introduction, five chapters

which examine the transitions of students from school through university.

Chapter 2 contains the methodology explaining the methods and tools used to

carry out the work presented, Chapters 3-5 contain the results obtained through

investigation of each of the topics discussed previously alongside comparison to

and discussion of previous work in the field and, finally, Chapter 6 contains the

conclusions of the thesis research and suggestions for future work.
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Chapter 2

Methodology

The nature of this study means that there is not one single method that is

appropriate to all the research carried out during the project. Each of the

following results chapters presents work which has been implemented using

different instruments and techniques in order to investigate the changes seen

in students during the course of an undergraduate degree, with the appropriate

tools needed to analyse the data collected being dictated by the nature of the

data itself. There are, however, tools that have been used on numerous occasions

as well as background information relating to the students that is relevant to all

the studies. The role of this chapter is to serve as a reference chapter for the

reader, illustrating the most pertinent contextual information for the study and

describing the instruments and tests most commonly used.

2.1 Educational context of the study

As all studies carried out as part of this doctoral thesis have been carried out

at the University of Edinburgh, or in secondary schools in local proximity to the

University, it is beneficial to provide background information about the University

as a institution, as well as the physics degree program, to aid reader understanding

of the educational context in which this project has been implemented. The

University of Edinburgh is one of the oldest universities in the UK, originally

founded in 1583. The University is a member of the Russell Group, a group of

some of the leading universities in the UK, all of whom focus heavily on academic

research [72] and is consistently ranked in the top 50 universities in the world
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[73],[74]. As a result of its reputation the University attracts high achieving

students with incoming students typically possessing school leaving qualifications

at the highest grades. The high level of competition for places means that most

courses select rather than recruit prospective students. The University consists of

28,974 students split between postgraduate and undergraduate degrees and 3,283

members of academic staff across all disciplines (correct January 2011) [75].

The School of Physics and Astronomy, within the college of Science and

Engineering, consists of 60 academic staff all of whom work with a research

group specialising in an area of physics, in one of four Institutes; The Institute

for Astronomy, The Institute for Condensed Matter and Complex Systems, The

Institute for Particle and Nuclear Physics and The Edinburgh Parallel Computing

Centre (which specialises in high performance computing). The variety of

specialisms of the staff is reflected in the variety of undergraduate degree programs

available to students, the school offers ten different physics degrees in total, at an

undergraduate level. Five of these degrees are offered by the School of Physics and

Astronomy alone: Physics, Mathematical Physics, Astrophysics, Computational

Physics and Theoretical Physics. An additional five degree programs are offered

jointly between physics and other schools within the university, these are: Physics

with Meteorology, Physics and Music, Physics and Mathematics, Physics and

Computer Science and Chemical Physics. Degrees programs in Scotland are

typically one year longer than those in the rest of the UK, with the first year

designed to act as a foundation year ensuring all students regardless of educational

background (as is discussed in greater detail in Chapter 3) have the same content

knowledge by the end of the first year of study. In the initial year of study,

physics students are required to study one third physics, one third mathematics

and the remaining one third is chosen by the individual student from another

subject area. As this system is used in most of the first year degree courses

across the university, many of those in the first year physics class will be from

different degree programs, having chosen to take physics as their elective option.

No separate physics class is offered for non-majors and all those choosing to take

the first year physics class must be as qualified to do so as the majors taking

the course. A typical first year class comprises approximately 200-300 students,

of which around one half will be physics majors; it is very unusual for any non-

majors to take any higher level courses after the first year, and impossible for
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students to do so from third year upwards.

All the degrees offered in the School of Physics and Astronomy are typically

studied over the course of four years, leading to a Bachelor of Science degree,

or can (with the exceptions of Physics with Meteorology, Physics and Music,

Physics and Mathematics and Physics and Computer Science) be studied as a

five year Master of Physics degree. The entrance requirements for the Masters

degree program are the same as those for the Bachelors degree but students are

required to achieve higher grades in examinations in their third year of study in

order to be allowed to continue onto the masters degree. Not all students who are

qualified to stay on for the optional fifth year choose to do so, and the majority

that do stay into the fifth year will then go on to study for a PhD.

The first year of the degree program is taught in a reformed workshop

style [76] implementing many teaching methods advocated by Physics Education

Researchers [66],[77],[78]. As students progress through the degree program

classes are taught using increasingly traditional teaching styles (although some

higher level courses have replaced traditional tutorials with workshop style

classes). Students must take all the required physics courses in the proscribed

year and must complete them before moving onto the next year of study. Students

are offered little choice in the courses provided within their set degree program

until the beginning of the fourth year of study.

Many of the investigations conducted with students reported in this study

have taken place during the first year of the undergraduate degree. There are a

variety of reasons for this, partly it is a natural consequence of the original scope

of this project which was to investigate the transition from secondary school to

the first year of undergraduate study. Another consideration is that in order to

establish the changes that occur during an undergraduate degree it is necessary

to establish the starting point of the attributes studied. A final contributing

factor is that the learning environment established in the first year physics class

lends itself very easily to the inclusion of Physics Education Research instruments

and diagnostic tests. Two of the three instructors on the course are also Physics

Education researchers and the continuing ambition to establish best teaching

practice in the course means that new teaching methodologies are often trialled.

In some cases, the implementation of new methods of teaching or measuring

student skills has offered an opportunity for some of the data presented in this
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thesis to be collected.

2.2 The Colorado Learning Attitudes About

Science Survey (CLASS)

As outlined in Chapter 1, the Colorado Learning Attitudes about Science Survey

(CLASS) is now one of the most commonly used measures of student attitudes

in Physics Education Research. The survey allows a quantitative measure of how

students think about physics by comparing the answers of students to those of

expert physicists. The instrument has been extensively tested and validated by

the survey designers [34] and this overview is not intended to recreate or replace

the detailed papers written by the instrument designers, but to act as an overview

to the workings of the CLASS instrument.

The survey consists of 42 attitudinal questions, each of which is answered on

a five-point Likert scale, from strongly agree to strongly disagree. A copy of the

survey is included in Appendix A. At the point of design, the survey authors

carried out exploratory factor analysis in order to determine possible categories

that the questions of the survey could be placed in. Eight categories in total were

found which are as follows; Personal Interest, Real World Connection, Problem

Solving General, Problem Solving Confidence, Problem Solving Sophistication,

Sense Making and Effort, Conceptual Understanding and Applied Conceptual

Understanding. The creation of these categories means that student survey scores

can be analysed over all the questions or by individual categories.

One of the key identifying features of CLASS and one of its precursors,

MPEX (Maryland Physics Expectations Survey) [42],[43], is that the student

responses are compared to a previously collected expert opinion in order to give a

percentage of expert-like thinking of the survey cohort. Not only does this provide

a quantitative measure of the differences in epistemologies that exist between

students and academic staff but it also allows changes in student attitudes over

time to be measured by comparing to the same reference point.
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2.2.1 The survey instrument

Developed in the early 2000s as an extended and more extensive version of the

Maryland Physics Expectations Survey (MPEX) [42],[43] the survey was first

presented to the Physics Education Research community at the 2004 PERC

Conference [79]. The survey looks to explore the way students think about physics

rather than examining content knowledge. The 42 questions on the survey are

designed to be subjective and answered on a five-point Likert scale.

After the initial design and refinement of the survey (as detailed in the next

subsection), the survey was given to physics faculty at the University of Colorado

who were asked to give their responses to the questions. In total 12 physics faculty

completed survey responses were collected and used to come up with an ‘expert’

response to the survey items [34], where there was not a general consensus between

the staff responses discussion was used between the academic staff in order to try

and agree on an expert response [80]. This ‘expert’ set of answers to the survey

can then be used to compare student responses to the expert response to give the

percentage to which the students surveyed are thinking like experts.

The nature of the studies most usually carried out using the survey instrument

(where the changes in attitudes over a period of instruction are examined) means

that the survey cannot be completed anonymously as it must be possible to

match the pre and post instruction surveys to each other for individual students.

Some students can be resistant to filling in a questionnaire that probes how they

think and can be identified to them [81], however, the fact that the surveys are

identifiable to specific students does allow for possibilities in the analysis of the

data. If information is available on the background of the students it is possible to

conduct studies into the differences seen in student epistemologies of, for example,

male and female students [52],[82] and differences between physics majors and non

majors [53],[54],[82].

2.2.2 Design and validation of the instrument

The original paper which accompanied the release of the CLASS instrument was

an extensive overview of the design and validation of the survey [34]. Contained

in this thesis is a brief overview that is intended to highlight the key features

of the design and validation process, those requiring more in depth information
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should consult the original paper.

The survey was based on original statements from the MPEX [42] and VASS

(The Views about Science Survey) [41] surveys with some statements modified

or discarded and others added. Five main design features are identified by the

original survey authors as distinguishing it from previous attitudinal surveys, the

most prominent of which is that the wording of the survey should not only be

clear, concise and without possible alternate implications of the statement but

also should be easily adapted for use in other science subjects (as has subsequently

been done for chemistry and biology) [83],[84].

The modification and creation of new statements was initially carried out

by listening to students talking about science to establish the sort of ideas

and vocabulary that students use. Technical words were avoided so that the

survey could be used by students of many levels of study. The survey designers

specifically state that the survey is designed to be used in an academic context

but that it should not be specific to any particular course or level.

There is much emphasis in the original paper on the scoring of the instrument.

As has been previously mentioned in this thesis, the results of the survey can give

either a percentage favourable (the percentage to which the student responses

agree with the expert opinion) or a percentage unfavourable (the percentage to

which the student answer is directly at odds with that of the expert). There is also

a percentage score for each of eight categories, which the statements have been

sorted into (as will be discussed in greater detail in the following sections). Of

the total 42 statements, 27 fit into the eight categories and 9 more statements are

included in the overall favourable and unfavourable scores but are not featured in

any of the categories. The remaining six statements either have no expert score

or, according to the survey authors, “are not useful in their current form”, no

explanation is made in the paper as to why they were left in the survey or in

what sense they were deemed to be “not useful”.

Using a five-point Likert scale, it is possible to score the responses using an

ordinal scale or an interval scale. The survey authors argue that in interview the

students presented arguments for choosing various points on the five-point scale

which showed that they did not consider there to be equal weight between each

different response and therefore an ordinal scale is used in scoring the survey,

with a percentage of agreement quoted. The use of a five-point scale (as opposed
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to perhaps a three- or seven-point scale) is an intentional part of the design with

interviewed students stating that they would have been more likely to select the

neutral option on many occasions if there was not a distinction between agree

and strongly agree, for example. Despite the use of a five-point scale, during

analysis the results are collapsed down to a three point scale with students either

agreeing, disagreeing or choosing the neutral option to each statement. The

survey authors assert that while this may have made the results less detailed

they have not changed their accuracy “we may have lost some definition but have

no reason to believe we have distorted the results” [34].

Built into the design of the instrument is that a minimum number of

statements in the survey must be answered or the survey responses are discarded.

The number needed to preserve the results is that 32 of the 36 scored statements

must be answered. If statements are skipped but the minimum number of

statements is still answered the analysis is conducted as if the statement does

not exist for that students. The authors state that statistical analysis shows

that skipping the statements provides a more accurate result than scoring the

statements as neutral, although no evidence of this is presented in the paper.

At the time of publishing the paper (2006) the survey had been given to

7000 students as both a pre- and post-instruction test. The administration of

the instrument is slightly different to the way it was used at the University of

Edinburgh (detailed in the next subsection), as it was originally given in online

format and the students were allowed between three and seven days to complete

the survey. Course credit was given for taking the survey, including if the students

only gave their name and student ID. A timer was included in the survey and all

surveys that were completed in three minutes or less were discarded.

The validity of the instrument was tested using four different aspects of

validity; face validity, construct validity, predictive validity and concurrent

validity. Face validity involved survey responses and conducting interviews,

both with the experts and students. The expert response against which student

answers are compared was composed from three interviews with physics teaching

staff at the University of Colorado, after which any ambiguous statements were

removed. The survey was given to a further 12 experts to create the expert view

used in scoring. Student interviews were used to discuss student interpretation

of the statements alongside questions posed to the student to give an idea of the
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character and study habits of the student being interviewed. In total, 34 students

were questioned with a representative mix of students with respect to gender,

degree intention and ethnic background. The construct validity refers to the

many trials the survey has undergone and the statistical analysis of the responses.

The predictive validity is described in the paper as the correlation of the survey

responses with student incoming beliefs and course performance, although this is

not further elaborated on in the paper and no results are presented. Finally, the

concurrent validity involves analysis of the results to show that expected results

are found, for example, that majors are more expert than non-majors.

Some of the statements of the survey have been placed into one or more of

eight categories, as described previously. The process used to do so has been

described extensively in the original paper, and will not be described in this

thesis as they are not directly relevant to the analysis carried out during this

project. The authors state that the majority of attitude surveys use what they

term a ‘predeterminism’ method where the statements are group into categories

at the point of survey design based on the beliefs and views of the survey

designer [34]. An alternate method is to not include any categories until the

data has been collected and then use exploratory factor analysis [85], to place

items into categories based on student responses. The CLASS survey authors

used a combination of the two methods where exploratory factor analysis was

carried out on the statements placed into predetermined categories and then the

results of the factor analysis were used for form new categories.

A key issue to do with the validity of the test is addressed by the authors in

asking whether the students are answering what they think or what they think

they should say. This is addressed in part in one of the trials carried out by the

authors where students were asked to respond to each statement answering first

what they think and then what they think a physicist would say, the results of

this study show that the students can distinguish between the two, as illustrated

in Figure 2.1 , with subsequent analysis of previously collected CLASS surveys

showing the student responses more closely resemble the responses classed as

“What do YOU think” this is further elaborated on is subsequent papers [86].

The reliability of the results is tested by looking at the similarities in the

results given by the instrument with different sets of students in the same class

(for example sampling the introductory physics class over several years). Analysis
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Figure 2.1: Figure and caption from Adams et al 2006. “Women’s. (a)N = 88
and Men’s (b) N = 62 responses to “What would a physicist say?” and “What
do YOU think?” ” For further details see reference [34].

of the results shows that the student responses are highly similar over several

points of sampling, suggesting the instrument has high test/re-test reliability. No

consideration is made in the paper as to whether the results are valid for individual

students, it is outlined in the future work section of the paper that this issue has

not been addressed and will be covered in future work by the group, although

no papers have appeared in the literature that address this point at the time of

writing this thesis1.

One final area addressed by the authors that is relevant to this thesis is the

issue of interpretation of the results, with attention drawn to issues, other than

instruction, which may affect student attitudes. One possible area is that of

the timing of the survey with notable changes in student attitudes seen after

university vacation periods (which highlight the necessity of sampling students at

the same point in time if comparisons are to be drawn between different classes).

2.2.3 Useage of the CLASS instrument at the University

of Edinburgh

The CLASS survey has been an instrumental tool for the research presented

within this thesis, having been used in several different studies designed to

1Data collected as part of this thesis suggests that the test may not be valid on an individual
basis, as will be discussed in Chapter 4.
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investigate the effect of an undergraduate degree on student attitudes and beliefs

towards study (and conversely the effect of student epistemologies on degree

performance).

The survey has principally been used in three different ways, to examine the

first year undergraduate experience, to give a ‘snapshot’ of student attitudes at a

specific point in time and to look at the evolution of attitudes over the course of

the whole undergraduate degree. The details of how it has been used are outlined

in the following section, alongside discussion of previous studies that have used

the same methodologies.

Studies of first year attitudes have been carried out at many academic

institutions in North America, as has been extensively discussed in Chapter

1 and briefly in previous sections of the current chapter. The method of the

investigations is simple, students are asked to fill in the survey before any

instruction at the university and then are asked to complete the same survey

again at the end of the period of instruction (either one semester or one year

depending on the specifics of the individual study).

In the case of the first year experience studies presented in Chapters 3 and 4 of

this thesis a period of one academic year (two semesters) was used as the period

of instruction. Students were surveyed in their first week of tutorials (week 2 of

the academic year) and again in the final week of instruction prior to students

departing on study leave before the end of first year examinations. The surveys

were completed in paper format and no course credit was offered as an incentive

to complete the survey. Prior to being given a copy of the survey the students

were given a brief introduction to the survey which explained the history of the

instrument and that it was used to investigate how students think about science.

Emphasis was given to the fact that there were no correct answers to the questions

but that it was important to answer honestly what they think the answers should

be rather than trying to guess what their physics instructors might want them to

think (it has been shown that students are able to draw a distinction between the

two [86]). It was also explained to the students that the survey answers formed

a very important part of the doctoral research of one of the Teaching Assistants

on the first year course (the thesis author) and that they should answer seriously.

Although it is not possible for the surveys to be completed anonymously as the

responses of individual students need to be matched to allow comparison of pre-
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and post-instruction attitudes, the students were reassured that their responses

would not be shared with anyone prior to anonomization.

Due to the nature of the study, only matched student surveys were used

(meaning the same student had filled in both pre- and post-teaching surveys) for

analysis so that changes in the attitudes of individual students could be traced. If

a student had filled in either a pre- or post-instruction survey but not both their

survey answers were discarded; this lead to approximately 40% of the collected

surveys being discarded2.

The survey has been administered pre and post first year instruction three

times (with a fourth time being implemented at the time of writing this thesis)

commencing in the 2008-09 academic year. On each occasion the survey has been

implemented as described above with no deviations. The students take on average

between 5 and 15 minutes to complete the survey, with the majority completing

in around ten minutes. In order to allow the quality of student responses to be

monitored the survey designers included a fail-safe question, which states

“We use this statement to discard the survey of people who are not reading

the questions. Please select agree-option 4 (not strongly agree) for this question

to preserve your answers”.

Approximately 4% (averaged over several years) of students who completed

the survey during this study failed to choose the correct option and their survey

responses were discarded. This is lower than seen in other published studies [34]

and while it does not necessarily exclude all students who are not taking the

survey seriously, it does allow the elimination of obviously unreliable data.

The three years worth of collected data have been subjected to statistical tests

(a single factor ANOVA test) to examine any potential differences in the data

collected in each year. This was done for the overall favourable and unfavourable

scores as well as on a per category basis. No differences were detected and as a

result the data presented in Chapters 3 and 4 is aggregated data from all three

years.

Another use of the CLASS survey is seen in Chapters 3 and 4 of this thesis,

where a one time use of the survey gives a ‘snapshot’ of student attitudes at a

2The number of discarded surveys appears large but is affected by a number of visiting
students taking only one of the semesters of the course, as well as those who do not attend the
final week of teaching in the second semester or miss the first survey through joining the course
late.
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certain point in time. This method is used in Chapter 3 where the attitudes of

secondary school pupils are examined and extensively used in Chapter 4 where the

results of the pseudo-longitudinal or cross-sectional study are presented. In this

method the surveys can be completed anonymously as there are no subsequent

surveys for the results to be compared to. This also presents the advantage that

no survey responses have to be discarded if they are not part of a matching

pair. In most instances that use this method the survey was implemented in

paper format as described above. The exception to this was the snap shot data

collected for years four and five of the undergraduate degree which was collected

through an online survey tool as part of a Year 4 (Senior Honours) undergraduate

project.

The final use of the instrument is in the fully longitudinal study, which is

also presented in Chapter 4. This is an extension of the first year study with

the surveying of the same students continuing into second and third year of the

undergraduate degree. Unlike in the study of first year student attitudes, the

students are not surveyed pre and post instruction in any of the subsequent years

but at the end of teaching in each year, forming effectively successive post tests

for the initial pre test administered at the beginning of the first year. The second

year data was collected in paper format during the final two weeks of teaching

before students departed on exam leave. The data from third year students was

collected earlier in the semester (week six of ten) due to the difficulties of finding

a timetabled slot when all the students would be in the same class. The number

of students who failed to correctly answer the fail safe question had decreased to

only 1% by the third year of data collection. The surveys were met with some

resistance from the students in the second year of data collection, with students

reluctant to fill in the same survey for a third time (as they had already completed

it pre- and post- first year instruction). However, once it was explained to the

students why it was necessary to use the same survey every time (rather than

an isomorphic survey) and that the study the results would form an important

part of the Physics Education Research group’s research, the response rate was

approximately 60%, for the whole year and approximately 95% of those who

had attended the class in which the surveys were administered. In the third

year of data collection another approach was used, with the introduction and

administration of the surveys carried out by a member of staff not associated
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with the Physics Education Research group and in a designated section of class

time. The take up of the survey was higher on this occasion with 100% of those

who attended the class completing the survey.

2.3 Statistical tests

All quantitative results, including those presented in this thesis, need to be

subjected to statistical tests to establish the significance of the findings thus

determining whether observed changes are the result of actual change of the

measured quantity or just numerical fluctuations. These tests may either be used

to compare one data set to another or to test the validity of the data collected

or even the instrument used to collect the data. All the statistical tests that

have been used as part of the analysis of any of the data included in the results

chapters will be presented in detail in the following sections, alongside descriptions

of which tests are appropriate to use in different circumstances. The data analysis

that makes up this project has been carried out in Microsoft Excel either using

the data analysis features built into the software or using the raw form of the

statistical formulas. In the case of the data analysis tool pack being used this

chapter will discuss the uses of the test and variants of the tests. Where statistical

test have been carried out without the use of Excel’s data analysis tool pack the

equations used are specifically included and discussed. In order aid the reader’s

understanding of the uses of the tests, example uses have been provided for each

of the tests discussed.

2.3.1 T-Tests

T-tests are used to assess whether the means of two distributions are statistically

different to each other. It is one of the most commonly used statistical tests

with the null hypothesis being that the two distributions are not different to

each other. There are different types of t-test which are used depending on the

characteristics of the distributions being tested.
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Paired t-test

Paired t-tests are used when a variable is being measured for the same group of

students before and after an intervention [87]. For example if a medical study

wanted to examine the effect of a new drug on patient blood pressure, the patients’

blood pressure would be measured before treatment, and measured after in order

to look for any differences in blood pressure after administering the drug. In the

case of this thesis paired t-tests are used most commonly to look at changes in

some variable pre- and post- a period of instruction.

Independent t-test

An independent t-test is used when a fixed variable is being compared for two

different groups [87]. Using again to use a medical analogy, an independent t-

test would be used to assess whether there was a difference in the average blood

pressure of male and female patients. When using an independent t-test there are

two options available for analysis: either equal variance is assumed between the

two samples or unequal variances. There are considered to be both positive and

negative aspects of each of the two methods [88], with the unequal variance test

being considered more reliable but an equal variance test being considered more

sensitive. In this thesis, when an independent t-test is used, unequal variences

have been assumed.

One and two-tailed t-tests

Another factor to consider is the ‘tails’ of the t-test, which addressed the concept

of the predicted direction of any differences between two cohorts. If, before data

is collected, it is predicted that one set of results will differ from another in a set

direction, for example patients taking blood pressure reducing medication will

have lower blood pressure than those in a control group, then a one tailed t-test

is used when looking at the differences between groups. If no predictions were

made prior to data collection then a two-tailed test is used, predictions can not

be made after the data is collected. In this thesis no assumptions about the

collected results were made and in consequence a two-tailed t-test has been used

in all instances.
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2.3.2 ANOVA

The ANOVA (Analysis of Variance) test is used when multiple t-tests need to be

carried out on the same data set. The nature of t-tests means that there is a small

possibility of the use of many t-tests providing a ‘false positive’ thereby finding

statistically significant differences between groups which do not actually exist [87].

As is the case for t-tests, different versions of ANOVA are used depending on the

type of data to be analysised. For paired data such as described for a paired

t-test a two factor ANOVA is used, whereas for independent groups single factor

ANOVA is used. The major difference between these two techniques is that two-

factor can look at the effect of multiple treatments on the same group of patients,

or in the case of this thesis the effect of multiple years of instruction on the same

group of students. Two-factor ANOVA can be classed as either ‘with replication’

or ‘without replication’. Replication refers to the idea that two different measures

have been recorded and the effects of each can be looked at either separately

or together. Without replication assumes that multiple treatments can have

occurred to the group, but looks for only differences in the groups overall.

2.3.3 Chi-Squared

While there are several version of the chi-squared test, Pearson’s test of goodness

of fit is most commonly referred to as a Chi-Squared test and is the version that

has been used in this thesis. It is shown in equation 2.1.

χ2 =
∑ (oi − ei)2

ei
(2.1)

Where oi represents the observed frequency and ei represents the calculated

expected frequency. The resultant χ2 value is then used in look up tables to

determine find the corresponding p-value of significance.

The chi-squared test compares two distributions in order to asses whether

they could both be drawn from the same sample. The test is most commonly

used in this thesis to look at test score profiles for different cohorts of students

in order to assess if performance is different for the two groups. Unlike a t-test

which only look at the mean of the distribution, a chi-squared test will examine

the whole range of scores.
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2.3.4 Instrument reliability tests

As a tool, multiple choice testing is used extensively in Physics Education

Research either in diagnostic instruments or to assess the learning that has

occurred during a course or over a period of time. There are many widely

used multiple choice instruments designed to test different subject areas including

Newtonian Mechanics [66], Quantum Mechanics [89], Electricity and Magnetism

[90], to name only a few. In order to assess the reliability and usefulness of

these instruments standardised statistical tests can be carried out. Reliability

can be thought of as a measure as to whether the test is “consistent in itself

and consistent across time” [67] both of which are factors which can be assessed

quantitatively. There are two areas of any multiple choice instrument to assess;

the reliability of the individual test items and the reliability of the test as a whole.

The reliability of the test in itself is important as if the instrument is known to

be reliable confidence can be placed in the test retest reliability for individual

students and the validity of comparing one group of students to another group

to examine differences in ability of the two cohorts.

In this section, three tests will be outlined which examine the reliability of

individual test items and a further one is included which measure the reliability of

the test as a whole. These tests were carried out in relation to the work presented

in Chapter 5, where the design and implementation of a multiple choice test to

examine student data handling and laboratory skills is described. The reliability

tests carried out on the Data Handling Diagnostic followed the procedure of

those outlined in the reliability testing of the Brief Electricity and Magnetism

Assessment (BEMA). An overview of the tests is presented here but readers

should consult the original paper for further details if more information is required

[67]. An additional whole test reliability statistic is often used to measure the

test-retest reliability of an instrument known as the Kuder-Richardson Test[67].

It is not included in this overview as it was not used to test the Data Handling

Diagnostic, due to the fact that a requirement of the Kuder-Richardson test

statistic is that the test covers only one subject topic and all the questions are of

similar levels of difficulty. The Data Handling Diagnostic was specifically designed

to be on several subject areas and uses questions of varying difficulty making the

test unsuitable for use on this occasion.
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The Item Difficulty Index

The item difficulty index (P) is a measure of how difficult the cohort taking a test

found an individual test item and is shown by the proportion of correct responses.

It is the ratio of the number of students that correctly answered a specific test

item, divided by the number of students attempting the item, as show in Equation

2.2, where N1 represents the number of correct responses and N represents the

total number of responses.

P =
N1

N
(2.2)

The range of the difficulty index is from [0,1] with 1 representing a situation

where all students correctly answered the question and 0 a case where no students

answered the item correctly. The widely agreed acceptable values for the Item

Difficulty Index is between 0.3 and 0.9, with an ideal value of 0.5 for test items

[67],[91]. The Item Difficulty Index is sensitive to the population taking the test,

as a test that is found to be of too easy or to hard of a level for one group of

students will not necessarily be the same for students at a different level of study.

It is possible to calculate an average Item Difficulty Index for all K items on the

test, as shown in equation 2.3, where again the final value of P̄ must be compliant

with the acceptable range of values.

P̄ =
1

K

K∑

i=1

Pi (2.3)

Item Discrimination Index

The Item Discrimination Index (D) measures the ability of test items to

discriminate between the strongest and weakest of the students. If the

discrimination index is high then the item is consistently correctly answered by

those students with more robust knowledge of the subject matter than those

with weaker knowledge. If the discrimination index is low this shows that the

weaker students are more often correctly answering the question than the stronger

students. There are two ways of calculating the the discrimination index, both

of which have advantages and disadvantages, as are discussed below.

The first method is knows as the 50%-50% method and involves the cohort

being split into two groups (Low and High) decided by whether their overall total

32



2.3. Statistical tests

score on the test is higher or lower than the median. Once the data is split into

the two halves the discrimination index is calculated for each individual item on

the test, as shown in Equation 2.4, where NH is the number of correct responses

for the item in the high scoring group, NL is the number of correct responses in

the low scoring group and N is the total number of students who took the test.

D =
(NH −NL)

N/2
(2.4)

The second method is known as the 25%-25% method and uses only the top

and bottom quartiles of the whole class, although apart from this adaption the

method of calculation is identical, as seen in Equation 2.5

D =
(NH(top25%)−NL(bottom25%))

N/4
(2.5)

Which method to use is the choice of the individual carrying out the research

and will depend on the data available. The 50%-50% method can underestimate

the discriminatory power as the inclusion of the two middle quartiles (who are

likely to have more unstable knowledge) can make the results less clear. The 25%-

25% uses only the most consistent quartiles, making it more unlikely that the

discrimination index will be underestimated, however it does require discarding

50% of the data which may not be viable depending on the amount of data

collected.

The possible range of scores for the Item Discrimination Index is from [-1,1]

where +1 corresponds to a very highly discriminating test and -1 a case where

everyone in the low group correctly answers the question and no one in the high

group does so. An item is considered to be of good discriminating power if it

has a value of D=0.3 or higher [67],[91]. As for the Item Difficulty Index, it is

possible to calculate an average discriminatory index for all K items on the test,

as seen in Equation 2.6

D̄ =
1

K

K∑

i=1

Di (2.6)

Point Biserial Coefficient

The Point Biserial Coefficient (r) measures the consistency of an individual test

item to that of the whole test and is a measure of the correlation between student
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scores on a specific item and their score of the whole test. An item with a

high point biserial coefficient indicates that if students answered correctly on

this question they are likely to score highly on the test overall. To calculate

the coefficient the difficulty of the individual item needs to be considered (as

calculated in Equation 2.2) and compared to the average score of those answering

the question correctly, as is explained algebraically in equation 2.7. X̄i represents

the average total overall score for those who answered the item correctly, X̄ is

the average total score of the whole sample, Sx is the standard deviation of the

total score of the sample and P is the item difficulty index.

ri =
X̄i − X̄

Sx

√
P

1− P
(2.7)

The value of the point biserial coefficient can be in the range of [-1,1] with

+1 representing an item which is highly correlated with the test. The recognised

value of a consistent item is that r≥ 0.2 [67],[91]. A calculation of the average

point biserial coefficient for the whole test is shown in Equation 2.8 , the average

value must also meet the criteria outlined for individual test items.

r̄ =
1

K

K∑

i=1

ri (2.8)

Ferguson’s Delta

Ferguson’s Delta (δ) looks at the test as a whole rather than individual test items.

It aims to give a value of how discriminatory the test is as a whole by investigating

the distribution of all the student scores, with the idea that a well designed test

will yield a wide distribution of student scores. This is calculated by comparing

individual student scores to each other to look at the frequency of occurrence

of each different score. Ferguson’s delta is the ratio of unequal pairs of scores

to the maximum number of unequal pairs the test could hypothetically produce.

The calculation of Ferguson’s delta is represented in Equation 2.9 where fi is the

number of occurrences of each score, N is the number of students in the sample

and K is the number of test items. The range of values possible for Ferguson’s

Delta is [0,1] with values higher than 0.9 considered to show high discrimination

[67],[92].
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δ =
N2 −∑

f 2
i

N2 −N2/(K + 1)
(2.9)

2.4 Pre and post event testing

Within the scope of this project extensive use has been made of the concept of pre

and post event testing, where some defined quality of student learning is measured

before and after a period of instruction. The period of instruction used can vary

in length from long term projects, such as those seen in the longitudinal studies

in Chapter 4 to only a semester or even less. The role of the pre-instruction

test is to establish a baseline measure of the student attribute to be studied,

after the test some intervention takes place (the intervention may be a period of

‘normal’ instruction), following which a post instruction test is used to measure

any changes in the measured attribute.

The concept of pre and post event testing is widely used in Physics Education

Research with examples including assessing learning gains on the Force Concept

Inventory [66],[93] and changes in student attitudes [34]. One criticism that has

been raised against the technique is the random nature of the dates chosen to

survey the students, with suggestions that the time chosen to survey students

can make a difference to test scores; ‘the winter break effect’ [34]. At a finer level

of detail it has been proposed that in some cases only a few days of difference in

timing the test can make large differences to the results gained [94], as shown in

Figure 2.2.

The nature of the post-instruction test can vary depending on the preference

of the experiment designers. In the field of Physics Education Research it is

most common to see the same test being used pre and post instruction, although

some tests favour using a different but homogeneous test post-instruction. An

isomorphic test can avoid concerns related to the idea that any improvements in

student attributes could be due to students having already attempted the test,

however difficulties arise in ensuring a test is truly homogeneous. In this project

there are no examples of students being given isomorphic tests pre- and post-

instruction with the same test instruments always being used for both tests. The

only example of true pre and post event testing in this thesis is connected with

the use of the CLASS instrument, where the changes in attitudes of the same
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Figure 2.2: Figure and caption from Heckler and Sayer 2010 [94]. The change in
student performance, by week, when asked to answer a question related to the
motion of a charge. There is a large variation in student score on a week by week
basis. For further details see reference.

students have been measured at different time points. Other examples in this

thesis of comparisons of student attributes at different time points are not truly

pre- and post-event testing as different groups of students have been compared,

using the assumption that the students in one year group will not differ largely

to the students in the year groups surrounding them.
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Chapter 3

The School to University

Transition

In the introductory chapter of this thesis, it was explained that this project was

originally conceived as a one year Masters by Research that would investigate

the secondary school to university transition, with emphasis on three key areas;

student attitudes towards study, student laboratory work and student scientific

reasoning. The expansion of this project to a doctoral thesis has meant that

the work in the areas of attitudes towards study and laboratory work has grown

considerably and can be found in Chapters 4 (as well as within this Chapter) and

5 respectively.

The expansion of the project to look at the whole undergraduate experience

should not make the work on the school-university transition any less important.

This remains a key time in a student’s life where the changes students are faced

with will probably be some of the largest they face during their education. This is

a key point for the retention of students to the degree program [11],[12], making

it an important issue both for the well-being of the students but also the financial

prosperity of the university.

With so many factors having an influence on a student’s transition from

school to university it would be impossible to consider all those that contribute

to whether students remain in the degree program. As such in this Chapter only

four factors are considered; student prior learning, the expectations of teaching

staff on the degree program, student scientific reasoning and, finally, student

attitudes towards study. Both the areas of student scientific reasoning and
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attitudes towards study have been considered by looking at groups of students on

either side of the school-university boundary through the testing of students in

local secondary schools as well as in the first year physics class at the University

of Edinburgh.

3.1 Academic situation

In order to understand the changes that occur in students during the course of

an undergraduate degree it is necessary to first establish the starting point for

these students. In all the areas covered in this thesis students have been given

pre-tests at the beginning of their degrees to establish base-lines against which

any changes can be measured.

In terms of subject content, it is not the intention of this thesis to cover

what students are expected to learn over the course of a degree, however given

the different entry points and educational backgrounds of the students in the

first year class at the University of Edinburgh, it is prudent to summarise what

physics undergraduate students will have covered at school and the expectations,

in terms of prior knowledge, placed on them when they enter university. In this

chapter both mathematics and physics qualifications will be considered as both

are prerequisite qualifications for entrance to the degree program.

In the following sections terms and acronyms will be used that are specific to

the UK educational system, they have been defined where used but readers may

also wish to refer to the Glossary of Terms included in Appendix B.

3.1.1 Differing academic backgrounds

Of the students in the first year class at the University of Edinburgh approxi-

mately 45% are from Scottish schools, 45% are from schools in the rest of the

UK and the final 10% are international students. Students educated in Scotland

will have studied typically five subjects after the age of 16: the qualifications

gained as a result are known as Highers, which are awarded by the Scottish

Qualifications Agency (SQA). These qualifications are considered sufficient to

go on to tertiary education; however many students choose to stay in school to

complete further study in more depth in (usually) three of these five subjects,

pursuing qualifications known as Advanced Highers. Some independent schools
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in Scotland offer students to the opportunity to study A-Levels (the system used

in the rest of the UK) rather than the qualifications offered by the SQA. All

three qualifications are accepted by Scottish universities for entrance to university

meaning that there is already variation in the amount of prior learning the

Scottish students may have.

The rest of the UK has final leaving qualifications known as Advanced

Levels (A-Levels) and Advanced Subsidiary Levels (AS-Levels). Four or five AS-

Levels will be studied as the initial education post 16 years of age, after which

students will typically choose three of the five subjects to continue to full A-Level.

Students must normally have completed A-Levels in order to study at university,

although a few are admitted through foundation level schemes aimed at widening

participation. A-Levels are taught through a modular system with six modules

in a full A-Level, the first three modules comprise the AS-Level qualification and

the final three are known as the A2 qualification.

3.1.2 Changes in course content

Much has been written over recent years about the perceived decline in A-Level

standards: the continuing rise in the number of students receiving the highest

grade at A-Level is reported every year in the media [95]. In 1999 the London

Mathematical Society commissioned a report into basic mathematics skills of

students and the levels of preparation for mathematics-based degree courses

[96]. They reported that “Mathematics, Science and Engineering Departments

appear unanimous in their perception of a qualitative change in the mathematical

preparedness of incoming students, even among the very best”.

A study has been carried out by the University of Coventry over several

decades, looking at the performance of students in a mathematics diagnostic

test and comparing them to the grades they received at A-Level [25],[26]. The

test measures student ability in seven areas of mathematics, including arithmetic,

algebra, trigonometry and calculus. It was found that, on average, students with

approximately the same score on the test compared to the scores of their peers

in previous years possess markedly different A-Level grades. One such profile is

seen in Figure 3.1 - the lines on the graph are used as a guide to the eye and

are not significant to the data. Figure 3.1 shows that the scores of students who

received a grade N at A-Level in 1991 (a fail grade) had a very similar results
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profile on the test to those students who received a Grade C in 1997. A similar

study carried out at the University of York between 1979 and 1999 found similar

results, with student performance on a diagnostic test static from year to year,

until 1990, when a decline in student scores began to be observed [26]. The

nature of this apparent decline can be attributed to various factors, including the

changing focus of the syllabus and decline in teacher standards [26]. However

the reasons behind the decline are not the focus of this section, rather they are

included to highlight the changing subject knowledge students can be expected

to have on entering university. It is the case that the depth of the academic

content students will have covered prior to entering university has decreased with

time, thus meaning that students are embarking on physics degrees far less well

prepared than their predecessors - leading to problems with student performance

and retention.

Figure 3.1: Comparison of student performance on a mathematics diagnostic
test administered by the University of Coventry. The different shaped markers
represent different cohorts taking the diagnostic test, from those in 1991 who
received a grade N at A-Level (a fail grade) to those who received a grade C in
1997. Although axis labels are not provided on the figure it is believed that the
y-axis represents test score. For further details see reference [25].

The problems associated with A-Level examinations are by no means confined

to the mathematics A-Level, with similar problems also reported for physics. A
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review of GCSE and GCE (A-Level) physics carried out in 2009 [59] shows that

there has been a significant reduction in content covered in both GCSE and

A-Level since 2002. The report also outlined the emotive trend at GCSE to

look at the social implications of technology as opposed to looking at physical

concepts. For example in one examination paper, students were asked to discuss

the advantages and disadvantages of CCTV, the internet and mobile phones.

Overall GCSEs were found to have a reduced level of quantity and depth of

explanation expected of the students than had been expected five years previously.

This is illustrated by the fact that several exam boards increased the overall time

of examination by adding more multiple-choice exams, but reduced the written

exams, allowing students far less opportunity to show any deeper understanding

of the subject and were not “effective at assessing certain higher order skills, such

as the ability to describe, explain or evaluate” [59].

In schools teachers may be under pressure to ensure students perform well, so

that the school places highly in school league tables. This can lead to teachers

being forced to ‘teach to the test’, ensuring pupils know enough facts to pass

the exams but with little time to explore concepts further or focus on valuable

problem solving and reasoning skills [97],[98].

For A-Level qualifications one notable change between 2001 and 2007 was a

decline in the time allotted for examining practical skills and investigative work

from 20% in 2001 (except for OCR which allowed 16.7%) to 17.5% for the highest

exam board and 12.5% for the lowest.

Between 2001 and 2007 a decline in standards of students receiving Grade

A at A-Level has been noted [59], however this was judged to be difficult to

measure due to the differing nature of the examinations, compounded by the

varying content of the various different A-Level syllabi.

3.1.3 A-Levels and SQA award exams

As mentioned previously the students in the first year class at the University

of Edinburgh are from differing backgrounds, with at least five different school

leaving qualifications (Advanced Highers, Highers, A-Levels, Irish Leaving

Certificate and the International Baccalaureate) represented each year in the
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qualifications of the incoming class1. To add a further level of complexity to the

situation there are five different exam boards in the UK offering seven different

A-Level Physics qualifications (two of the examination boards, AQA and OCR,

offer two different qualifications). Whilst there is core material that all A-Level

syllabi must cover the specific course content and the order in which the topics

are covered is left up to the discretion of the individual examination boards.

The different A-Level qualifications available from the various examination

boards has led to some controversy, with teachers under increasing pressure

to make sure schools perform well in national examinations there have been

suggestions that some teachers intentionally choose the easiest examination

boards [99]. This would appear to be a natural response to being presented with

a variety of examinations with varying course content and examination styles,

however the effect for students is that they may well be leaving school with

qualifications that make them less well prepared for tertiary education than some

of their peers.

In the following sections the similarities and differences between the A-

Level qualifications themselves, as well the differences between A-Levels and the

Scottish examinations, will be outlined to give the reader a greater understanding

of the varying course content students entering the university physics degree will

have been exposed to. In order to qualify to study the physics course at the

University of Edinburgh all students must have both Physics and Mathematics

qualifications to at least Higher Level (or A-Level), to that end, both subjects

will be considered in this chapter.

3.1.4 Physics A-Level examinations

There are five different examination boards offering A-Levels in the UK (AQA,

CCEA, EdExcel, OCR and WJEC), however there are actually seven different

physics A-Level syllabi available in the UK as both AQA and OCR offer two

different A-Level specifications.

All seven physics A-Levels consist of six independent modules, the first three

of which are combined to gave an AS-Level qualification and the latter three form

the A2 component of the qualification (which combine with the AS modules to

1Although there are relatively small numbers of students with the Irish Leaving Certificate
and the the International Baccalaureate
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give a complete A-Level qualification). Of these six modules, two consist of some

form of practical, experimental or laboratory work, although the exact nature of

the practical work varies from board to board.

Of the seven variations available the most obvious difference between boards

is the way the information is presented to the students. Three of the seven use a

context based approach with the physics in each module presented using real life

contexts and examples in order to aid understanding. The titles of the modules

reflect this method of display using ideas such as “Harmony and Structure in

the universe” (AQA-B) and “Physics at Work” (Edexcel). These context based

courses are generally modern, reformed courses that have recently been created,

such as Edexcel’s Salter’s physics which was created by the Science Education

Research group at the University of York [100]. Two of the three exam boards

which offer such A-Levels as an option leave the decision up to the individual

schools by offering both a traditional style and a context based course.

Another key difference between the examinations available is the differing

level of experimental work offered as part of each different A-Level. What is

consistent is that students will have studied some form of practical work in two

out of the six modules involved in a full A-Level qualification, however this

is where the only concrete similarities end. Some of the A-Levels insist that

practical work is carried out in the form of a practical exam (WJEC and CCEA),

others give individual schools the option between examination and course work

investigations, whilst others have only small elements of practical work with more

emphasis on preparing reports and presentations (OCR-B and Edexcel).

A summary of the modules involved for each A-Level and details of the

practical work involved in each module can be found in Appendix C.

3.1.5 Physics Higher and Advanced Higher qualifications

The Scottish Qualification Authority (SQA) oversees the secondary education

qualifications for all of Scotland, meaning that all Scottish students study from

the same syllabus and sit the same examinations. As a result the picture is far

less complicated than for students in England and Wales.

The Higher qualification consists of three modules ‘Mechanics and Properties

of Matter’, ‘Electricity and Electronics’ and finally ‘Radiation and Matter’. There

is no practical module to the course (with practical work included alongside
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bookwork in some modules), and is undertaken in one year of study. The lack of

experimental work means that those students who choose to study at university

immediately after studying Highers will potentially have little experimental

experience when faced with university laboratory work.

A new Higher qualification has been developed and has been gradually released

alongside the former qualification from June 2010. None of the students included

in this doctoral thesis would have had the opportunity to study the new program

and as a result it is not included in this overview. However any reader using this

thesis as a starting point for future work into the content of the qualifications

should be aware of the changes that can gradually be implemented for students

beginning Higher study from September 2010.

The Advanced Higher consists of four modules; ‘Mechanics’, ‘Electrical

Phenomena’, ‘Wave Phenomena’ and ‘Physics Investigation. The physics

investigation is weighted at one sixth of the total Advanced Higher qualification

and requires students to design and implement a physics experiment to be carried

out alone by the student, over one full school term.

3.1.6 Mathematics A-Level examinations

As is the case for the Physics A-Levels, there are five examination boards that

offer a Mathematics A-Level qualification. The picture is slightly less complicated

than for Physics in that none of the examination boards offer more than one

qualification. There is, however, still a lack of continuity amongst the A-Levels,

partly in the modules offered and partially arising from the the choices made

available to the individual schools as to what modules of the course to teach.

The A-levels all consist of six modules and all five of the examination boards

have four modules of Pure/Core mathematics which make up a compulsory part

of the qualification. The remaining two units are left to the discretion of the

individual schools and are usually selected from either statistics or mechanics

modules (or a combination of the two). In addition three of the five examination

boards also offer modules in decision maths which can be taken in the place of

the mechanics or statistics modules. This level of choice means that students may

be entering a physics degree having taken between 0 and 2 mechanics modules.

The entrance requirements at the University of Edinburgh do not stipulate which

modules must have been studied, meaning that the incoming students will, in all
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likelihood, have a wide variety of mathematics backgrounds.

One further difference that may arise is the method of assessment, with one of

the examination boards (AQA) offering schools the choice between a coursework

or written examination as assessment for two of its modules. This decision, again,

would be taken by the individual schools.

3.1.7 Mathematics Higher and Advanced Higher qualifi-

cations

The Scottish Higher examination does not have any choice of units and all

candidates must take three modules, (Mathematics 1-3) which cover the areas

of algebra, geometry and trigonometry. Students must pass internal unit

assessments in addition to an externally set examination. A statistics module

was previously available as an optional unit but this level of choice has now been

removed. This is very similar to the Advanced Higher qualification which also

consists of three units assessed through unit assessments and an external exam.

The units cover the areas of calculus, algebra and geometry. Optional modules

in Mechanics and Statistics have been removed from the course, meaning that all

students taking SQA Advanced Highers will have covered the same material.

3.1.8 Discussion

It is difficult to say with any certainty what a student can be expected to know

on entering university. It is not a case of being able to read one syllabus and

assume all students will have covered the same material, looking only at the A-

Level qualifications we see that there are significant differences in terms of content

covered, the way information is presented, the way practical skills are taught (in

the case of physics) and the way assessment of the learning objectives is carried

out.

The two-tiered leaving point for Scottish students (with students starting

university with either Highers or Advanced Highers) means that even amongst

the Scottish students there is not uniformity of content knowledge. This means

that it is almost inevitable that students in their first year will find themselves

faced with physics and mathematics that they have never encountered before.

Whilst this exposure to new knowledge is one of the central aims of university
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learning, it may be, never the less, unsettling for new students, especially if the

perception is that your peers are not in the same situation. There is no obvious

remedy to this situation while the A-Levels (in particular) are so varied, but

educators in higher education can perhaps help to ease the anxiety of students

by being aware of the differences in content knowledge, taking steps to diagnose

gaps and emphasising the importance of self study.

3.2 Mathematics skills

For an individual undertaking a physics degree, the study of physics and

mathematics are inherently linked. Mathematics is often viewed as the language

of physics, without it many physical concepts are virtually impossible to explain.

The previous sections discussed, in part, the changes in the content of secondary

school Mathematics and Physics leaving qualifications and the differing grade

profiles over time. A side effect of this is that often those teaching incoming

students gauge what students should be able to do on entering university by

considering their own school experiences, however the considerable changes in

the structure and content of the qualifications means that these expectations

may be misaligned with what the students have actually covered in their previous

education.

As has already been discussed in Chapter 1, this thesis does not seek to explore

the evolution of mathematics ability over time. However, it is valuable to be able

to establish a baseline of student mathematics ability for students on entry to the

degree. If there is a difference between student ability and staff expectation of

student ability this can have an impact of the usefulness of the teaching for the

student. In the following sections the results of a mathematics diagnostic test

given to first year physics students at the University of Edinburgh during week

one of the 2009-10 academic year will be discussed, along with results of a survey

of physics teaching staff at the university that examines staff expectations of the

performance of the first year students on the diagnostic test.

3.2.1 The mathematics diagnostic

The diagnostic test was designed by a member of teaching staff within the School

of Physics and Astronomy. It was not possible to be involved in the design
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process of the test, with the results being made available to the Physics Education

Research Group after the test had been administered. A copy of the test can be

found in Appendix D. It comprised 20 questions that students were asked to

answer in 30 minutes. Students were given no prior warning that they were going

to be examined, although all the questions were on topics the students should, in

theory, have encountered during secondary school.

The test was graded using a binary marking system where students were

awarded one mark if they had correctly answered the question and zero if they

had answered incorrectly or only partially answered the question. Questions

where students had made no attempt to answer were recorded as blank.

It appears that the test was overly ambitious in the number of questions

it asked the students to attempt, as only two students out of a total of 125

(1.6%) attempted all 20 questions, with 12 out of 20 being the average number

of questions attempted. In addition the test had not been subjected to any tests

in order to assertain the validity of the instrument such as those outlined in

Chapter 2. The decision to use binary marking, where students score one mark

if the answer is fully correct and zero in all other cases, may partially account

for the low scores recorded as it is more typical within the university to give

students partial credit for work which is correctly attempted but incorrect in the

final numerical answer.

The overall performance of the class on the test was very low, with students

scoring, on average, 29% (this compares with a university recognised standard

pass rate of 40%).

3.2.2 Staff expectations survey

In addition to administering the mathematics diagnostic to the the incoming first

year students, a survey was designed to assess the expectations of the teaching

staff as to how they thought the students would perform on the test. All teaching

staff were invited via email to take part in the online survey where they were

shown a copy of the test and asked to predict student performance, a full copy

of the survey can be found in Appendix E. There are 60 academic staff in the

School of Physics and Astronomy, of whom 19 (32%) completed the survey.
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3.2.3 Results

In the following sections the results gained from both instruments will be

presented and student performance will be contrasted to staff expectation in each

of the areas addressed in the expectations survey. Each question will be addressed

in turn, with the staff responses displayed alongside the results for the students.

Question 3, which asked if a link would be seen between secondary school grades

and diagnostic test performance, is not presented here as the relevant secondary

school grades were not available in order to complete the analysis.

Question 1 “To the nearest 10%, what do you think the mean test

score will be when all our first year students take this test?”

Figure 3.2: Representation of staff responses to Question 1 of Staff Expectations
survey and actual student performance on the test. Staff N=19, Student N=125.
Mean student score is 29%

As can be seen in Figure 3.2 none of the teaching staff thought that the

average mark on the test would be greater than 50%, however 12 out of the 19

staff surveyed (63%) believed the average mark would be above the pass mark

(the university recognised standard pass rate is 40%). The overall performance

of the class on the test actually was very low, with students scoring, on average,

29%, and few students (24% of the class) scoring a pass grade or higher.
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Question 2 “To the nearest 5%, what do you think that the standard

deviation of scores will be when all our first year students take this

test?”

Figure 3.3: Representation of staff responses to Question 2 of Staff Expectations
survey. Staff responses are shown in blue with a dark red line corresponding the
student standard deviation (16%) Staff N=19, Student N=125

The standard deviation in the student scores was 16% (15% to the nearest

5% as asked in the staff survey). Figure 3.3 shows that there was a large range

of responses to the question, with the majority (63%) of staff predicting a larger

standard devaition than was recorded, suggesting that staff anticipate a larger

range of student abilities within the first year cohort than actually exists.

Question 4 “To the nearest 10%, what percentage of the first year class

do you think will get the first question correct?”

The first question of the test asked students to rearrange the equation shown in

Equation 3.1 to find an equation in terms of h.

F = G
Mm

(R + h)2
(3.1)

As shown in Figure 3.4 the most popular staff response to the survey was also

the response that agreed with student performance, with 72% of the students
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correctly answering the question. There are a wide range of staff responses to

this question with a 70% range between the lowest predicted score and the highest.

Figure 3.4: Representation of staff responses to Question 4 of Staff Expectations
survey. Staff responses are shown in blue with a red line corresponding to student
performance on the question. Staff N=18, Student N=125

Question 5 “Please identify what you think are the three questions

that they will find the easiest”

In this question staff were asked to identify the three questions which they thought

the students would find easiest, they were not, however, asked to rank their

choices. As a result the responses to this question have all been accorded equal

weight and summed with the question with the highest total number of votes

deemed to be the question staff thought would be the easiest.

As only raw test scores are available for analysis the definition of ‘easiest’ in

this case has been taken as the questions with the highest percentage score for

the cohort and does not include considerations such as time spent on questions.

The question with the most votes from the staff survey was Question 1 which

was also the question the student cohort scored the mostly highly on with 72%

answering correctly. The questions the staff ranked as the 2nd and 3rd easiest

(Questions 7 and 15) were not displayed in the student scores, although the

second and third highest scoring questions for students were identified in the top

five ranked responses by staff.
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Figure 3.5: Representation of staff responses to Question 5 of Staff Expectations
survey. Staff responses are shown in blue with the bar corresponding to three in
which the student performance was highest marked by numbers 1,2 and 3.Staff
N=18, Student N=125. Numbers 1-3 represent the three questions on which the
students scored most highly.

Question 6 “Please identify what you think are the three questions

that they will find the hardest”

As in the previous question the staff responses were all weighted equally for this

survey item thus identifying the questions students would find the most difficult

is complicated by the fact that so few students completed the test. What is

not known from the raw scores is if students worked tactically through the test

paper, attempting the questions they found easy and choosing to leave blank

those they found difficult or if they simply worked through the test and attempted

them in order. The only option with this data is to count the total number of

incorrect responses for each question (excluding blanks) and assume that the

pattern displayed by the students who attempted all questions can be further

extrapolated to include responses for the whole class.

None of the three questions identified by the staff as ‘difficult’ (Questions 16,

18 and 19) were reflected in the student test scores. The three questions with the

most incorrect responses were all in the first ten questions of the test, this may

be a consequence of the fact that more students attempted the first half of the

test and left many subsequent questions blank.

If the blank responses are included in the analysis as incorrect answers then
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Figure 3.6: Representation of staff responses to Question 6 of Staff Expectations
survey. Staff N=18, Student N=125. Numbers 1-3 represent the three questions
on which the students scored the lowest.

the results differ with only one of the three identified questions still featuring

in the most poorly completed student questions. Using this approach the staff

correctly identified one of the three questions that students found most difficult,

question 16.

3.2.4 Discussion of results

The fact that the diagnostic test employed to assess student mathematical ability

was potentially flawed, in terms of the length and level of the test, will have

some impact on the findings of this study. It is the case that questions in the

second half of the test were far less widely attempted than those in the first

half, which is probably due to the short time the students had to complete the

test. This makes it difficult to be sure which questions students found the most

easy and difficult rather than which they had time to complete and which they

didn’t. However while the results of the test may not be of great use to judge the

student mathematical ability they are still of interest when comparing student

performance and teaching staff expectations of that performance.

Staff expected a higher pass rate to the exam than was actually achieved by

the students, given that the time allocated for the test had been made clear to the

staff it is reasonable to compare the expectations of the staff and the performance
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of the students. The teaching staff also predicted a larger standard deviation than

was recorded suggesting that staff anticipated a larger range of student abilities

than was found using the test.

The staff predicted the questions that students would find the easiest

accurately with the top three scoring questions all within the top five ranked

by the staff. The staff were less successful in identifying the questions students

found difficult but this may be due to the deficiencies in the test meaning that it

is hard to identify if students simply didn’t attempt the ones they thought would

be the most challenging.

Despite the identified flaws with the test instrument it is still possible to take

information from the findings which add to the picture of the school-university

transition. It would appear that staff tend to over estimate the the mathematics

ability of the incoming students, whether that is in terms of the mathematics

they have learnt or the speed at which they can solve problems (a skill that is

linked to the amount of practice students have had). This over estimation of

mathematics skills may lead to students being presented with problems that they

find overwhelming or impossible with their current levels of knowledge, denting

student confidence and leaving teaching staff frustrated.

3.3 Scientific reasoning skills

In order for students to become successful scientists they must first acquire a skill

set which will enable them to carry out scientific procedures. These transferable

skills are used in conjunction with subject knowledge in the process of solving

science problems and are highly prized in science teaching (and in fact are

sometimes regarded just as highly as content knowledge) [101].

One such skill is scientific reasoning, a skill that must be developed and is not

necessarily part of our everyday reasoning [102]. Results of studies into levels of

scientific reasoning may show very different results for similar groups of people

depending on whether they have been forced to build upon their reasoning skills

[102].

One test in this area that has been used extensively in science education is

Lawson’s Classroom Test of Scientific Reasoning [28]. It seeks to examine common

categories of reasoning such as proportional reasoning, deductive and inductive
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reasoning, control of variables, probability reasoning, correlation reasoning, and

hypothesis evaluation [101]. Each of the questions in the test asks the student

to consider a problem and then select an answer from a multiple choice list of

answers. The next question to students is then to think about why the answer

they picked is the correct answer and to pick a reason, again from a list of multiple

choice options.

The Lawson Test of Scientific Reasoning has been used to investigate the

differences between students in different educational systems (Chinese students

and students in the USA (N=5760)) at the end of their high school education

[101]. Chinese students have studied far more high school physics than their

American counterparts. While it was seen that the Chinese students scored

much more highly in tests examining their content knowledge (results consistent

with the much greater level of physics education the students have had) the

profiles of the two cohorts were nearly identical for scientific reasoning (see Figure

3.7), suggesting increased levels of high school physics content does not increase

scientific reasoning skills. In this case the authors conclude that “students

ideally need to develop both content knowledge and transferable reasoning skills,

researchers and educators must invest more in the development of a balanced

method of education, such as incorporating more inquiry-based learning that

targets both goals.” [101].
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EDUCATIONFORUM

T
he development of general scien-
tif ic abilities is critical to enable
students of science, technology,

engineering, and mathematics (STEM) to
successfully handle open-ended real-world
tasks in future careers (1–6). Teaching
goals in STEM education include fostering
content knowledge and developing general
scientific abilities. One such ability, scien-
tific reasoning (7–9), is related to cogni-
tive abilities such as critical thinking and
reasoning (10–14). Scientif ic-reasoning
skills can be developed through training
and can be transferred (7, 13). Training in
scientific reasoning may also have a long-
term impact on student academic achieve-
ment (7). The STEM education community
considers that transferable general abilities
are at least as important for students to
learn as is the STEM content knowledge
(1–4). Parents consider science and mathe-
matics to be important in developing rea-
soning skills (15).

We therefore asked whether learning
STEM content knowledge does in fact have
an impact on the development of scientific-
reasoning ability. The scientific-reasoning
ability studied in this paper focuses on
domain-general reasoning skills such as the
abilities to systematically explore a prob-
lem, to formulate and test hypotheses, to
manipulate and isolate variables, and to
observe and evaluate the consequences. 

Research Design
Students in China and the United States go
through very different curricula in science
and mathematics during their kindergarten
through 12th grade (K–12) school years.
This provides systemically controlled long-
term variation on STEM content learning,
which we used to study whether or not such

learning has any impact on the development
of scientific-reasoning ability. Scientific
reasoning is not explicitly taught in schools
in either country.

In China, K–12 education is dominated
by the nationwide college admission exam
given at the end of grade 12. To comply with
the requirements of this exam, all Chinese

schools adhere to a national standard within
all courses. In physics, for example, every
student goes through the same physics
courses, which start in grade 8 and continue
every semester through grade 12, providing
5 years of continuous training on introduc-
tory physics topics (16). The courses are
algebra-based with emphasis on develop-
ment of conceptual understanding and skills
needed to solve problems.

In contrast, K–12 physics education in
the United States is more varied. Although
students study physics-related topics within
other general science courses, only one of
three high school students enrolls in a two-
semester physics course (17). As a result,
the amount of instructional time and the
amount of emphasis on conceptual physics

understanding and problem-solving skills
are very different in the two countries.
Similar curriculum differences between the
United States and China are reflected in
other STEM areas such as chemistry, biol-
ogy, and mathematics (16).

Chinese students go through rigorous
problem-solving instruction in all STEM

subject areas throughout most of their
K–12 school years and become skillful at
solving content-based problems. It remains
unclear, however, whether this training is
transferable beyond the specific content
areas and problem types taught.

We used quantitative assessment instru-
ments (described below) to compare U.S.
and Chinese students’ conceptual under-
standing in physics and general scientific-
reasoning ability. Physics content was cho-
sen because the subject is conceptually and
logically sophisticated and is commonly
emphasized in science education (15).
Assessment data were collected from both
Chinese and U.S. freshmen college students
before college-level physics instruction. In
this way the data reflect students’knowledge

Comparisons of Chinese and U.S. students

show that content knowledge and reasoning

skills diverge.
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Figure 3.7: Profile of scores in Lawson Test of Scientific Reasoning for Chinese
and American high school students. For details see Bao et al (Reference [101])

These results show that increased content knowledge is not an indicator of

increased scientific reasoning, and yet good scientific reasoning is a necessary
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skill of a practicing scientist. It is assumed that, over time, students studying

science will increase in their ability to reason scientifically but this is seldom

explicitly tested. In the following sections a brief investigation into the differences

in reasoning ability on either side of the school university transition gap will be

outlined, along with the results found.

3.3.1 Investigation of scientific reasoning using the Law-

son Test of Scientific Reasoning

In order to look for any differences in scientific reasoning between secondary

school students and those in their first year of undergraduate study, a sample of

students from both cohorts were asked to attempt selected questions from the

Lawson Test of Scientific Reasoning.

Due to the time scales of this study (which was carried out before the

conversion of this project from a masters to a doctoral thesis) it was not possible to

track the changes in scientific reasoning ability in a specific group of students over

a period of time. As a result testing took place with secondary school students

concurrently to testing with students in the first year of a physics degree. In

order to justify comparing the two groups attempts were made to make them as

similar as possible. The students in secondary schools were all studying physics

at the highest level and were from schools with a long track record of sending

students to the University of Edinburgh. Whilst this does not guarantee that

the students will attend the university or even study physics degrees it suggests

that the students sampled will not be too dissimilar to those who will study

at the university. In addition, more data was collected on university pre-offer

visit (UCAS) days where prospective physics students spend a day visiting the

university. Again, visiting is not a guarantee of taking up a place but it does

suggest that those taking the test are the types of students who will go on to

study physics at the university.

The amount of time available to spend with the secondary school students was

limited (a 20 minute time slot) thus meaning that there was not sufficient time to

carry out the whole test, although a full copy of the test can be seen in Appendix

F. The questions used were selected as covering a wide range of areas within the

test and a variety of question styles. In total five pairs of questions were used,

each of which will be presented below as they appeared in the test (including
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relevant diagrams), along with the responses for both cohorts. As mentioned in

the previous section the test questions require the students to not only select a

multiple choice answer for each question but following that to select the reason

that they chose their previous answer, therefore a student must correctly give

the answer and reason for their answer to be fully correct. For all the questions

the results are displayed in a matrix so that the total class break down for both

cohorts can be easily seen. The results are then further plotted to show the

percentages of each cohort that answered both the question and reason correctly.

A different method of data collection was used for each of the two cohorts;

this was not an intentional part of the design of the study but was necessitated by

the difficulties in gaining face to face test time with the first year undergraduate

students. All data for the secondary school students was collected using electronic

voting hand sets or ‘clickers’. Access to the students was gained either through

visits to secondary schools within a 50 mile radius of Edinburgh or from visits

of prospective students to the University of Edinburgh on UCAS visit days.

There was not a specific time limit on the test and, using the voting system

software supplied with the clickers, it was possible to check that all students had

answered the questions before moving on. However as only a 20 minute time slot

was available for the data collection there was an element of time pressure for

the students. This was not the case for the university student data which was

collected through an online survey with no time limit. In this case there was an

incentive of a prize draw for book vouchers used to encourage the participants to

take part and the test could be taken at any time over a week long period: 38%

of the class (N=111) completed the test. The online test was not compulsory, as

result there is likely to be an element of self-selection bias in the group that chose

to take the test.

Another subtle difference between the two methods of data collection is the

inclusion of a “don’t know” option in the online version of the test. When the

secondary school students were given the test they were given verbal instructions

that if they did not know how to answer they should make an “educated guess”

and if they felt they could not do so they should not vote, which accounts for

the blank responses presented in the results below. As the design of the online

survey required all students to answer the question before they could move onto

the next one a “don’t know” option was added to each question in order to
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encourage students to move on to the next question as opposed to giving up on

the test entirely, however only 1% of the total responses used this option.

In order to analyse the data collected the results for each question were

separated into three categories: “completely correct answer”, “correct answer but

incorrect reason” and finally “incorrect answer”, which covered all answers that

did not match the correct response, including those that had given an incorrect

answer but a correct reason as these were assumed to be those student that were

guessing the answers. By categorising the answers this way the results profiles

for each of the two cohorts could be easily compared and contrasted and a chi

squared test could be used to establish the significance of any differences between

the two groups.

3.3.2 Test questions and results

Ten questions were asked in total consisting of five multiple choice questions

followed in each case by a multiple choice list of reasons for the given answer.

The questions are presented below in the order they were given to the students

and as they originally appeared. After each question the results for the two groups

are presented and discussed.

Question 1 (Questions 3 and 4 on original test)

“To the right are drawings of two cylinders filled to the same level with water.

The cylinders are identical in size and shape. Also shown at the right are two

marbles, one glass and one steel. The marbles are the same size but the steel one

is much heavier than the glass one. When the glass marble is put into Cylinder

1 it sinks to the bottom and the water level rises to the 6th mark. If we put the

steel marble into Cylinder 2, the water will rise:”

A to the same level as it did in Cylinder 1

B to a higher level than it did in Cylinder 1

C to a lower level than it did in Cylinder 1

Because:

A the steel marble will sink faster.
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Figure 3.8: Image originally accompanying Questions 3 and 4 of the Lawson test
of Scientific Reasoning (See Appendix F)

B the marbles are made of different materials.

C the steel marble is heavier than the glass marble.

D the glass marble creates less pressure.

E the marbles are the same size.

The first question given to the students was intentionally chosen to be

relatively easy and, hopefully, help the students to gain confidence on the test.

As can be seen in Figure 3.9 the question did not pose a significant problem for

either cohort, with 76% of the secondary school students giving the correct answer

and reasoning and 97% of the university students also doing so. There are only a

very small number of secondary school students who gave the correct answer and

the incorrect reasoning (and no university students that did), with the majority

of incorrect responses from secondary school students choosing answer B “to a

higher level than it did in Cylinder 1” with reasoning option C “the steel marble

is heavier than the glass marble”. The full results for both cohorts are shown in

Tables 3.1 and 3.2 below. In order to establish if the two cohorts’ answer profiles

were statistically different to each other a chi-squared test was carried out on

the results using three bins “completely correct answer”, “correct answer but

incorrect reason” and finally “incorrect answer”. The results of the test showed

the two cohorts were statistically different (χ2=24.141, N=294, p=0.0001).
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Figure 3.9: Graphical representation of results for secondary school (N=193) and
university students (N=111) answering Question 1 of the abridged Lawson Test
of Scientific Reasoning.

Table 3.1: Raw numbers of secondary school students choosing each answer option
for Question 1 of the abridged Lawson test of Scientific Reasoning. Initial answers
to the question are displayed along the top of the table with reasons displayed
vertically. The correct answer and reason (Answer A/Reason E) is shown in bold.
Total N=193

Reason/Answer A B C Blank
A 0 0 0 0
B 1 5 1 0
C 1 21 0 1
D 0 5 0 0
E 146 3 1 4
Blank 4 0 0 0
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Table 3.2: Raw numbers of first year university students choosing each answer option
for Question 1 of the abridged Lawson test of Scientific Reasoning. Initial answers to
the question are displayed along the top of the table with reasons displayed vertically.
The correct answer and reason (Answer A/Reason E) is shown in bold. Total N=111

Reason/Answer A B C Don’t Know
A 0 0 0 0
B 0 0 0 0
C 0 1 1 0
D 0 0 1 0
E 108 0 0 0
Don’t Know 0 0 0 0

Question 2 (Questions 9 and 10 on original test)

At the right are drawings of three strings hanging from a bar. The three strings

have metal weights attached to their ends. String 1 and String 3 are the same

length. String 2 is shorter. A 10-unit weight is attached to the end of String 1. A

10-unit weight is also attached to the end of String 2. A 5-unit weight is attached

to the end of String 3. The strings (and attached weights) can be swung back and

forth and the time it takes to make a swing can be timed. Suppose you want to

find out whether the length of the string has an effect on the time it takes to swing

back and forth. Which strings would you use to find out?

A only one string

B all three strings

C 2 and 3

D 1 and 3

E 1 and 2

Because:

A you must use the longest strings.

B you must compare strings with both light and heavy weights.
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Figure 3.10: Image originally accompanying Questions 9 and 10 of the Lawson
test of Scientific Reasoning (See Appendix F)

C only the lengths differ.

D to make all possible comparisons.

E the weights differ.

The results profile for this question is remarkably similar to that of the

previous question. 75% of the secondary schools students gave both the correct

answer and reason, “Strings 1 and 2” because “only the lengths differ”. 3% of

students gave only the correct answer with incorrect reasoning and 22% gave an

entirely incorrect answer. Unlike in the previous question there is some variation

in the results of the university students with 89% giving the correct answer and

reasoning, 2% the correct answer without a correct reason and finally 9% giving

an incorrect answer overall. The full results for both cohorts are shown in Tables

3.3 and 3.4 below.

A chi squared test between the two cohorts established that the two results

profiles are statistically different to each other (χ2=9.34, N=297, p=0.0094).
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Figure 3.11: Graphical representation of results for secondary school (N=192) and
university students (N=105) answering Question 2 of the abridged Lawson Test of
Scientific Reasoning.

Table 3.3: Raw numbers of secondary school students choosing each answer option for
Question 2 of the abridged Lawson test of Scientific Reasoning. Initial answers to the
question are displayed along the top of the table with reasons displayed vertically. The
correct answer and reason (Answer E/Reason C) is shown in bold. Total N=192

Reason/Answer A B C D E Blank
A 0 1 0 1 0 0
B 0 0 1 7 2 3
C 2 1 1 3 144 2
D 0 13 0 0 2 0
E 0 0 0 4 1 2
Blank 1 1 0 0 0 0

Table 3.4: Raw numbers of first year university students students choosing each answer
option for Question 2 of the abridged Lawson test of Scientific Reasoning. Correct
answer as for Table 3.3. N=105

Reason/Answer A B C D E Don’t Know
A 0 0 0 0 0 0
B 0 1 0 0 0 0
C 1 0 0 0 94 0
D 0 3 0 0 2 0
E 0 0 0 2 0 0
Don’t know 0 0 0 0 0 2
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Question 3 (Questions 17 and 18 on original test)

Three red square pieces of wood, four yellow square pieces, and five blue square

pieces are put into a cloth bag. Four red round pieces, two yellow round pieces,

and three blue round pieces are also put into the bag. All the pieces are then mixed

about. Suppose someone reaches into the bag (without looking and without feeling

for a particular shape piece) and pulls out one piece. What are the chances that

the piece is a red round or blue round piece?

Figure 3.12: Image originally accompanying Questions 17 and 18 of the Lawson
test of Scientific Reasoning (See Appendix F)

A cannot be determined

B 1 chance out of 3

C 1 chance out of 21

D 15 chances out of 21

E 1 chance out of 2

Because:

A 1 of the 2 shapes is round.

B 15 of the 21 pieces are red or blue.

C there is no way to tell which piece will be picked.

D only 1 of the 21 pieces is picked out of the bag.
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E 1 of every 3 pieces is a red or blue round piece.

The third question of the test, which looked at the students’ ability to use

probability, produced a results profile very similar to that of the previous two

questions. The correct answer and reason was “1 chance out of 3” because “1

of every 3 pieces is a red or blue round piece.” Looking first at the secondary

school students’ results it can be seen that 77% of the students managed to

give the correct answer and reasoning, 7% gave the correct answer without the

correct reasoning and 16% gave an entirely incorrect answer. The university

students once again performed better with 91% giving the correct answer and

reasoning, 2% giving the correct answer with an incorrect reason and 7%

answering incorrectly.

The chi squared test established a significant difference between the two

cohorts (χ2=9.62, N=297, p=0.0079).

Figure 3.13: Graphical representation of results for secondary school (N=192)
and university students (N=105) answering Question 3 of the edited Lawson Test
of Scientific Reasoning.
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Table 3.5: Raw numbers of secondary school students choosing each answer option
for Question 3 of the abridged Lawson test of Scientific Reasoning. Initial answers
to the question are displayed along the top of the table with reasons displayed
vertically. The correct answer and reason (Answer B/Reason E) is shown in bold.
Total N=189

Reason/Answer A B C D E Blank
A 0 1 0 0 0 0
B 0 1 0 5 0 0
C 1 1 0 0 0 0
D 0 4 3 0 4 1
E 1 145 1 9 0 5
Blank 0 7 0 0 0 0

Table 3.6: Raw numbers of first year university students students choosing each
answer option for Question 3 of the abridged Lawson test of Scientific Reasoning.
Initial answers to the question are displayed along the top of the table with
reasons displayed vertically. The correct answer and reason (Answer B/Reason
E) is shown in bold. Total N=103

Reason/Answer A B C D E Don’t Know
A 0 0 0 0 0 0
B 0 0 0 2 0 0
C 0 0 0 0 0 0
D 0 2 1 1 0 0
E 0 94 1 2 0 0
Don’t know 1 0 0 0 0 1
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Question 4 (Questions 19 and 20 on original test)

Farmer Brown was observing the mice that live in his field. He discovered that

all of the mice were either fat or thin. Also, all of them had either black tails or

white tails. This made him wonder if there might be a link between the size of the

mice and the color of their tails. So he captured all of the mice in one part of his

field and observed them. Below are the mice that he captured. Do you think there

is a link between the size of the mice and the color of their tails?

Figure 3.14: Image originally accompanying Questions 19 and 20 of the Lawson
test of Scientific Reasoning (See Appendix F)

A appears to be a link

B appears not to be a link

C cannot make a reasonable guess

Because:

A there are some of each kind of mouse.

B there may be a genetic link between mouse size and tail color.

C there were not enough mice captured.

D most of the fat mice have black tails while most of the thin mice have white

tails.
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E as the mice grew fatter, their tails became darker

It is in this question that we first see a divergence from the answer profiles

established in Questions 1, 2 and 3. While it is still the case that the university

students outperformed the secondary school students, the percentages of students

giving the correct answer and reason has reduced by a large amount. However,

comments given by the university students, via the online survey, revealed that

in this question it is not as straight forward as students answering incorrectly but

instead may be down to differing interpretations of the question.

Figure 3.15: Graphical representation of results for secondary school (N=194)
and university students (N=101) answering Question 4 of the abridged Lawson
Test of Scientific Reasoning.

The correct answer, as given by Lawson in the original test is option A

“appears to be a link” because “most of the fat mice have black tails while most

of the thin mice have white tails”, however in the free text response box provided

to all the university students taking the test in the online format many argued

that this question was misleading as they felt with such a small sample size a

firm conclusion could not be drawn, and as a result chose options C for both

parts “cannot make a reasonable guess” because “there were not enough mice

captured”. The full results for the secondary school students showed that 51% of

the cohort gave the correct answer with reasoning, 6% gave the correct answer

without correct reasoning and 42% gave an incorrect answer. It is worth noting

that included in the quoted figure for entirely incorrect answer are 11% of students

who answered that they couldn’t make a reasonable guess as the sample size was

too small. For the university students there is a similar picture with 67% giving
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the correct answer with reason, 4% correct without reason and 29% entirely

incorrect, however in this case the number of students who answered that the

sample size was too small to make a judgement was even higher with 16% of the

cohort giving this answer. These raw numbers are displayed for both the cohorts

in Tables 3.7 and 3.8.

Despite both groups seeming to similarly interpret the given question there

is still a statistically significant difference between the two groups, at the 95%

confidence level, (χ2=6.75, N=295, p=0.034).

Table 3.7: Raw numbers of secondary school students choosing each answer option
for Question 4 of the abridged Lawson test of Scientific Reasoning. Initial answers
to the question are displayed along the top of the table with reasons displayed
vertically. The correct answer and reason (Answer A/Reason D) is shown in bold.
Total N=194

Reason/Answer A B C Blank
A 0 11 11 1
B 6 3 3 2
C 0 2 22 9
D 100 4 5 5
E 5 2 0 0
Blank 1 0 2 0

Table 3.8: Raw numbers of first year university students students choosing each
answer option for Question 4 of the abridged Lawson test of Scientific Reasoning.
Initial answers to the question are displayed along the top of the table with
reasons displayed vertically. The correct answer and reason (Answer E/Reason
C) is shown in bold. Total N=101

Reason/Answer A B C Don’t Know
A 0 4 1 0
B 3 0 1 0
C 0 3 16 0
D 68 1 1 0
E 1 0 0 0
Don’t Know 0 0 1 1
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Question 5 (Questions 11 and 12 on original test)

Figure 3.16: Image originally accompanying Questions 11 and 12 of the Lawson
test of Scientific Reasoning (See Appendix F)

Twenty fruit flies are placed in each of four glass tubes. The tubes are sealed.

Tubes I and II are partially covered with black paper; Tubes III and IV are not

covered. The tubes are placed as shown. Then they are exposed to red light for

five minutes. The number of flies in the uncovered part of each tube is shown in

the drawing. This experiment shows that flies respond to (respond means move

to or away from):

A red light but not gravity

B gravity but not red light

C both red light and gravity

D neither red light nor gravity

Because:

A most flies are in the upper end of Tube III but spread about evenly in Tube

II.

B most flies did not go to the bottom of Tubes I and III.

C the flies need light to see and must fly against gravity.

D the majority of flies are in the upper ends and in the lighted ends of the tubes.

E some flies are in both ends of each tube.
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In the final question of the abridged test we again see a different answer

pattern in the student responses. Unlike in Question 4 where this may be due

to student interpretation of the question, in Question 5 there is no evidence to

suggest that students were choosing to interpret the question any differently to

as it was intended.

Looking at the charts in Figure 3.17 we can see that, at 21% correct for school

students and 43% for university, this is the question which had the fewest students

giving the correct answer “gravity but not red light” because “most flies are in the

upper end of Tube III but spread about evenly in Tube II” . It is also the case that,

for both cohorts, this is the question which sees the highest percentage of students

giving a correct answer but with incorrect reasoning with 26% of secondary school

students and 25% of university students doing so. This could be an example of

students showing incomplete scientific reasoning, where they are able to reason

an answer but not able to fully articulate why it is the answer.

University students were more likely than secondary school students to be able

to answer the question correctly with 53% of secondary school students giving an

entirely incorrect answer compared to 32% of university students.

As in all previous questions the raw students numbers were used in a chi

squared calculation between the two cohorts. It was found that the two answer

profiles were statistically different with a value of (χ2=17.76, N=295, p=0.0001).

Figure 3.17: Graphical representation of results for secondary school (N=194)
and university students (N=101) answering Question 5 of the edited Lawson Test
of Scientific Reasoning.
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Table 3.9: Raw numbers of secondary school students choosing each answer option
for Question 5 of the abridged Lawson test of Scientific Reasoning. Initial answers
to the question are displayed along the top of the table with reasons displayed
vertically. The correct answer and reason (Answer B/Reason A) is shown in bold.
Total N=180

Reason/Answer A B C D Blank
A 7 37 8 1 2
B 2 39 3 1 2
C 4 2 3 0 1
D 17 4 30 3 2
E 1 1 4 2 0
Blank 1 1 1 1 0

Table 3.10: Raw numbers of first year university students students choosing each
answer option for Question 5 of the abridged Lawson test of Scientific Reasoning.
Initial answers to the question are displayed along the top of the table with
reasons displayed vertically. The correct answer and reason (Answer B/Reason
A) is shown in bold. Total N=100

Reason/Answer A B C D Don’t Know
A 2 43 2 1 0
B 1 19 0 0 0
C 1 1 3 2 0
D 3 3 8 1 0
E 0 1 0 6 0
Don’t Know 0 0 0 0 2

3.3.3 Discussion of results

A study was carried out using approximately 300 students which has established

striking differences in the scientific reasoning between the two cohorts. In all

five of the questions asked the university students outperformed the secondary

school students scoring more highly and more consistently as a group. In all the

questions the differences in the results profiles for the secondary school pupils and

the university students were statistically significant at the p=0.05 level. Given the

high score of the university students in the first three questions it could be argued

that the test was not of a high enough level to adequately probe the scientific
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reasoning of these students. Whilst this may be true it remains a valuable tool

in highlighting the differences in the two cohorts on either side of the tertiary

education gap. The university students would not have learned specifically how

to answer the questions (with the exception of Question 3 as probability may well

have been taught in mathematics classes) however in the first year of university

they have obviously developed more reasoning ability.

The fourth question of the test was the first to show more variation in the

answer profiles, while part of this may be down to interpretation of the question

there are still a reasonable number of students in both cohorts who failed to

answer correctly without going for an alternate interpretation of the question.

In the final question, particularly for the secondary school students, we see

an example of incomplete reasoning where approximately 25% of the students in

both cohorts are able to answer the question correctly but not the reason why.

It is impossible from this study to draw any firm conclusions as to what

has caused these differences in scientific reasoning, indeed even whether it is the

nature of the teaching at university or a natural development with age. Perhaps

what is being observed is a natural consequence of the ‘Hidden Curriculum’ [103]

where students learn skills on a meta cognitive level with out specifically being

taught (an idea which will be explored further, with reference to data handling

skills in Chapter 5). What we can say, without speculation, is that it has been

shown that differences do exist meaning that when students first enter tertiary

education educators should be aware that some students may have less developed

scientific reasoning, manifesting itself in an inability to articulate why an answer

is correct.

3.4 1st year physics student attitudes towards

study

As described in Chapters 1and 2, one of the most widely used instruments to

examine student attitudes towards study is the Colorado Learning Attitudes

about Science Survey (CLASS) [34] which has evolved from previous attitudinal

surveys as an instrument that allows the calculation of a percentage of expert-

like thinking for either individual students or a whole class by comparing student

responses with expert opinions. Studies have shown that on entering tertiary
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education students’ levels of expert-like thinking will generally decline and become

less expert after one semester of higher education [34], unless the curriculum

design explicitly addresses these concerns [45]. While the survey has been used

largely in North America there are now a few emerging examples of it being

used in a wider context [44], with the pattern of a decline in student expert-

like thinking, after the first year of instruction, being repeated. In this section

the focus will be on student attitudes on either side of the tertiary education

boundary and during the first year of teaching. Results of a longitudinal study

using the survey as well as more detailed analysis of the data collected in the first

year can be found in Chapter 4.

3.4.1 Implementation of the CLASS survey

The CLASS survey has been given to students in the first year physics class at the

University of Edinburgh for three consecutive academic years, 2008-09, 2009-10

and finally 2010-11. The students were surveyed twice within each year, once in

the very first week of semester one and again in the last week of teaching in the

second semester, before the students depart on exam leave. The test was given

in paper form with no explicit time limit for the students to fill it in, although

they were asked to do so without talking and under ‘examination conditions’. As

the survey is designed to measure the changes in attitudes of the students it is

necessary to track the identities of the students taking the test in order to match

pre- and post-teaching surveys. All students were assured that their answers

would be treated as confidential and would not be seen by any of the teaching

staff. In total 385 surveys have been collected and have passed all data validation

checks.

When surveying students in secondary schools pre- and post- instruction data

was not collected, instead the students were surveyed once, in order to give an

insight into their expert-like thinking at a particular time. The students were

either surveyed during visits to local secondary schools (N=92) or were surveyed

when visiting the University of Edinburgh on pre acceptance (UCAS) visit days

(N=65). The two groups of secondary school students are considered to be

distinct from each other as, although they are all of the same age and taking

secondary school physics to the highest level, those in the pre university visit days

have expressed an intention to study physics at university while those collected
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during visits to schools may go on to study physics at university but this will

not necessarily be the case. Unlike the data collected during first year university

teaching the data collection with school pupils was done so anonymously as only

one data collection point was used.

The total number of surveys collected for all the cohorts is shown in Table

3.11. As no statistically significant differences are detected between the data

collected for any of the three consecutive years of first year data, the data has

been combined to give one data set for first year attitudes.

Table 3.11: Number of completed student surveys from secondary school students
and first year undergraduate

Cohort Number
Secondary School 92
Pre University Visits 65
1st Year (2008-09) 147
1st Year (2009-10) 134
1st Year (2010-11) 104

3.4.2 Results of CLASS survey

The overall percentages of favourable and unfavourable expert-like thinking for

each of the cohorts are shown in Figure 3.18 (the students surveyed on university

visit days have been labelled ‘intending physics’).

Looking first at the favourable expert-like thinking, the secondary school

students surveyed during physics classes scored, on average, 64(2)% expert-like

thinking while the the secondary schools students who intended to study towards

a physics degree have an average score of 72(2)%. This difference is statistically

significant (p=0.002). Here, as in all subsequent cases, the bracketed number

represents the standard error on the mean2. There is no statistically significant

difference between the secondary school students who intend to study physics

and those beginning the first year physics course who have an average of 71(1)%

(p=0.68).

2Calculated by dividing the standard deviation of the sample by the square root of the
number of responses in the sample.
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Figure 3.18: Percentage of expert-like thinking for secondary school students
and 1st year university students. Each pair of bars is twinned with the
solid lines representing favourable expert-like thinking and the hatched lines
unfavourable expert-like thinking. The favourable thinking corresponds to the
left hand axis and the unfavourable to the right. The first two x-axis categories
represent the students in seconday schools (those in school physics classes (N=92)
and those on pre university visit days (N=65)). The second two categories
represent the average score of the university students, pre and post first year
instruction (N=385). Error bars represent the standard error on the mean.

After two semesters of instruction, the students exhibit a reduction in expert-

like thinking, with a class average of 67(1)% expert-like thinking; this decrease

is significant (p≤0.001). The drop is not unexpected and is in line with previous

studies, which, as previously stated suggest that unless a curriculum is designed

to specifically address student epistemologies, a drop in expert like thinking will

be seen [46].

The unfavourable scores follow the same pattern as the favourable, the

students surveyed on school visits show the highest percentage of unfavourable

expert-like thinking with an average of 19(1)%. This score is significantly different

to that of the school students surveyed on pre university visits who recorded an

average of 11(1)% (p≤0.001). Again there is no significant difference between

those students indending to take physics and those starting a physics degree

(p=0.26). After the first year of university instruction the students increase in
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their unfavourable expert-ike thinking, changing from 12(0)% to 15(1)%, this

difference is significant (p≤0.001).

The difference in expert-like thinking between the two cohorts of secondary

school students surveyed is perhaps suggestive of a selection effect with the

students with the most expert-like thinking about physics being those who have

already chosen to go on and study physics at university. The students were

surveyed at the same point in the academic year and were taking the final school

physics classes available before university, the only known difference between the

two groups was that those surveyed on pre-university visit days have all applied for

places on physics degree programs. The idea of a selection effect across transitions

is explored in greater detail in Chapter 4.

3.5 Chapter summary

In this chapter an attempt has been made to better understand the changes

that a student undergoes in their first year of undergraduate study, a time that

is notoriously full of upheaval, distractions and new experiences. This is the

time that most students are likely to leave a degree program, either to study

a different course, or in some cases, leave higher education all together. Four

distinct areas have been covered, the preparedness of students for academic

content, the difference between the mathematical preparedness of the students

and staff expectations, the evolution of scientific reasoning in the first year and

the changes in student attitudes and expertise.

Study of school leaving qualification syllabi have uncovered that students

entering the University of Edinburgh (although the results could be applied to

most higher education institutions in the UK, in varying percentages of accuracy)

will be coming from a breadth of different backgrounds with potentially very large

differences in the subject knowledge that they have covered. The existence of

seven different physics A-level syllabi result in differences in content covered but

also (perhaps more importantly) experience gained, especially in practical work

and long written answer style examinations. Even if the intake were entirely from

Scottish students (who at present account for 45% of the first year undergraduate

class) there would still not be continuity. The situation is less complicated as the

Scottish Qualifications Agency (SQA) oversees all the qualifications with only one
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syllabus for each. However due to the fact students can enter the undergraduate

program with either Highers or Advanced Highers there is still the potential for

some students to have had one year less physics experience on entering tertiary

education.

It appears that teaching staff within the School of Physics and Astronomy

have higher expectations of student mathematical ability than is achieved by the

students. While the test used to measure the student mathematics skills has

potential flaws, the most obvious being the lack of required time to complete

the test, the staff were estimating the performance of students on that specific

test, aware of the potential pitfalls for students. This difference between teaching

staff expectations and student performance may be due to the changing course

content of school leaving qualifications, meaning that staff assume material will

be covered which, in fact, has not.

The development of scientific reasoning is known to continue into early

adulthood and is also known to develop further as humans are forced to use

their reasoning ability [102]. For this reason it is not surprising that the results

found using the Lawson Test of Scientific Reasoning show that those who have

had one more year of science education perform better than those who have not.

However these results do offer a base line of the level of reasoning students are

capable of on entering university, offering perhaps explanations for situations

where instructors feel frustration at a student lack of willingness to ‘think the

problem through’. As first year undergraduate students performed so highly on

the test it may be that the test was too straight forward to reveal gaps in the

cohorts’ scientific reasoning. Due to the development of other areas of this thesis

the decision was made not to develop a new testing instrument but these results

have helped to contribute to another research project on Student Problem Solving

[31].

It has been widely documented using several survey instruments [43],[34]

that student levels of expert-like thinking decrease after one year of instruction.

The results presented in this chapter suggest that this pattern is also seen in a

university physics class in the UK and in addition provide insight into the expert-

like thinking of students in school. It has been shown that students in a secondary

school (highest level) physics classes display lower levels of expert-like thinking

than those students, at the same level of study, who have already elected to study
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physics at university. In contrast there is no difference in expert-like thinking

between those students in school intending to study physics and those students

who begin study on the physics degree program. The drop in expert-like thinking

during the first year is examined further and discussed in Chapter 4. If this drop

in expertise is due to a drop in confidence by the students then it may be valuable

information for tertiary educators in attempting to increase retention as it may

be possible to take steps to balance this drop, studies into which are beginning

to emerge from North America [104].

The findings of this chapter present a mixed picture of the school to university

transition for physics students. Depending on the school systems studied under

and the level of qualifications taken students may feel under or over prepared for

the academic workload, relative to their peers. Both scenarios can potentially

have an effect on student confidence, and study habits. On entry to tertiary

education we are seeing that the students have high levels of expert-like thinking

when asked to think about how they study the subject (as do those in schools

who have elected to study physics at the tertiary level), however after one year

of study we see a decline in favourable attitudes. Initial results indicate that

student mathematics ability does not reflect the expectations of those teaching

them, which may have implications for the success of students on the course. In

terms of student ability to reason scientifically it has been shown that there is a

large gap in reasoning ability between secondary school and university, showing

that students may initially feel overwhelmed by the tasks they face in the physics

classroom. An awareness of these four areas, combined with relevant steps to

reassure students, may help to ease the school-university transition.
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Attitudes Towards Physics Study

In the previous chapter, results were presented where the Colorado Learning

Attitudes about Science Survey (CLASS) had been used to examine student

attitudes towards study on either side of the school-university transition. In

this chapter the usage of the instrument is presented in greater detail and with

a far wider range of people surveyed. Firstly, a more in depth study of the

changes in attitudes of the first year physics class will be discussed, followed by

the presentation of data showing the evolution of student attitudes and beliefs

towards study during the whole of the undergraduate degree.

When looking at the attitudes of the students in the first year physics class at

the University of Edinburgh, in Section 3.5 of Chapter 3, it was shown that after

one year of instruction, a decline was seen in student ability to think like an expert

physicist. The observed decline was not unexpected, with previously published

studies showing a decline after the first year of instruction[34],[44], as has been

extensively discussed in Chapter 11. What has been far less widely investigated

is what happens to these student attitudes after the first year of study, with

no published work in this area available at the beginning of this PhD research

project. Although two studies have been published since which partially address

this issue ([53] and [105]), there still have not been studies making use of CLASS

that examine the attitudes of physics students at higher levels in as greater level

of detail or breadth of survey cohort as those covered in this thesis. One of

1It should be noted that few studies are actually published showing this decline, this is
believed to be due to the fact that it is now considered the accepted result when using this
instrument and therefore it is more commonly seen that studies are published when they
specifically do not find this decline.
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the factors which may have deterred researchers from investigating the changes

in student attitudes and beliefs over the course of a degree program is the large

time scale involved in such a study. In order to investigate the expert-like thinking

of the same group of students over the course of an undergraduate degree would

require four years of data collection, longer than the time period of most doctoral

research projects (and a considerable time commitment for any research group).

Presented in this thesis is a more detailed examination of first year undergraduate

student attitudes towards study, followed by two further sections which address

potential ways to carry out longitudinal studies looking at the changes in student

attitudes over time. Firstly a cross-sectional or pseudo longitudinal study is

discussed in which multiple cohorts are sampled in the same academic year and

inter-year comparisons are drawn and secondly an incomplete fully longitudinal

study where the attitudes of the same students have been measured over three

consecutive years.

4.1 1st year attitudes and beliefs towards study

In the following sections the change in the attitudes and beliefs of the first year

students at the University of Edinburgh will be discussed, with reference to the

data that has been collected over three consecutive years, along with a discussion

of the differences seen in the expert-like thinking of various sub cohorts of the class

as a whole, specifically, the differences between physics majors and non-majors

and the differences seen when separating the individual results by gender.

As has been explained in Chapter 2, the first year class is made up of

approximate 300 students per year, of which half are intending to study for

physics degrees and the other half are taking physics as a complimentary subject

to another degree. In this thesis the two halves have been labelled physics ‘majors’

and ‘non-majors’ but it is important to distinguish between our non-majors and

those at a North American higher education institutions. All the students who

take first year physics must be qualified to take the course and these entrance

requirements are no different for the majors and non-majors meaning that they

only thing that distinguishes the two cohorts is that the majors have chosen to

take a physics degree while the non-majors have chosen to take a degree in a

different subject.
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Statistical tests (single factor ANOVA) were carried out on the data to look

for any statistically significant differences between the three sets of first year data

collected over three successive academic years. No differences were found in inter

year comparisons (either in the overall data or any of the sub groups of the cohort)

for the any of the years of data. Given that no statistically significant differences

exist the data was combined to give a larger sample size and higher confidence

in the statistical tests carried out. The level of similarity in the results from year

to year is illustrated in Figure 4.1 which shows the data from each academic year

separately as well as combined.

The one exception to the combining of data is in the gender sub cohort for the

2010-11 data where the female data was not included in the combined data, this

was because while all the other sub groups of the cohort remained statistically

consistent with the previous two years, the female student data was not consistent.

It is presented in this thesis, along side the data for the previous two years, along

with discussion as to why the results may be different.

Figure 4.1: Percentage of favourable expert-like thinking pre- and post- first
year instruction for three consecutive academic years and all the years combined.
The hatched bars indicates pre-instruction data and filled bars post-instruction.
Error bars represent the standard error on the mean. N=147 for the 2008-09
data, N= 134 for 2009-10 and N=104 for 2010-11. Combined N=385 for both pre
and post instruction data
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Due to the fact that only matched survey answers (where students have filled

in both pre- and post teaching surveys) are of use in this study approximately

40% of the collected survey responses had to be discarded. Presented in Table

4.1 are the numbers of completed matched surveys for each academic year. The

reason the 2010-11 academic year is smaller is due to the fact the class size had

reduced by approximately a third due to a change in recruitment policy.

Table 4.1: Number of completed student surveys for the 2008-09, 2009-10 and
2010-11 academic years, broken down by degree studied and gender. Where totals
of sub-cohorts do not equal the overall cohort total this is due to either degree or
gender information being unavailable for a few students.

2008-09 2009-10 2010-11
All 147 134 104
Physics Majors 110 93 54
Non Majors 37 41 49
Male 112 108 72
Female 34 27 32

4.1.1 Results of whole class

Looking first at the combined data for all three years of the study (2008-2011),

as presented in Figure 4.2, we can see that the students are entering the degree

program with high levels of expert-like thinking, with 71(1)% agreement with the

expert responses; here, as in all subsequently quoted values, the bracketed figure

represents the standard error on the mean.

After two semesters of instruction, the students exhibit a reduction in expert-

like thinking, with a class average of 67(1)% expert-like thinking; this decrease

is significant (p=0.009). The drop is not unexpected and is in line with previous

studies, which, as previously stated suggest that unless a curriculum is designed

to specifically address student epistemologies, a drop in expert like thinking will

be seen [46]. It is, however, worth noting that the students are coming in with

relatively high levels of expert-like thinking compared to physics students in North

America, with their level of expert-like thinking approximately 6% higher pre-

instruction than those seen by the CLASS survey authors [34] and while there

is a significant drop, the students are still remaining at high levels and record
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approximately an 8% higher percentage than those in the same paper. This

pattern is repeated in a study from outside the US where students in Saudi Arabia

also show a drop in expert-like thinking post-instruction [44]. Therefore while the

students at the University of Edinburgh begin and end their first year instruction

with higher levels of expert-like thinking, the overall drop is of approximately the

same magnitude as those seen in international studies.

Figure 4.2: Percentage of favourable expert-like thinking pre- and post- first
year instruction. The hatched bar indicates pre-instruction and the filled post-
instruction. Error bars represent the standard error on the mean. N=385 for
both pre and post instruction data

The inverse pattern is repeated when looking at the unfavourable data, as

shown in Figure 4.3, the students commence the program with low levels of expert-

like thinking, with 12(0)% disagreement with the expert opinion, after one year

of instruction an increase in disagreement with the expert opinion is seen with

the class scoring 15(1)% disagreement. Due to the neutral option available when

answering all questions it is not necessarily the case that the unfavourable scores

when combined with the favourable, will total 100%. Whether the unfavourable

scores seen here are in line with those seen in other academic institutions is

not known, due to the fact that only the favourable scores are reported in most

published literature (including those by the survey designers).
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Figure 4.3: Percentage of unfavourable expert-like thinking pre- and post- first
year instruction. The hatched bar indicates pre-instruction and the filled post-
instruction. Error bars represent the standard error on the mean. N=385 for
both pre and post instruction data

4.1.2 Results of physics majors and non-majors

One way to split the class into different cohorts is by looking at those who intend

to study physics as a degree (majors) and those who are taking physics as an

outside subject (non-majors). Figures 4.4 and 4.5 shows the pre- and post-

instruction percentages of expert-like thinking for both majors and non-majors,

in terms of favourable and unfavourable expert-like thinking.

There are several points of interest emerging from the results in figures 4.4

and 4.5: firstly, the majors and non-majors are starting from different levels

of expert-like thinking; for favourable expert-like thinking this difference is 5%

pre-instruction and is statistically significant (p=0.004), although in terms of

unfavourable expert-like thinking there is not a significant difference (p=0.10) .

Recalling that all students must meet the same minimum entrance requirements

and have carried out the same level of high-school physics as the physics majors,

the only difference between the two groups is the intended degree course of

study. This difference in background distinguishes the students in this study

from those in other studies that have looked at the differences between majors

and non-majors. However the results found remain in line with those seen in
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Figure 4.4: Percentage of favourable expert-like thinking for physics majors
(N=257) and non-majors (N=127) both pre- and post- first year instruction. The
hatched bars indicates pre-instruction data and the filled bars post-instruction.
In all cases error bars represent the standard error on the mean.

previous studies where, for example, engineering students have been shown to

have significantly less expert-like views than physics majors [53].

The other point of interest is the magnitude of the decrease in expert-like

thinking. The majors show a relatively small drop in agreement from the expert

opinion going from 73(1)% pre instruction to 70(1)% post teaching. In contrast

the non-majors show a change of 6%, going from 68(1)% pre-instruction to 62(1)%

post. The change for the majors is significant (p=0.001), as is the change for

non-majors (p ≤0.001). Similar changes are seen in the unfavourable expert-like

thinking with a significant difference now existing between the two groups (p

≤0.001).

On observing that differences exist in the attitudes and beliefs of physics

majors and non-majors, even before instruction has taken place, further investi-

gations were conducted into the differences between these two specific sub groups.

The unique structure of the Scottish degree system provides a sub-cohort of

students that are different to those represented as non-majors in the previously

published literature, as has been extensively discussed in previous chapters. In

an attempt to contrast the attitudes of the students in the first year physics class
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Figure 4.5: Percentage of unfavourable expert-like thinking for physics majors
(N=257) and non-majors (N=127) both pre- and post- first year instruction. The
hatched bars indicates pre-instruction data and the filled bars post-instruction.
In all cases error bars represent the standard error on the mean.

to those more traditionally thought of as ‘non-majors’ the CLASS survey was

given to students taking a first year physics module as part of a course offered to

biological science students wishing to explore quantitive methods (Quantification

in the Life Sciences 1 (QUILS))[106]. The biological science students were

surveyed only once, either in week 5 or week 6 of Semester 1 of the 2010-11

academic year. As discussed in Chapter 2 the time at which students are tested

can have an effect on the results found; as the biological sciences students were

sampled at a point between the time of the pre- and post-instruction tests of those

in the physics class (and on only one occasion) it is not possible to determine

whether the scores gained should be most accurately compared to those of the

physics class before or after instruction. The students were asked to fill in the

survey on paper during physics tutorials. As with dissemination of the survey to

the physics class, the students were given a short introduction as to the nature

of the survey and what the results would be used for. Students were asked to

complete the survey anonymously as no follow up surveys were necessary. None

of the 82 completed student surveys failed the fail-safe question to determine data

quality.

The levels of expert-like thinking displayed by the biological sciences students
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are depicted in Figures 4.6 and 4.7, along side the scores for the physics majors and

non-majors as have previously been shown in Figures 4.4 and 4.5. The biological

sciences students’ average favourable score was 20% lower than the pre-instruction

of the non-majors with a class average of 48(2)%, similarly the unfavorable score

for the biological sciences students was 19% more in disagreement with the expert

opinion than that of the non-majors. Post instruction the gap remains with a

14% difference between both the favourable and unfavourable scores. All the

differences reported are statistically significant (p ≤0.001 for the pre-instruction

and post instruction scores scores (both favourable and unfavourable)).

Figure 4.6: Percentage of favourable expert-like thinking for physics majors
(N=N=257) and non-majors (N=127) both pre- and post- first year instruction
and biological sciences students mid instruction (N=82). The hatched bars
indicates pre-instruction, the filled post-instruction and the cross hatched mid
instruction. In all cases error bars represent the standard error on the mean.

The far lower scores of the biological sciences students in terms of their

attitudes towards physics are perhaps not surprising. The course title and

description does not reveal the course content (one half physics, one half maths)

and the students enrolled on the course need not have studied physics to

the highest level at school. The results do, perhaps, give a more accurate

measurement of the views of a typical non-major as they would be termed in

a North American institution with the score of the biological sciences students

in line with those seen for non majors at other institutions [34],[53]. This again

suggests that the non-majors at the University of Edinburgh provide an insight
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Figure 4.7: Percentage of unfavourable expert-like thinking for physics majors
(N=N=257) and non-majors (N=127) both pre- and post- first year instruction
and biological sciences students mid instruction (N=82). The hatched bars
indicates pre-instruction, the filled post-instruction and the cross hatched mid
instruction. In all cases error bars represent the standard error on the mean

into the differences in epistemologies that exist where the cohort is split only by

choice of degree and no other factors.

Alongside collecting data into a different group of students studying a first

year physics course, the difference in CLASS scores between the physics majors

and non-majors within the first year physics class was further probed by looking

into the educational background of the students in the class. An investigation was

carried out to determine whether there was any correlation between the secondary

school leaving qualifications and grades of the first year physics class and their

CLASS score, with the hypothesis being that the non-majors may possess lower

incoming scores or be less qualified than the majors.

All qualifications in the United Kingdom, regardless of whether they were

gained in Scottish or English schools, are assigned to a national tariff of points

by the Universities and Colleges Admissions Service (UCAS)[107]. By using this

points system the qualifications of all the students can be compared without

complication as to the awarding body (for example a Grade A at either A-Level

or Advanced Higher would both be awarded 120 UCAS points). No statistically
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Figure 4.8: Comparison of number of UCAS points earned at school, with overall
favourable CLASS score. 60 UCAS points represents a Grade B at Higher or a
Grade D at A-Level. 120 UCAS points represents a Grade A at either A-Level
or Advanced Higher (Values correct for university entry up to and including
September 2012). The dark line on each box represents the median for each
grouping.

significant difference is seen between the entry qualifications in physics and

mathematics of the majors and non-majors (p=0.20). In addition the correlation

between physics background of the students and CLASS score has been examined.

It does not appear that previous physics background is a strong predictor of

CLASS score, as illustrated in Figure 4.8.
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4.1.3 Comparison of male and female attitudes towards

study

As mentioned previously, differences were identified in the female cohort of the

2010-11 data when compared to other years. No differences were found in the data

between 2008-09 and 2009-10 and for this reason the data has been combined for

2008-10 and the 2010-11 academic year data is presented separately. Splitting the

whole data set to look at the differences between male and female students, again

revealed differences. Figures 4.9 and 4.10 shows the percentage of favourable and

unfavourable expert-like thinking for each of the two groups.

Figure 4.9: Percentage of favourable expert-like thinking for male physics
students (N=222 for 2008-10) (N=72 for 2010-11) and female physics students
(N=61 for 2008-10) (N=32 for 2010-11) both pre- and post- first year instruction.
The hatched bars indicates pre-instruction and the filled post-instruction. In all
cases error bars represent the standard error on the mean.

Looking first at the 2008-10 data there is a key difference between the

subgroups shown in Figures 4.4 and 4.5 and those shown in 4.9 and 4.10. Unlike

the majors and non majors there is no statistically significant difference between

the male and female students before instruction, either in terms of favourable

or unfavourable thinking (p=0.18 and p=0.71 respectively). The male students

record 72(1)% expert-like thinking before instruction and the female students

69(2)%. After instruction a gap has opened between the scores of the two groups

with the male students scoring 68(1)% and the female students 63(2)%. The two
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Figure 4.10: Percentage of unfavourable expert-like thinking for male physics
students (N=222 for 2008-10) (N=72 for 2010-11) and female physics students
(N=61 for 2008-10) (N=32 for 2010-11) both pre- and post- first year instruction.
The hatched bars indicates pre-instruction and the filled post-instruction. In all
cases error bars represent the standard error on the mean.

groups are now statistically different to each other (p=0.049), indicating that the

first year experience has a greater impact on the attitudes of the female students.

It is when the data is split between male and female students that the 2010-

11 academic year data does not follow the same pattern as previous years, more

specifically in the performance of the female students, as can be seen in Figures

4.9 and 4.10. In the case of the male students there is no statistically significant

difference when compared to the data from the two previous years. Looking at the

pre-teaching data p=0.53 when comparing the 2010-11 academic year to the data

from 2008-09 and p=0.62 when comparing to the 2009-10 data. There is also no

statistically significant difference looking at the post instruction data for the male

students (p=0.21 between the 2010-11 data and that from 2008-09 and p=0.86

between 2009-10 and 2010-11). This pattern is repeated for the unfavourable

scores with p=0.40 and p=0.39 before instruction and p=0.43 and p=0.82 post

instruction.

The data for female students, however, is not consistent with previous years.

There is still consistency at the 95% confidence level when looking at the pre-

instruction scores (p=0.79 between the 2008-09 and 2010-11 data and p=0.32

between 2009-10 and 2010-11). It also remains true that there is no gap between
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the male and female students pre-instruction. It is in the post-instruction data

that we see a move away from the pattern seen in previous years. Previously the

female students have declined in their levels of expert-like thinking after one year

of instruction, however in this year they have remained constant. In addition,

where we have seen in previous years that, post-instruction, there is a statistically

significant difference between the male and female students this is not the case

for this data (p=0.12).

Whether this change in the behavior of the female students is evidence of some

change in the cohort or a statistical anomaly is impossible to determine from one

data point and further testing of the cohort is needed to establish this. It is

possible that the result does reflect changes in the physics class as the make up

of the class is noticeably different to that of previous years; the class is only two

thirds of the size of the proceeding year (due to a change in recruitment policy)

meaning that students get more individual attention. The smaller number of

places available on the course also impacted on the types of students on the

course as their was far greater competition for places therefore meaning that only

the strongest students were given places on the degree program. In addition this

is the first year where non-majors outnumber the majors on the course meaning

that the demographic of the classes is slightly different. The nature of the first

year physics class means that new teaching methods are constantly being tested

and evaluated with the students, in the 2010-11 academic year a new system to

encourage student interactive learning and participation was being implemented

[77] which may also have had an effect on the class.

4.2 Pseudo-Longitudinal (cross-sectional) study

The Physics Education Research group at the University of Edinburgh have made

use of the term ‘pseudo-longitudinal’ to describe the first of the studies we have

carried out which examine student attitudes towards science over a long period of

time. A similar study which has been carried out in the US in parallel to our own

study uses the alternate term of ‘cross-sectional’ to describe the same method

[53]. The method involves giving the CLASS survey to cohorts in differing years

of the degree program and comparing the expert-like thinking of one year group

to the year groups around them. The method of data collection is the ‘snap

92



4.2. Pseudo-Longitudinal (cross-sectional) study

shot’ method which was described previously where the surveys are completed

anonymously as each cohort is surveyed only once and it is not necessary to

compare the changes in any particular cohort over any period of instruction.

The study aims to examine the attitudes towards physics of a range of people

currently involved in practicing physics, from school pupils and students (both

undergraduate and postgraduate) through to academic staff in university physics

departments. All data included in the study was collected in the first semester

of the 2009-10 academic year2, with the data in years four and five of the

undergraduate degree and the academic staff responses collected as part of a

fourth year undergraduate senior honours research project. In total 637 survey

responses passed all the data validation checks for CLASS (as detailed in Chapter

2) and were included in the results presented here. A break down of the numbers

involved in each cohort is shown in Table 4.2.

Table 4.2: Number of completed surveys included in the pseudo-longitudinal
study

Level Cohort Number
Secondary School School 92
Secondary School School (Intending Physics) 65
Undergraduate 1st Year 127
Undergraduate 2nd Year 105
Undergraduate 3rd Year 61
Undergraduate 4th Year 57
Undergraduate 5th Year 23
Postgraduate 1st Year 33
Staff Post docs or academic staff 74

There are two cohorts of data collected in schools, as has been discussed in

Chapter 3, the data labelled ‘school’ was collected in secondary school physics

classes in and around Edinburgh. The pupils were all taking the highest levels

of physics classes available at secondary level (either Higher or Advanced Higher

qualifications) but it is not known if any of the pupils surveyed intended to go

on to study physics at university. Those students in the ‘intending’ cohort are

also in school taking the highest level of physics, however the data was collected

2With the exception of the third year data which was collected at the start of the second
semester and the data related to the school pupils (school and intending) which was collected
in the previous academic year.
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on pre university visit days from students who have decided to study physics

at university. Years 1 through 5 of the undergraduate data were collected from

students in the physics degree program at the University of Edinburgh and the

postgraduate data was collected from surveys given to the incoming PhD students

at the University. The data included for the first year undergraduate students

includes only the physics majors, as they are the only students that would progress

into the higher stages of the degree program.

The cohort labelled ‘staff’ are academic staff from the Universities of

Edinburgh, Glasgow and St. Andrews, and a few academic staff who responded

to an email asking for participants which was sent to a mailing list of physical

sciences practitioners in the UK3. The school student surveys, as well as those

for years one through three of the undergraduate degree and the postgraduate

students were collected in paper format, while those for years four and five of the

undergraduate degree and for the staff were collected through an online survey.

4.2.1 Validity of the pseudo longitudinal approach

For the pseudo-longitudinal method to be valid, one assumption must be made

with regards to all the data in the study; that the students in each of the cohorts

are the same types of students as those recruited in the years around them. This

is a feature of the fact that as all data is collected in the same academic year, in

order to make inter year comparisons we are required to accept that the students

in one year are taken from the same sample as the students in any other year.

This assumption can be tested, in part, through the repeated surveying of year

cohorts to look for consistencies with in years. In Table 4.3 the overall favourable

expert-like thinking scores are reported for repeated measurements for the first

year cohort. As above only the majors are included here as only they are used in

the pseudo-longitudinal study although similar consistency is seen when looking

at the class overall or even just the non-majors.

ANOVA tests on the three data sets show that there are no significant

differences between the year cohorts. When firstly looking at the pre instruction

data it is found that p=0.98 for favourable expert-like thinking and p=0.33 for

the unfavourable data. In the case of the post-instruction data p=0.23 when

comparing favourable expert-like thinking and p=0.20 for the unfavourable data.

3Physical Sciences -Education JISC mailing list.
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Table 4.3: Pre and post instruction CLASS scores for the first year physics class
over three consecutive years. Both favourable and unfavourable scores are shown.
Bracketed figures represent the standard error on the mean.

Year Cohort Pre Fav. Pre Unfav. Post Fav. Post Unfav
2008-2009 72(1) 11(1) 71(1) 13(1)
2000-2010 73(1) 11(1) 68(2) 15(1)
2008-2009 73(1) 13(1) 72(2) 13(1)

Where other repeated measurements have been made the same pattern is

reproduced with consistency shown for repeated sampling of the same year

cohort in consecutive academic years. The third year of the undergraduate

degree has been sampled on two occasions (during the 2009-10 and 2010-11

academic years), with no differences seen in the cohort averages (p=0.27 for

favourable data and p=0.33 for unfavourable). The incoming postgraduate cohort

has also been surveyed twice (again during the 2009-10 and 2010-11 academic

years), looking at the overall favourable scores no significant difference is found

between the two (p=0.17) however for the unfavourable data there is a significant

(although marginal) difference with p=0.045. The sample size of the 2010-2011

postgraduate data was relatively small (N=21) which can lead to uncertainty in

the measurement, especially in the unfavourable sections where the percentages

are so low that a change in one overall answer from negative to positive can have

a large effect. For this reason the difference in unfavourable score between the

two postgraduate measurements do not lead us to believe that the method is not

valid.

Of the 16 measurements included in this comparison 15 of them show no

significant difference which is strongly suggestive of the fact that the pseudo-

longitudinal method is valid. The question of validity will be addressed again

in Section 4.4 with reference to comparisons between a pseudo longitudinal and

fully longitudinal method.

4.2.2 Overall favourable and unfavourable attitudes

The overall average expert-like thinking for each cohort has been calculated and

compared to the neighbouring cohorts, the favourable and unfavourable scores

for each of the groups are shown in Figure 4.11.
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Figure 4.11: Percentage of favourable and unfavourable expert-like thinking for
school pupils, students in an undergraduate degree, postgraduate students and
staff. The green bars show the percentage of favourable expert-like thinking and
are plotted against the left hand axis while the blue bars show the percentage
of unfavourable expert-like thinking and are plotted against the right hand axis.
The errors bars represent the standard error on the mean.

There are three areas of interest in the figure: The area on the left hand

side of the plot, which looks at the attitudes of those in school and the first

year of university, the central section which displays the scores for students

during an undergraduate degree and, finally, the section on the right hand side

which represent the attitudes of students in their masters year, first year of PhD

and those working in physics. Each of the sections outlined will be discussed

separately for ease of understanding.

The first area of interest highlighted is that of the attitudes of students in

schools and in the first year of university, this has already been discussed in

Chapter 3 as part of a study on the school-university transition and will only

be briefly revisited here. A large difference is seen in the attitudes of those in

school taking the highest physics qualification and those at the same stage in their

schooling who have also elected to study physics at university, this difference is

statistically significant (p=0.0019). No differences are seen in the expert-like

thinking of students in school who intend to study physics and those students

who begin a physics degree at the University of Edinburgh(p=0.48). Conversely

looking at the unfavourable scores the same pattern is seen with students in school
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classes showing significantly higher unfavourable expert-like thinking (p=0.001)

and no different existing between those intending to do a physics degree and those

who begin the physics degree program (p=0.90).

The attitudes of students during the undergraduate degree is the next area of

focus. The expert-like thinking the students displayed is predominately flat, with

the exception of third year, with no statistically significant difference between

the attitudes of students on entering the degree program in first year and those

exiting their degrees at the end of a Masters degree. An ANOVA test shows

that there is a difference in the undergraduate data over all (p=0.0044), however

isolating the third year results and rerunning the ANOVA test without the third

year data shows no significant differences in any of the other results (p=0.42).

Looking at the unfavourable results a similar pattern exists with the third year

cohort an obvious outlier (although it should be noted that there is no significant

difference between the 3rd year and 4th year data p=0.42). Having established

that the third year data are obviously different to that in the surrounding cohorts

several steps have been taken in order to investigate this point further: Firstly

focus groups were held with students in years four and five of the undergraduate

degree program where a version of Figure 4.11 was shown to the group and

students were asked to discuss the figure (timelines and transcripts of the focus

groups are included as Appendix G). The students were not surprised by the drop

in expert-like thinking seen in third year with one student saying;

“Maps perfectly how I felt about physics.....Maps perfectly how I thought the

rest of the year felt about physics.”

with others stating that they felt they had progressively lost confidence in

their abilities during the course of their degree

“1st year - you think you’re an expert because you don’t know enough about

it.”

“it’s psychological. You realise even after studying it for hours and hours,

you’re not going to do well in the exam. I lost confidence and enthusiasm in 3rd

year.”.

While the students feel that their expert-like thinking is linked to their

confidence in the subject (an idea that will be explored further in Section 4.5),

this is not necessarily the only explanation for the low score in the third year, it

is also possible that the result is anomalous. To test this theory the third year
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cohort in the 2010-11 academic year were also surveyed. As has been seen in

Section 4.2.1 no significant differences were found between the data collected in

the 2009-10 academic year and the following year, however, the 2010-11 average is

numerically higher. If the 2010-11 data is used as the third year value of expert-

like thinking instead of the original and compared to the other years as shown in

Figure 4.11 an ANOVA test shows no significant difference between 1st and 5th

year for the favourable scores (p=0.19) although a difference still remains for the

unfavourable scores (p=0.034). This suggests that the low score for third year

may produce a false positive effect where a difference is detected which does not

necessarily exist, further data collection is needed to establish whether this is the

case.

The final area of interest in Figure 4.11 is the transition from undergraduate

to postgraduate, as seen on the right hand side of the plot. Here we see that there

is a significant difference (p=0.0033) between the students in fourth year of the

undergraduate degree and those embarking on PhD programs. The fifth year,

however, appears to act as an intermediate point, with an average favourable

(and unfavourable) score of expert-like thinking which lies between those of the

year four and PhD cohorts. Year five is not significantly different to either of the

years which neighbour it (p=0.32 and p=0.17 for favourable scores and p=0.65

and p=0.067 for unfavourable), again suggesting that this is an intermediate year.

Recalling that year five is the optional masters year which involves a year long

research project, it is perhaps not surprising that year five acts as the bridging

year with students who are considering doing a PhD generally opting to stay on

for the fifth year of study and conversely some students who choose to take the

masters year deciding to stay on for a PhD after experiencing a year in research.

No difference is detected between the scores of those embarking on a PhD and

the those of staff (p=0.10 for the favourable scores and p=0.61 for unfavourable

scores). Interestingly the staff scores are 17% away from 100% expert-like

thinking, although it should be noted that the survey authors have stated that a

few of the questions included in the survey do not have an expert opinion and so

it is not likely to be possible to score 100%. This does however raise questions as

to the difference in epistemologies between American and British acadmic staff,

a topic which will be discussed in Chapter 6.
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4.2.3 Category results

Until this point, this chapter has focussed on the total scores of expert-like

thinking over all questions in the CLASS survey, however the categories that 27 of

the questions have been placed into at least one of (for details refer to Chapter 2)

can offer additional insight into the thinking of each cohort. Interestingly, while

the overall scores are largely flat over the course of the undergraduate degree,

there is by no means consistency in the scores at the category level, as illustrated

in Tables 4.4 and 4.5 .

Table 4.4: Overall percentages of favourable CLASS responses, for all categories
and cohorts surveyed. The bracketed figure represent the standard error on the
mean.
Categories School Undergraduate

Doing Int. 1st 2nd 3rd 4th 5th Post Staff
Personal Interest 66(3) 80(3) 80(2) 74(2) 67(3) 76(3) 80(3) 80(4) 86(2)

Real World
Connection 67(3) 75(3) 77(2) 75(3) 68(3) 74(3) 67(5) 74(4) 85(2)

PS General 74(3) 85(2) 81(2) 75(2) 67(3) 74(2) 73(4) 82(3) 85(2)

PS Confidence 72(3) 84(3) 78(2) 71(3) 63(4) 71(3) 63(6) 80(3) 77(3)

PS Sophistication 64(3) 75(3) 76(2) 65(3) 54(3) 67(3) 60(5) 79(3) 84(3)

Sense making/ effort 74(2) 82(2) 82(2) 77(2) 75(3) 75(3) 88(2) 85(3) 93(1)

Conceptual
Understanding 66(3) 74(2) 74(2) 68(2) 58(3) 69(3) 71(5) 78(4) 81(2)

Applied Conceptual
Understanding 52(3) 59(2) 62(2) 59(3) 50(3) 59(3) 62(5) 75(3) 74(3)

The variation in categories seen makes it perhaps more surprising that

no overall change in scores is seen between the beginning and end of an

undergraduate degree, while the student scores are increasing in some categories

as students progress through a degree they are also decreasing in others. The

system used by the survey designers to create the question categories means that

not all questions fit into only one category, some into more than one category and

some do not fit into any categories at all, as a result it is not possible to say that

any changes in overall score will directly correspond to variations in the category

scores per cohort.

Whilst the story reflected by the category changes is not immediately obvious,

there exist changes which are apparent: As might be expected staff are more

expert-like or at the same level as school pupils in all categories suggesting an
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Table 4.5: Overall percentages of unfavourable CLASS responses, for all
categories and cohorts surveyed. The bracketed figure represent the standard
error on the mean.
Categories School Undergraduate

Doing Int. 1st 2nd 3rd 4th 5th Post Staff
Personal Interest 20(3) 5(1) 6(1) 8(1) 16(2) 11(2) 6(2) 6(2) 5(1)

Real World
Connection 18(2) 10(2) 7(1) 10(1) 18(3) 12(2) 21(5) 8(2) 5(1)

PS General 10(2) 3(1) 5(1) 7(1) 13(2) 12(2) 9(3) 6(1) 6(1)

PS Confidence 9(2) 4(1) 7(1) 8(2) 17(3) 15(2) 15(5) 5(2) 10(2)

PS Sophistication 15(2) 7(2) 6(1) 14(2) 21(3) 16(3) 19(4) 8(2) 6(1)

Sense making/ effort 14(2) 5(1) 7(1) 9(1) 12(2) 11(2) 6(2) 5(1) 2(1)

Conceptual
Understanding 18(2) 10(2) 10(1) 17(2) 21(2) 18(3) 18(3) 11(3) 11(2)

Applied Conceptual
Understanding 27(2) 19(2) 17(1) 20(2) 24(2) 24(3) 22(4) 12(3) 14(2)

upward trend in expert-like thinking over all the categories. However this is not

a gradual increase with students becoming slowly more expert-like over time, in

fact the 5th year are seen to be less expert-like than the first year students in

some categories. The third year categories are all noticeably lower than those in

the rest of the undergraduate degree, perhaps suggesting that the third year dip

seen in the overall data is not merely a statistical anomaly. That such variation

can be recorded in the categories while the overall score remains constant is a

feature of the CLASS instrument that will be discussed in Chapter 6 as part of

a larger discussion on the uses and limitations of the CLASS instrument.

4.2.4 Selection effect

The transitions seen at the entry and exit points of the undergraduate degree,

as shown in Figure 4.11, show that expert-like thinking in physics increases at

each time the cohort chooses to further specialise in the subject. There is a clear

difference between those in secondary school physics classes and those in the same

classes that have chosen to study physics at the tertiary level (and those in the

first year of undergraduate study). Equally at the finishing point of the degree

program, where students can either go on to conduct physics research and further

study through a PhD or leave the program we see a marked difference with those

embarking on PhD study clearly more expert-like than those in the undergraduate
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degree. It is possible that these increases are due to students simply learning ‘how

to think like a physicist’ during their studies, however if this were the case it might

be expected that a gradual increase in expert-like thinking would be seen over the

course of an undergraduate degree. Another possibility, and one that we favour,

is that a selection effect is being seen with the most expert-like thinkers choosing

to continue studying physics at each transition point.

In order to investigate the hypothesis of a selection effect a small study has

been carried out where students in the 4th and 5th years of the degree program

were asked after graduation to state their plans post finishing their degree. The

students were given four options via an informal email by a member of teaching

staff, with students being asked to select the option which mostly closely matched

their future plans. The options were as follows:

• Job, real world activity

• Undecided, travel.

• Further study MSc etc

• Further study PhD, here or elsewhere.

It was hoped that enough students would respond to the email that it would

be possible to look for any correlation between CLASS score and further study,

and thus test the idea of a selection effect. Unfortunately only a small number of

students responded to the survey (N=21), which is only 26% of those who filled

in the CLASS survey in years 4 and 5, however they were a representative sample

of the class both in terms of CLASS score (no significant difference between the

responders and the whole class (p=0.16)) and in terms of degree classification

awarded.

Figure 4.12 shows the results collected in the survey, with the purple line

marking the average CLASS score of the whole of years four and five. The figure

is suggestive of a selection effect with more of the students with above average

CLASS scores going on to study in further education, however the small sample

size means that no conclusive statistic can support this hypothesis, with the

CLASS score of those students going on to study a masters of PhD shown to be

no different to those (who responded to the survey) that are going on to jobs or

are undecided (p=0.99). Further testing of the selection effect hypothesis will be

addressed in sections 4.4 in relation to the fully-longitudinal study.
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Figure 4.12: Favourable CLASS score for individual fourth and fifth year students
compared to career destination. The purple line represent the average CLASS
score of the whole fourth and fifth year class

4.2.5 CLASS in schools

Another insight into a possible selection effect is given from data collected as part

of a 4th year undergraduate Senior Education Placement (SEP) Project where

the CLASS survey was given to students in a local Edinburgh secondary school.

The students were in the final three years of secondary education (Years 4, 5 and

6) and were all studying physics. The survey was given to students in class time

and on paper, in total 157 surveys were collected and passed the data validation

checks. As the data was not collected as part of this thesis the quality of the

data has not been assessed to the level presented in the rest of this thesis, with

no information available as to the number of surveys which had to be disregarded

due to failure of validation checks. The raw data has been reanalysed for use in

this thesis and it is the results as analysed by the author of this thesis which are

presented here.

The overall favourable and unfavourable CLASS scores for the three years of

school students are shown in Figure 4.13. Like that discussed in Section 4.2.2,

this is pseudo-longitudinal data with all the data collected at the same point in

time.

As in Figure 4.11, a transition is seen with a clear difference between years

five and six. In year four the students display 47(2)% favourable expert-like
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Figure 4.13: Percentage of favourable and unfavourable expert-like thinking for
school pupils in Year 4 (N=80), Year 5 (N=59) and Year 6 (N=18) of secondary
school. The green bars show the percentage of favourable expert-like thinking and
are plotted against the left hand axis while the blue bars show the percentage
of unfavourable expert-like thinking and are plotted against the right hand axis.
The errors bars represent the standard error on the mean.

thinking, with the fifth year students recording 50(3)%, this difference is not seen

to be statistically significant (p=0.29). There is however a large difference seen

between those students in year five and those in year six, with the sixth year

students displaying 66(3)% expert-like thinking, this difference is statistically

significant (p≤0.001). The sixth year of study is the final year of school physics

available to students and those in the class will be study Advanced Higher Physics,

an option year which many students planning to study physics at university will

take although it is not a prerequisite for university physics study. The percentage

found for the sixth year students is not statistically different to that included in

the pseudo-longitudinal study presented in Section 4.2.2 (p=0.74), which was

collected with the same age of students at the same point of study.

The difference in the expert-like thinking between the fifth and sixth year

students is suggestive that a selection effect is at work with the most expert-

like of the students choosing to study physics at the highest school level. It

is unfortunate that the surveys were completed anonymously meaning that no

follow up work could be carried out as to whether the most expert-like students
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do progress to higher levels of physics study, however that was beyond the scope

of the Senior Education Placement project from which this data was taken.

4.3 Fully longitudinal study

Until this point, when considering the long term changes in student expert-like

thinking, the only approach considered has been that of a pseudo-longitudinal

methodology, where all data in the study is collected in the same academic year.

Associated with this approach is the necessary assumption that it is valid to

assume any year cohort is the same on a year to year basis. The methodology

described in this section explores another approach to examining student expert-

like thinking over the course of a degree program, that of a fully-longitudinal

study. In this method the same students are surveyed as they progress through

the degree program, thus eliminating the need to make assumptions about the

similarities of the year cohorts.

This study commenced in September 2008, on the first day of undergraduate

teaching of the 2008-09 academic year. The same cohort of students have

been asked to complete the CLASS survey four times: pre and post first year

instruction, post second year instruction and, finally, at the end of third year

instruction. The dip in expert-like thinking seen in the first year of study has

already been extensively discussed in section 4.1 and accordingly will not be

included in this study. As only matched student responses are of interest in

this particular study, some survey responses at each point of sampling have

been disregarded (since the particular student failed to complete a corresponding

survey at another point in time). Response rates can be seen in Table 4.6. The

average results for each year group do not differ significantly by only using the

fully matched responses as compared to the complete, non-matched data set. In

total, 35 students have completed the initial pre-instruction survey as well as the

post second and third year surveys while also passing all relevant checks for the

quality of the data.

In all cases the survey was completed in paper format in a set-aside segment

of class time. The students were asked to complete the survey without talking to

other class members, and while the survey could not be completed anonymously

(due to the need to track the changes of individual students), students were
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Collected Retained % Retained
1st Year 265 35 13%
2nd Year 105 35 33%
3rd Year 58 35 60%

Table 4.6: Raw numbers of student surveys collected at each stage of the study,
the final numbers used throughout the study and the percentage of surveys
retained for students who completed all three surveys.

asked only to provide their student ID number and, as in previous uses of the

instrument, students were always told what the data would be used for and

assured that responses would be treated confidentially. No course credit or other

incentives were offered to the students to complete the survey.

Some students were reluctant to fill in the survey during the second and third

year data collection periods often stating “I’ve already done that survey”. On

these occasions it was explained to the students why it was necessary to use the

same survey each time but no student was compelled to fill in the survey as this

might affect the quality of the data.

The final data needed for this study, the attitudes of the 4th year students

(when the majority of the students leave the degree program and graduate with a

BSc) will not be collected until Spring 2012, which is outside the time constraints

of this Doctoral thesis, however the data will be collected, along with destination

data for the departing students as part of ongoing work stemming from this initial

research.

4.3.1 Overall favourable and unfavourable attitudes

Figure 4.14 shows the overall percentage scores at each of the three sample points,

with favourable scores plotted against the left hand axis and unfavourable scores

on the right hand axis. The figure shows that the overall scores are remarkably

constant with no statistically significant differences in any of the transitions

shown. Looking first at the favourable data, the first year data (collected prior

to any university teaching) records a student average of 70(2)%, which remains

constant in second year and drops slightly to 68(3)% by the end of third year.

However, an ANOVA test (for repeated measurements) carried out on all the

data shows that there is no statistically significant difference between the years
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(p=0.54).

Figure 4.14: Percentage favorable and unfavorable CLASS scores over three
consecutive years for the same group of students (N=35). The blue bars show
the percentage of favourable expert-like thinking and are plotted against the left
hand axis while the green bars show the percentage of unfavourable expert-like
thinking and are plotted against the right hand axis. The error bars in each case
represent the standard error on the mean.

Looking now at the unfavourable scores – the percentage to which the answers

given are at odds with the expert opinion – again we see no significant changes.

The score recorded at the start of the first year of 12(2)% decreases to 11(1)%

by the end of second year and is then seen to increase at the end of third year

to 13(2)%. Again using an ANOVA test no statistically significant differences

between the years (p=0.18) are found.

4.3.2 Category results

Further investigation into the expert-like thinking of the students was carried out

by splitting the results for each year group into the 8 scored categories of the

CLASS survey. The percentage shifts for favourable scores in each category are

displayed in Figure 4.15. In this case the changes have been calculated by looking
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at the differences between the percentage scores in the first year and third year.

Figure 4.15: Percentage changes in CLASS category favourable scores between
1st and 3rd year.

Statistical tests investigating the differences in category score between all years

indicate that 10 of the 16 possible categories (8 categories, which can be scored in

both favourable and unfavourable percentages) remain constant between 1st and

3rd year. For the favourable data, significant shifts are seen in three categories.

Firstly in ‘General Problem Solving’, where students have declined from 80.5(3)%

expert-like thinking to 67.5(4)% (p=0.0033), also in ‘Personal Interest’ where

students have changed from 76(4)% to 66(4)% (p=0.04) and, finally, in ‘Problem

Solving Sophistication’ where students have decreased from 69(4)% to 59(4)%

(p=0.015).

In the case of the unfavourable data three differences are statistically

significant: these are in the ‘Personal Interest’ category with students changing

from 7(2)% to 15(3)% (p=0.00013), the ‘Real World Connection’ category with

a change from 7(2)% to 14(3)% (p=0.025) and lastly in the ‘General Problem

Solving Category’ where students have increased in unfavourable expert-like

thinking form 7(2)% to 10(2)% (p=0.021) .

A previous study which incorporates the CLASS scores of freshmen and
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seniors at MIT [105] also finds variation on a category basis, with significant

shifts seen in three categories: in favourable scores for ‘Real World Connection’

and an increase in unfavourable scores in the ‘Sense Making’ category (neither

of which we see) and the ‘Personal Interest’ category which we also find, with a

comparable magnitude of shift.

4.3.3 Completion of study

One of the disadvantages of the fully-longitudinal method of data collection is the

large amount of time needed to complete the study. There is no way of increasing

the speed at which data can be collected as it is a matter of waiting for the

students to pass through the four or five years of an undergraduate degree; a time

period which is longer than that set aside for a doctoral research project. Included

in this thesis are the results from the first three years of a fully longitudinal study

but no further, however the study will be completed by the thesis author as future

work arising from this thesis. The data for the students in their fourth year of

study will be collected in spring 2012 and a concerted effort will be made to ensure

as many students as possible fill in the survey in order to have the largest sample

size. Those students that have completed the CLASS survey for all previous

three sample points will be the highest priority of data to collect, however all

data collected will be useful. Unlike in the fully longitudinal survey, as discussed

above, it is intended that as well as looking at the year to year changes in students,

comparisons will also be made between students on entering the degree program

in year one and those graduating in year four, which will hopefully lead to a

larger sample size, as seen in studies conducted at MIT [105]. Looking only at

the changes seen between the beginning and end of the degree will counteract

the problems arising from attrition from the degree program with fewer students

available to complete the survey in each year due to some leaving the degree

program in each year.

Alongside the usual CLASS survey questions the students are also going to

be asked additional demographic questions looking at their career plans after

graduation, with the objective to test the selection effect hypothesis by looking

for correlations between those who go on to postgraduate study and CLASS score.

In addition it is planned that the CLASS scores from first year will be examined

to investigate any correlation with low CLASS score and those who leave the
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degree program with out graduating (either due to failure to pass examinations

or due to personal choice).

4.4 Validity of CLASS for individuals

In Chapter 2, the original paper that accompanied the publication of the CLASS

survey [34] was discussed, with particular emphasis on the design and validation

of the instrument. One area of the validation which was considered was that of

the validity of the survey for individual students, a topic which was not covered in

the original paper but was signposted as an area of future work. Whilst carrying

out the research presented in this chapter, the idea of individual validity was

raised, with the view of testing the hypothesis that student attitudes are constant

and the transitions seen are due to the the less expert-like students leaving the

degree program. If the CLASS survey were valid for individuals it would be

straight forward to prove that the student attitudes are remaining constant over

set periods of time, however, this does not appear to be the case.

Whilst it would undoubtedly be unreasonable to expect that student responses

are static over the course of three years, as factors such as individual attitudes,

confidence and state of mind can vary from day to day, it does however appear

that some individuals in the cohort undergo a large shift in their opinions over

time. This is surprising given that there is no overall change in the expert-like

thinking of the class between the first and third year of study. Of the 35 students

included in the fully longitudinal study 21 (60%) remain within 1 quartile (8

places) of their original starting position, with the remaining 40% moving more

than 8 rankings in relation to their peers)

Upon seeing the individual changes in CLASS score (as shown in Figure 4.16),

in conjunction with the fact that the issue of individual validity is omitted from

the CLASS design and validation paper [34], we suggest that the test is not valid

for individuals. Private communication with Wendy Adams [80] 4 has revealed

that the Physics Education Research group at the University of Colorado also

have reason to believe that the survey is not valid for individuals, although they

maintain this does not effect the validity of the test for whole classes, as they

4Conversation carried out between S.P. Bates, R.K. Galloway and W.K.Adams, PERC
Conference, Omaha, Nebraska 2011
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Figure 4.16: Individual student change in class position in CLASS score between
Year 1 and Year 3. The individual students are numbered between 1 and 35 in
order to maintain the confidentially of the students, the change in rank position
in the class is shown on the x-axis.

believe that individual day-to-day variation is largely offset by that of others

meaning that the average score will remain unaffected.

The fact that the survey is likely not to be valid for individuals has potential

implications for testing our selection effect hypothesis, as comparing the careers

destinations of individual students to CLASS score on exit of the degree may well

be meaningless. Instead it may be necessary to look at the average CLASS score
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of those students who go on to postgraduate study and try to establish whether

the mean of that group is any different to the mean score of their peers who do

not choose to do so5.

4.5 Comparison of longitudinal methods

In Section 4.2.1, a possible way to validate the pseudo-longitudinal method of

data collection were suggested, namely by comparing to data collected for the

same year cohort in different academic years. The data acquired in the fully-

longitudinal study offers an opportunity to further establish the reliability of this

method by comparing the results of the fully longitudinal study to those collected

in the pseudo-longitudinal or cross-sectional method. The fully longitudinal study

appears to support the validity of the pseudo-longitudinal method as all the data

collected is in agreement with the data obtained in the pseudo-longitudinal study.

Comparisons between the two sets of data for favourable responses are shown in

Figure 4.17.

As opposed to Figure 4.14, where the focus is on the changes in student

performance between years, in Figure 4.17 information is gained by looking at

bars of the same colour, which compare the data collected through the fully

longitudinal method to that obtained in the pseudo-longitudinal study for three

years of data collection: no significant variations are seen in any of the years

considered.

Tables 4.7 and 4.8 contain the percentage scores (favorable and unfavorable,

respectively) for each year group, as collected through both methods, and includes

the p values found when comparing the data sets with t-tests. In all cases there

are no significant differences between the data collected through either method.

The lack of any differences seen in the data collected using the two different

methods appears to suggest that that the pseudo-longitudinal method is valid,

at least for data collected during the course of the undergraduate degree. It is

not possible to check the validity of the data collected in schools, although as

has been discussed in Chapters 2 and 3, the students surveyed are the ‘type’ of

5In addition W.K. Adams did not have a conclusive answer as to the point at which the
CLASS survey does become valid, asserting that large sample sizes are better for certainty of
results, this being the case is is of vital importance for testing the selection effect hypothesis
that destination data is collected for as many of the 4th year class as possible.
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Figure 4.17: Percentage scores of favorable expert-like thinking collected from
both a fully longitudinal study and through a cross-sectional study. First year
data: N=35 (Fully Longitudinal) and N=127 (Cross-sectional). Second year data:
N=35 (Fully Longitudinal) and N=105 (Cross-sectional). Third year data: N=35
(Fully Longitudinal) and N=61 (Cross-sectional).

student who enrolls on a degree at the University of Edinburgh.

4.6 Chapter summary and discussion

In this chapter extensive use has been made of the CLASS survey instrument in

order to examine student attitudes and beliefs towards study, before, during and

after an undergraduate degree. In all studies presented within the chapter there

is one overarching theme, the change in student expert-like thinking over a period

of time, with the period of time varying from study to study.

In the first investigation reported, student attitudes are explored during the

first year of study of an undergraduate degree. All the students in this study

become less expert-like in their thinking after one year of instruction. While this

has been widely observed, in previous studies the reasons behind this drop are

not yet known. One possible explanation may be related to issues with students’

confidence. This drop in confidence is detailed in Perry’s model of learning [51]

which, as discussed in Chapter 1, details nine stages of intellectual development
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Year Long. (%) Pseudo (%) p value
1st Year 70(2) 73(1) 0.24
2nd Year 70(2) 701(1) 0.68
3rd Year 68(3) 65(2) 0.36

Table 4.7: Favorable scores collected through fully longitudinal and cross-
sectional methods. The abbreviation ‘Long.’ refers to data collected in the fully
longitudinal study and ‘Pseudo.’ refers to data collected in a cross-sectional study.
The numbers in brackets represent the standard error on the mean.

Year Long. (%) Pseudo (%) p value
1st Year 12(2) 11(1) 0.54
2nd Year 11(1) 13(1) 0.26
3rd Year 13(2) 17(2) 0.13

Table 4.8: Unfavorable scores collected through fully longitudinal and cross-
sectional methods. The abbreviation ‘Long.’ refers to data collected in the fully
longitudinal study and ‘Pseudo.’ refers to data collected in a cross-sectional study.
The numbers in brackets represent the standard error on the mean.

of university students. These nine stages can be grouped into 4 categories known

as ‘dualism’, ‘multiplicity’, ‘relativism’ and ‘commitment’. Most students will

begin university in the first stage of intellectual development, dualism, which

relates to the idea that there is only one correct answer and it is the job of the

learner to gain the right answer from the instructor. Multiplicity is an extension

of dualism, where students extend their horizons to incorporate the idea that an

answer can be not yet known, as well as right or wrong. The step to the third

stage, relativism, where students realise that knowledge is relative and context

dependent is seen as a very large step of progress in development. It is at this

stage that students can experience a loss of confidence and step back to previous

levels.

Interesting differences are seen when looking at different populations of the

first year cohort, while all the groups become significantly less expert like in their

thinking, the starting points of the groups and the size of the decrease is by no

means uniform for all the sub-cohorts.

Looking first at the physics majors and non-majors, the majors are observed

to enroll on the physics degree program with significantly higher levels of expert-
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like thinking than the non-majors, this is despite the fact that the non-majors

must possess the same entry qualifications as the majors to be enrolled into

the course. After one year of teaching both groups have decreased in their

expert-like thinking, although the decrease is greater for the non-majors. The

differences in the two cohorts cannot be attributed to the level of schooling as

there is no difference seen in the entry grades of the two groups and in addition,

investigation suggests that the grade received in secondary school physics is not

strongly correlated with CLASS score.

The non-majors in this study are different to those in previously published,

mainly North American studies, due to the fact their background is no different

to that of the majors, with only university degree choice distinguishing the two

groups. For further comparison the CLASS survey was administered to Biological

Sciences students who were studying a brief physics course; the results gained

show that the expert-like thinking (with regard to physics) of these biological

sciences students was significantly lower than those of both the physics majors

and non-majors. This result suggests that the non-majors at the University of

Edinburgh represent an intermediate point compared to the two cohorts usually

represented in studies, which investigate the differences between majors and non-

majors.

Interesting differences are also seen when looking at the differences between

male and female physics students, although unlike the physics majors and non-

majors, no difference exists prior to university teaching. For the three years of

data presented in this thesis in the first two years the female students are shown to

be significantly less expert-like in their thinking after the period of instruction.

In the final year of data collected the female students do no decrease in their

expert-like thinking, the first (and only) time this is seen for any of the cohorts

included in this thesis. Further data collection is needed to establish where this

is an erroneous data point or the result of changes to the cohort and curriculum.

There are reasons to believe that the students in the 2010-11 physics class are

different to their predecessors, which may explain the change seen in the pattern

of expert-like thinking for the female students. Firstly the intake of the class is

different, with a smaller overall class and, for the first time, there are more non-

majors in the class than majors. There have also been changes in the recruitment

method employed by the university, with a full selection process being in place,
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rather than the active recruitment of students, which may have changed the ‘type’

of students in the class. Changes have been employed in the style of teaching used

in the physics class with more student engagement activities such as the use of

PeerWise [77]. In addition there is a higher percentage of female students in the

class than in previous years, perhaps showing an example of the “critical mass”

concept where students in minority groups perform better when there are a larger

number of the same group in the class [108],[109]. It is impossible to do anything

other than speculate as to what effect these differences may have had on the

attitudes of the female students, but they are factors that should be considered

before dismissing the 2010-11 CLASS data as erroneous.

The second and third studies reported in this chapter look at the changes

in attitudes over a much longer period of time, before, during and beyond an

undergraduate degree. Two different methods have been used to explore this

area; the first using a pseudo-longitudinal or cross-sectional approach and the

second using a fully longitudinal method. The advantages and disadvantages of

both of these methods have been extensively discussed in this chapter, with both

methods having advantages and disadvantages. Preliminary results from the fully

longitudinal study appear to suggest that a pseudo-longitudinal method is valid,

perhaps eliminating the need to track the same students as they progress through

the degree program.

Results from the pseudo-longitudinal study suggest that student expert-like

thinking is essentially static during an undergraduate degree, with transition

stages at the entry and exit points of the degree program. A dip in the expert-

like thinking may exist in the third year of the undergraduate degree program,

with students interviewed attributing the dip to a drop in confidence, as also

hypothesised to explain the decrease seen in first year. Taking into account

the flat profile of expert-like thinking during the degree with steps up at either

end, a selection effect hypothesis is suggested with the most expert-like students

staying on to more physics study at each transition point. Further evidence of

this selection effect is seen in data collected in a Scottish secondary school where

the students become more expert-like in their thinking with each optional year

of physics they study. The flat nature of the undergraduate expert-like thinking,

(combined with data suggesting that secondary school grades are not a strong

predictor of CLASS performance) suggest that it is unlikely that students grow
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gradually more expert-like in their thinking with increased content knowledge.

The static nature of student expert-like thinking is also seen in the fully-

longitudinal study, tracking student attitudes and beliefs towards physics during

an undergraduate degree. Due to the time constraints of the PhD program only

the first three years of this study are included in this thesis, however the results

collected so far show that student expert-like thinking is not changing during the

degree program.

Whilst completing the work presented in this chapter, questions have been

raised as to the limitations of the CLASS instrument, with evidence appearing to

suggest that the instrument is not valid for individuals or small number samples,

a view which has been confirmed by one of the survey authors [80].

If the CLASS instrument is not valid for individuals it will make it more

challenging to conclusively prove the selection effect hypothesis, however future

data collection and analysis are scheduled for Spring 2012 to collect the final data

for the fully longitudinal study with the necessary steps taken to collect enough

data to be able to test the hypothesis. If the idea of a selection effect does prove

to be correct, it raises interesting questions for future work, including addressing

the issue of when these attitudes towards science study are formed and how we

can influence student epistemologies if they are already rigidly set on entering

tertiary education.
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Chapter 5

Student Laboratory Work

The focus of the research in this chapter is on the experimental or laboratory

aspects of an undergraduate physics degree. Laboratory work is a key component

of any physics degree studied in the UK with all students, regardless of the

‘type’ of physics degree studied, required by Institute of Physics guidelines to

undertake at least some experimental work [55]. It is one of the areas of a

degree that students tend to have the strongest feelings about, both positive and

negative, when starting university with opinions often founded in experience of

experimental work at school. These views tend to be varied due to the fact that

the experience of lab work in secondary education can be extremely different

from school to school, due to different interpretations of the syllabus, teacher

preference of areas to teach, as well as financial and timetable constraints of

individual schools [59].

The origins of some of the work in this chapter lie in the study of the school-

university transition, as discussed in Chapter 3. The topic of student attitudes

towards laboratory work on either side of the tertiary education boundary was

initially addressed in the first year of research for this project, when this body of

work was intended as a masters by research project. In the following sections the

results of attitude surveys given to students asking about views and perceptions

of lab work at two different stages of study are presented. The first study was

given to students at the beginning of their first term of university study asking

them to retrospectively consider their experiences of experimental work during

their time in secondary school, while the second survey was given at the end

of the first year of university study asking students to reflect on their views of
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university experimental work. The implementation of these studies, alongside the

results gained from each and discussion of the differences between the two groups

will be discussed in this chapter.

Another focus of the work within this chapter is that of the skills required

by students to carry out experimental work, more specifically, ability to correctly

handle data collected during laboratory classes. In keeping with the themes seen

throughout this thesis, where changes are measured in students during the course

of an undergraduate degree, it is the evolution of these skills which is the focus

of this chapter, rather than attempting to teach such skills. In order to measure

the data handling skills of students a diagnostic test has been developed and

deployed with students enrolled in undergraduate degrees across the UK and

Ireland. Details of the design and validation of the test, alongside results found

from administering this test, are discussed in this chapter, followed by discussion

as to the implications of the results found.

5.1 Attitudes to experimental work

All of the work in this section was carried out in conjunction with the Universities

of Glasgow and St. Andrews, through a project led by the University of Glasgow.

The aim of the research was firstly to retrospectively investigate the attitudes of

students as to their perceptions towards school practical work and to probe their

expectations of university experimental work on starting their degree. A second

survey was then used to look at the attitudes of students towards labs after the

first year of university teaching. The first half of this work has been reported in a

study focusing on experimental work in schools, with an emphasis on differences

in attitudes between students studying Highers, Advanced Highers and A-Levels

[110].

In this thesis the data collected has been used for an alternate purpose; to

look at the changes in attitudes towards practical work, between school and

university. The work presented here uses only the data collected with students

at the University of Edinburgh.

The work in these sections is not a true example of pre and post instruction

testing, despite the apparent similarities between this method and those seen in

Chapters 3 and 4. Unlike in the case of the CLASS survey it is not the same
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survey that has been used in each instance, as some of the questions would not

be appropriate given the context. It is also different to the situation seen in

Chapter 3 where students are given selected questions from the Lawson test, as

again the same test was used to compare groups, although in that situation the

same students were not surveyed pre and post instruction.

Here the same cohort of students were surveyed on arrival at university and

again post first year teaching, however the surveys were completed anonymously

so it is only possible to track the trends in the attitudes of the cohort overall

rather than the individual students. Six of the nine questions on the survey,

are different between the two surveys and the three which are approximately the

same are subtly different as the context has changed to ask about either attitudes

towards labs in school or those in university. In the following sections details of

the content and implementation of both the surveys will be discussed, firstly as

the data has been presented by the collaboration, then followed by an alternate

use of the raw data to look at the changes in attitudes over time. Copies of both

surveys can be found in Appendix H and Appendix I.

5.1.1 The attitudes of schools students towards experi-

mental work

A survey consisting of nine questions (five of which address opinions and

perceptions and four which aim to establish demographic data) was given to

500 students (N for Edinburgh=243) in the November of semester one of the first

year of the physics degree. The survey was designed by staff at the University

of Glasgow, a copy of the survey can be found in Appendix H. The survey was

deployed in three universities (Edinburgh, Glasgow and St. Andrews) with all

universities surveying their students at the same time.

In order to allow additional information to be gained, after initial analysis of

the data had been completed, focus groups were carried out with students in each

of the universities, asking students to elaborate on the themes seen.

The findings of the project appear to suggest an extremely positive picture

with students in school generally enjoying practical work. In general the students

felt that lab work enhanced their understanding of physics and they were confident

carrying out practical work on their own. When the data was split to look

at the differences in attitudes between students with different school leaving
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qualification (Highers, Advanced Highers and A Levels) differences were detected.

For example, the project portion of the Advanced Higher meant that those

students who had taken the qualification were more confident designing their

own experiment. Conversely those students that had only studied Higher physics

tended towards a preference for written instructions for practical work, most

likely related to the fact that this is all they would have previously experienced.

The final conclusions of the project state that with such a positive overall picture

of school practical work, universities must work hard to ensure this enthusiasm

continues.

5.1.2 The attitudes of first year university students to-

wards experimental work

An adapted version of the survey that investigated attitudes of school practical

work was given to students in the first year of undergraduate study at the end

of the second semester, this time asking students to reflect on their experiences

of undergraduate experimental work. On this occasion the number of students

surveyed was increased by including two more universities from around the UK

(Warwick and Hertfordshire), as well at the Universities of Edinburgh, Glasgow

and St. Andrews.

As mentioned previously, the content of three of the questions was the same as

those of the school practical work survey, although the context had been changed

to look at university practical work rather than that in schools. Two of the

questions were totally different to those on the first survey, generally focusing

more specifically on individual aspects of the laboratory course, tailored to each

institution1. A full copy of the version of the survey given to students at the

University of Edinburgh can be found in Appendix I.

The data collected using the survey for the University of Edinburgh has been

made available for this thesis (N=136) and in the following sections the results

will be discussed and compared to those collected in the school survey.

1Acting in part as a course satisfaction survey.
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5.1.3 Comparison of attitudes

Only three of the five attitude questions of the test can be directly compared

between the two surveys, as the other questions differ between surveys and do

not lend themselves to direct comparison. Of the three that can be compared, two

focus on student experiences of laboratory work and the third asks students to

consider why they think practical work is an important part of an undergraduate

degree, therefore it is only the final question which actually looks at student

opinion without dependence on context.

Question 1 “What are your opinions of your practical work in physics

in school / first year labs”

Figure 5.1: Question 1 from the Attitudes to Practical Work at University Survey.
See Appendix I for the full survey and Reference [110] for further details

Figure 5.1 is a copy of Question 1 of the survey focusing on school practical

work, included to illustrate the way the question was presented to the students.

A six point scale was used, where it was not possible to select a neutral option,

meaning that the student must select at least a slight preference to one opinion.

The answer profiles of the two cohorts were compared using a chi-squared

test. Of the eight topics addressed in Question 1, three showed no statistically

significant difference between the answers in relation to school laboratories
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and those at university; the usefulness of the laboratories, the helpfulness of

the laboratories and how satisfying the students found the laboratories. The

remaining five questions showed a significant difference in the answers between

the two surveys and they are illustrated in the figures below. In all cases the six

point category on which the questions were scored has been renamed “strongly

agree” through to “strongly disagree” despite the fact this is not how they were

presented to the students, it is not believed any information is lost by renaming

the categories for presentation in this thesis.

Understandable

Figure 5.2 shows the differing answer profiles for each cohort. While both sets

of survey data show that the vast majority of students (91% for school practical

work and 85% for university) find the laboratories understandable, there are

more students who found school practical very understandable than who said the

same for university. A Chi squared distribution reveals that there is a significant

difference between the two (χ2=8.51, N=379, df=2, p=0.037).

Figure 5.2: Answer profile for students answering two surveys asking them to
consider their experiences of school and university practical work. Answers to
question asking where they would describe the practical work encountered as
Understandable
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Interesting

As was the case in Figure 5.2 it is also the case in Figure 5.3 that the majority of

students find both the school and university practical work interesting, however

with 75% of surveyed students finding school experimental work interesting and

57% saying the same for university, it can be seen that there is a distinct trend

to find practical work less interesting at university. A Chi squared test confirms

a difference between the two cohorts (χ2=13.52, N=379, df =3, p=0.0036).

Figure 5.3: Answer profile for students answering two surveys asking them to
consider their experiences of school and university practical work. Answers to
question asking where they would describe the practical work encountered as
Interesting

Organised

Unlike in the previous two cases, it is now no longer the case that the two survey

cohorts are in agreement in their responses. When asked if practical work sessions

were well organised 62% of the students stated that those in school were, where

as only 42% felt this was the case for university practical work. Again a Chi

squared test shows the two distributions (as shown in Figure 5.4) are different

(χ2=25.15, N=379, df =3, p<0.001).
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Figure 5.4: Answer profile for students answer two surveys asking them to consider
their experiences of school and university practical work. Answers to question asking
where they would describe the practical work encountered as Organised

Best Part of Physics

Here, as for the previous question, the students do not agree in an overall answer,

as illustrated by Figure 5.5. 59% of students thought that school labs were the

best part of physics whereas only 37% felt this about university practical work.

The two distributions are different to each other with (χ2=19.36, N=379, df =3,

p<0.001).

Figure 5.5: Answer profile for students answering two surveys asking them to consider
their experiences of school and university practical work. Answers to question asking
where they would describe the practical work encountered as the best part of physics
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Enjoyable

Here the most striking difference is observed between the two surveys, with

the results seen very much at opposite ends of the spectrum to each other.

School physics was deemed extremely enjoyable with 76% of the survey cohort

stating that they enjoy practical work, in contrast only 18% of students said they

found undergraduate lab work enjoyable. Unsurpringly these distributions are

statistically different to each other (χ2=124.97, N=379, df =3, p<0.001).

Figure 5.6: Answer profile for students answer two surveys asking them to
consider their experiences of school and university practical work. Answers to
question asking where they would describe the practical work encountered as
enjoyable

A comparison of the two survey cohorts reveals that, in all five questions that

display a significant difference between the two groups, the school experience of

practical work is found to be more positive. Both cohorts would describe practical

work as understandable and interesting but only the school cohort would describe

their laboratory experiences as well organised, enjoyable and the best part of

physics. The ‘enjoyable’ category sees the most marked difference between the

groups with a complete swing from one end of the spectrum to the other, with

76% of school students describing practical as enjoyable compared to only 18%

for university.
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Question 2 “Think about your experiences in practical physics work

(cross the box which best describes your opinion)”

Question 2 of the survey asked students to consider their experiences of practical

work and answer eight statements on a five-point Likert scale from strongly agree

to strongly disagree; a copy of the question is shown in Figure 5.7. Of the eight

statements given to the students, five showed a significant difference between the

experiences in school practical work and those at university. Those five statements

will be discussed below, with histograms used to show the differences in the two

distributions.

Figure 5.7: Question 2 from the Attitudes to Practical Work at University Survey.
See Appendix I for the full survey and Reference [110] for further details
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I prefer to have written instructions for experiments

Both of the surveys produced results indicating that students like to have written

instructions for experiments, with 87% of students saying so after the first year

of university study and 73% when considering school labs. The distributions

(as illustrated in Figure 5.8) appear not too dissimilar to each other, however a

chi squared test reveals they are statistically different (χ2=11.2, N=379, df =1,

p<0.001), due to school students seeming to have less strong views on the subject,

shown by more frequently selecting the neutral option.

Figure 5.8: Answer profile for students answering two surveys asking them to
consider their experiences of school and university practical work. Responses to
the statement “I prefer to have written instructions for experiments”

Discussions in the lab enhance my understanding of the subject

As with the previous statement a significant difference exists between the two

survey cohorts (χ2=11.2, N=379, df =2, p<0.001), despite the fact they do not

appear very different from each other (as seen in Figure 5.9). The school practical
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Figure 5.9: Answer profile for students answering two surveys asking them to
consider their experiences of school and university practical work. Responses to
the statement “Discussions in the lab enhance my understanding of the subject.”

work survey reveals that 85% of students found discussion of practical work

enhanced understanding, compared to 73% on the university survey suggesting

that university laboratory classes are less likely to be enhanced by discussion,

according to the survey results, than school practical work.

I had few opportunities to plan my experiments during the lab work

Figure 5.10 shows the distributions of the two cohorts when considering opportu-

nities to plan practical work. The two distributions are similar with the difference

between them lying in the fact university students were more likely to choose the

neutral option for this statement. The distributions are significantly different to

each other (χ2=6.7, N=379, df =2, p=0.034).
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Figure 5.10: Answer profile for students answering two surveys asking them to
consider their experiences of school and university practical work. Responses to
the statement “I had few opportunities to plan my experiments during the lab
work”

The experimental procedure was clearly explained in the instructions

given

The distributions for the two cohorts, on the subject of experimental procedure,

are shown in Figure 5.11. In terms of agreement with the statement the two

distributions are effectively the same with 51% for university labs and 50% for

schools. The two distributions are, however, statistically different to each other

(χ2=7.4, N=379, df =2, p=0.025) due to the fact that school students are more

likely to be neutral towards the statement if they do not agree whereas university

students tend towards disagreeing.
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Figure 5.11: Answer profile for students answering two surveys asking them to
consider their experiences of school and university practical work. Responses
to the statement “The experimental procedure was clearly explained in the
instructions given”
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There was good linkage between experiments and the relevant theory

As with the previous statement, the difference between the two cohorts when

asked to consider the link between theory and practical work lies in student

likelihood to select the neutral option. Figure 5.12 shows that, in terms of

agreement with the statement the two distributions are very similar with 62%

for university practical work and 68% for schools. The two distributions are,

however, statistically different to each other (χ2=7.3, N=379, df =2, p=0.026).

This difference may be due to the fact that after the agree options the school

students tend to choose the neutral option where as the university responses are

more evenly split between neutral and disagree.

Figure 5.12: Answer profile for students answering two surveys asking them to
consider their experiences of school and university practical work. Responses
to the statement “There was good linkage between experiments and the relevant
theory”

For the second question there were again five statements for which there

was a statistically significant difference between the two cohorts, however few

of these differences reveal any notable differences between the two in terms of
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overall attitudes. Both university and school students prefer to have written

instructions for experiments, with the number of university students stating a

preference higher than that of school students. In addition, both groups also feel

that discussion in the laboratory help their understanding. This is more the case

for school students, however it is not clear if this is due to the fact that university

students were less likely to have discussion about the work or whether it was the

case that they found discussions less helpful. Both cohorts were in approximately

50% agreement that the experimental procedure was clearly explained, however

the difference between the two groups was that those in school were more likely to

select neutral for the statement (if not positive), while the university cohort had

a higher frequency of students disagreeing with the statement. On the subject of

opportunity to plan their own experiments the profiles were remarkably similar,

however, one difference that was seen was that students in school were more

likely to be neutral towards the statement where as those in university were

more inclined to disagree. Finally, both cohorts felt that there was good linkage

between experiments and theory, although, once again those in schools were more

likely to agree with this statement.

Question 3 “Here are several reasons why experimental work is an

integral part of a physics course. Pick the three you consider to be

integral and rank them in descending order of importance.”

A copy of question 3 from the survey is shown in Figure 5.13. Eight statements

were given to the students and they were asked to select and rank the three they

thought were the most important.

Figure 5.13: Question 3 from the Attitudes to Practical Work at University
Survey. See Appendix I for the full survey and Reference [110] for further details.
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The ranked statements for the two survey cohorts in order of popularity were

as follows:

School Cohort

• B, G, E, C, A, H, F, D

University Cohort

• B, E, F, G, A, C, H, D

These rankings were created by summing the percentage of students who

selected each options as their first choice, with those who selected it as their

second and those who selected it as their third, so that each ranking was accorded

equal weight, as a result of this the total percentages over all questions will

necessarily sum to 300% rather than 100%. This method was used when the

results of the surveys were presented for publication [110], however in this thesis

these percentages have been divided by three to give a clearer view for the reader,

meaning that the total over all questions will sum to one hundred. The individual

placings for each statement were also retained before they were combined and will

be discussed along with selected results below.

Both cohorts selected option B “Experiments illustrate theory for me” as the

most important aspect of practical physics with 22% of school students and 21% of

university students selecting the statement as in their top three most important.

Only the school pupils selected this option as their most important if only the

first place rankings are considered (with 35% of the class doing so), with the

university students selecting option E “New discoveries are made by means of

experiments” as their most important option (with 26% selecting this option).

As well as being the option most often placed in first place by the university

students, option E “New discoveries are made by means of experiments” was

ranked highly overall for both cohorts, coming in second place for the university

students (17% of the total cohort) and third place for school students (16% of the

total rankings). It was also the second most highly placed statement for school

students, if only the first place rankings were considered.

At the other end of the results both cohorts were in agreement as to the

statement they considered the least important option D “Experiments assist me

to plan and organise”, with 3% selecting this option from the school survey as

well as 3% from the university survey. Similarly statement H “Experimental work
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makes physics more enjoyable for me” received few votes, coming in 6th place

for school students (with 10% of the total votes) and seventh place for university

students with 6% of the vote.

One interesting difference between the two groups is the placing of option F

“Experimental skills can be gained in the laboratory” which was placed as the

third most important statement for the university cohort (with 17% of the votes)

but was found in second to last place for the school students with 9% of the votes.

It would appear that the views of the two cohorts as to why practical work is

important are largely similar with two of the eight statements appearing in the top

three statements for both cohorts. Students feel the illustration of theory through

practical work is the most important and that the progress of new discoveries

through experimental work is also a key feature. They are also in agreement

that the planning and organisational help gained through practical work is not a

major contributing factor as to why experimental work is carried out, neither is

the enjoyment of the work. One key recognised difference is the different weight

the two cohorts place on the importance of experimental skills, a topic which will

be discussed in the next section, with reference to the data handling diagnostic.

5.1.4 Discussion of results

The surveying of two different cohorts on the subject of practical work has

revealed differences between the two groups. As a very broad summary it

could be said that the overall experience of both cohorts tends to be positive

towards practical work, although in all cases where differences do exist the school

experience is seen to be more positive.

Both cohorts appear to be largely positive about their experiences of practical

work, although the results from question one clearly show that those taking

first year university experimental work do not find the process enjoyable. It

is interesting to note that the results suggest both groups are confident in their

ability, with 85% of university students and 91% of school students describing

their practical work as understandable, a view that is not fully substantiated by

the results seen when using a data handling diagnostic, as discussed in the next

section.

Both cohorts feel that the primary role of practical work is to illustrate theory,

however in both there is an emerging view point that the bigger picture is also
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important, that practical work is important not just for building skills, but also

for science as a whole as it leads to making new discoveries.

As stated in the introduction to this work, this cannot be considered an

example of a true pre and post-instruction survey as the surveys are not identical

and also, far more crucially the surveys are not measuring a baseline before and

after teaching. The first survey asks students to retrospectively consider their

experiences of school work while the second survey asks students to evaluate the

experimental classes that they have just finished. The context here is crucial

as the questions, with the exception being question 3, do not ask students to

consider practical work as a subject but rather their individual experiences of the

work. Whether practical work is rated as well organised or interesting will depend

very much on the individual, but also the environment in which they have had

their experiences of practical work. As a result, such questions may be of interest

to the instructors in charge of running the practical courses but can tell us little

about the changes in student attitudes towards practical work over their first

year of study. In addition the retrospective element of the school survey means

that students will be looking back to a year or more since they were involved in

school practical work, a time period which may mean students are more vague

about some of the organisational details of their school practical work, compared

to answering the university survey in the last week of laboratory tuition, when it

will be very much fresh in their minds.

Question three is the only question in the survey which is not context depen-

dent and therefore offers an insight into how student attitudes towards practical

work have changed over the course of their first experience of undergraduate

laboratory teaching. While there is no change in the top and bottom ranked

answers as to why practical work is an important part of a physics degree,

interesting shifts in thinking are observed. Both cohorts agree that practical work

is important for illustrating theory and making new scientific discoveries, however

the move from seventh place to third place for the almost circular argument

of “Experimental skills can be gained in the laboratory” shows that university

students are beginning to think about the importance of the skills learned in the

laboratory, as well as the results gained from experiment. The nature of the idea

that practical work is important, because it makes you better at practical work,

is perhaps a difficult one to comprehend, however perhaps this is an attempt to
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convey a larger idea that because practical work can lead to new discoveries and

is a large part of what it means to be a scientist, it is important to work towards

gaining the skills set needed to be able to carry out practical work.
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5.2 The Data Handling Diagnostic

In the previous section, the idea of a set of skills which are needed to carry out

experimental work was briefly discussed. The discussion focused on an apparent

student consciousness that these skills were needed in order to achieve success and

that the best place to gain them was in the undergraduate laboratory. There are

many skills that are required in order to be a successful experimental physicist,

with the collection and analysis of data in the laboratory just one of them. Once

raw data has been collected it can be transformed into quantitative outcomes

through analysis and judgements as to the quality of the data and the suitability

of the experimental method used. Investigation into the teaching of this topic

was carried out by the Physics Education Research group at the University

of Edinburgh2 which revealed that these skills are rarely explicitly taught in

undergraduate degrees, especially after the first year of instruction, however the

absence of teaching of these skills does not mean that students are not expected

to have acquired them, with some instructors stating that students are expected

to pick up the skills intuitively as they work in the laboratory, again perhaps

providing an example of the “hidden curriculum” [103].

As has been discussed in previous chapters, the use of diagnostic instruments

to measure student ability over time is a widely used method in Physics Education

Research, with diagnostics available to test many areas of an undergraduate

degree such as Newtonian Mechanics [66], Electricity and Magnetism [67] and

attitudes towards study [34] to name just a few. There was not, at the time

of starting this project, a test which measured data handling skills, nor could

one be found in related disciplines such as Chemistry or Engineering (such a

tool has been developed in Canada at the same time as the development of the

University of Edinburgh assessment tool, see Reference [111] for further details).

The decision was made that in order to establish a quantitative measure of student

data handling skills it was necessary to design such a test. This was carried out

in the Physics Education Research group at the University of Edinburgh and in

the following sections the design process will be discussed, followed by the results

seen when trialled with 1208 students from academic institutions around the UK

and Ireland. This has been written up for publication [112] and where the author

of this thesis was not directly involved in the work the information included is

2As part of the initial work which lead to the creation of the Data Diagnostic Test
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gained from the paper supplemented by interviews with the test designers3. In

keeping with the themes of this thesis, the aspect of the data handling diagnostic

that will be considered in this thesis is that of assessing a baseline of student skills

and how those skills are changing over the course of an undergraduate degree.

Design and background of the test is included to give context to the results.

5.2.1 Design and validation

The first step in the creation of the Data Handling Diagnostic test was to consult

with ‘subject experts’ as to what key skills it was felt that students should be able

to demonstrate. These experts were members of staff involved in the teaching of

undergraduate experimental or data analysis classes from academic institutions

around the UK. It was an objective of the design that the test should not be

discipline specific and could therefore be used by any undergraduate course which

involved experimental work; as a result experts were consulted from a broad range

of physical sciences subjects, as opposed to just physics. Four main categories

were devised by the experts as areas all undergraduate students should have

expertise in:

• Averaging

• Precision, accuracy and sources of error

• Graphical methods (line fitting/outlier/extracting functional forms)

• Quantitative handling of experimental error

Once the subject categories had been decided upon, staff in the Physics

Education Research group at the University of Edinburgh began to design a

series of questions related to this topic. A bank of multiple choice questions was

created, each with 4 answers4. The answers were designed based on common

mistakes staff had seen students make so that the correct answers were not easy

for the students to pick out by pattern matching. From the bank of questions a

test was created with the questions selected chosen to give a wide coverage of the

3Thanks to R.K. Galloway, in particular, for the time he spent explaining the original design
process.

4Three of the questions used were designed by Day and Bonn at the University of British
Columbia, see Reference [111].
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5.2. The Data Handling Diagnostic

categories listed above, as well as a range of difficulty levels. This test was then

given to the same group of subject experts for feedback as to the validity of the

test as a whole and the clarity of the questions. Undergraduate students were

also asked to comment on the meaning of the questions in order to assess the

clarity from a user prospective. After validation with the experts and students,

modifications were made to any questions that were deemed to be unclear and

any that were considered to be unsuitable for modification were removed. The

original test, after initial validation checks, consisted of 23 questions.

Reliability of the test

Having decided upon an initial set of questions to make up the data handling

diagnostic test, the prototype test was given to students in years one through to

five of an undergraduate degree in ten institutions in the UK and Ireland. In total

1164 students completed the test, with the level of participation from each of the

ten institutions dependant on the way in which the students were exposed to the

test. These test responses were then used to assess the validity and robustness of

the test instrument, using statistical tests designed specifically for this purpose,

as detailed in Chapter 2. The results of the tests will be discussed in this chapter,

alongside the implications of the results for the instrument, however for further

details of the tests themselves the reader should refer to Chapter 2. The validity

and robustness tests were all carried out by the thesis author and mark the first

personal involvement with the instrument.

Item Difficulty Index

The first test carried out on the instrument was to measure the Item Difficulty

of the individual test items as well as of the test as a whole. Here, as for all

subsequent quoted statistics, where the student did not answer the question their

responses have been discounted rather than included as incorrect. The decision

to remove blank answers from the total number of responses was taken so that the

later questions were not erroneously found to be more difficult for the students

due to the fact that time constraints meant that not all the students completed

the test. On average each students left less than 1 out of the 23 questions blank.

Figure 5.14 shows the item difficulty index for all 23 items of the test. There

are six questions that fall outside of the acceptable range (0.3-0.9) of which four
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5.2. The Data Handling Diagnostic

Figure 5.14: The item difficulty index for 23 questions of the prototype Data
Handling Diagnostic. The solid lines at 0.3 and 0.9 show the lower and upper
acceptable criterion for score. The dotted line shows the mean score for the test.

were substantially different from the ideal criterion and are therefore highlighted

as needing possible changes. Of the four which did not fall within the desired

range three fell below the lower criterion, meaning that few of the class managed

to correctly answer the question, the final one came above the upper criterion,

meaning that virtually all of the students answered it correctly. The item

difficulty of the whole test was found to be 0.54, within the set criteria and

close to the optimum figure of 0.50.

Item Discrimination Index

The result of subjecting the instrument to tests measuring the Item Discrimi-

nation Index, the ability of the individual test items (and the test as a whole)

to distinguish between the students of high ability and those of low ability, is

shown in Figure 5.15. Items which have a high discrimination index represent

cases where those students that performed well on the test as a whole also scored

highly on the item. Any item with a negative item discrimination index indicates

that the question has been answered correctly more often by weaker students

than stronger students and as such should be discarded.
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Figure 5.15: The item discrimination index for 23 questions of the prototype Data
Handling Diagnostic. The solid line at 0.3 shows the lower acceptable criterion
for score. The dotted line shows the mean score for the test.

As was discussed in Chapter 2, there are two versions of the item discrimi-

nation test and which to use is dependent on the individual circumstances. The

25-25 split test involves using only the upper and lower quartiles of the test and

discarding the middle two quartiles which are considered to be less reliable. The

50-50 split uses all the data but can tend to under estimate the item discrimination

due to the inclusion of the more unreliable middle quartiles; this test should be

used when the data set is not large enough to justify discarding the data. With

a sample size of over 1000 (N=1164) it was decide that the 25-25 split would be

used for this instrument and the results shown in Figure 5.15 are for this test.

Figure 5.15 shows that the majority of items fall in a range of 0.2-0.6 with

an average discrimination index for the whole test of 0.33, above the acceptable

criterion of 0.3. It is not the case that all questions must be above the 0.3

range if the test as a whole has a score above the acceptable criterion and most

questions are above or close to 0.3 [67]. Although no questions have a negative

item discrimination index, four questions stand out as having lower discriminatory

power than the others; 1, 13, 18 and 23. The low discriminatory power of these

questions is due to their very low (or in the case of question 1) very high item

difficulty index as it is not possible to judge the discriminatory power of a question
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if the majority of the whole class are either giving the correct or incorrect answer.

Point Biserial Coefficient

The Point Biserial Coefficient measures the consistency of an item compared to

the test as a whole, with the mean value enabling the measurement of the self

consistency of the whole test. The acceptable range of values is a score greater

than 0.2 with higher scores considered to show a higher level of consistency with

the test.

Figure 5.16: The point biserial coefficient for 23 questions of the prototype Data
Handling Diagnostic. The solid line at 0.2 shows the lower acceptable criterion
for score. The dotted line shows the mean score for the test.

Figure 5.16 shows the point biserial coefficient for all 23 items: 19 of the 23

items fall within the acceptable range, with the same four previously identified

questions falling below the criteria (1,13,18 and 23). The average score for the

whole test is 0.29, above the acceptable lower bound.

In addition to statistics that examine the reliability of individual items of the

prototype test, a measurement known as Ferguson’s delta was used to measure

the reliability of the whole test. The test looks at the spread of student scores

over the whole possible range of scores, with the view being that tests with high

ability to discriminate between students will have a wide range of scores. A value
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of greater than 0.9 is considered to show a test with high discriminatory power;

the score for the Data Handling Diagnostic was found to be 0.95.

Another test which is commonly used to measure the reliability of an

instrument as a whole is the Kuder-Richardson 21 (KR-21) test [67]. It has

not been used when considering the reliability of the Data Handling Diagnostic

as one of the key assumptions of the Kuder Richardson test is that the questions

are all of the same difficulty level, a feature that is intentionally not the case for

the Data Handling Diagnostic.

As can be seen from the results discussed above, the prototype Data Handling

diagnostic was found to be reliable, valid and robust for all relevant statistical

measures. Exceptions to this were found in questions 1, 13, 18 and 23, to which

revisions were made before the publication of the test (for further details of these

revisions the reader is referred to Reference [112]).

5.2.2 Results

Having found the prototype instrument to be fit for purpose, it is now possible

to use the data collected in the initial assessment stage to investigate the

performance of the whole cohort on the test, as well as looking for differences

in cohorts within an institution where students at varying levels of study have

taken the test.

In total 1164 students completed the test, with the cohort made up of students

from ten different institutions in the UK and Ireland and with data collected from

at least three different year cohorts at three of the ten institutions. Table 5.1

shows the breakdown of respondents by institution, as well as the mean score for

each class.

The average score for the test overall was 12 correct answers out of 23 (52%),

when looking at all data collected, without filtering by institution or year of study.

Figure 5.17 shows the scores per question for the whole cohort; the questions have

been colour coded by the survey designers to indicate the intended difficulty level

of the question.

The data collected and trends seen are discussed as a whole, as well as on a

per institution basis in works by other members of the design team and interested

readers should refer to the original paper for details [112]. In keeping with the

themes of this thesis the focus here will not be on the whole class statistics or
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Table 5.1: Results of test deployment with 10 trial institutions. Table shows
year of study, degree discipline, number of students in each class, mean score and
standard deviation of mean score. Note that the years have been renumbered so
that Scottish institutions begin with a year zero: this is so that comparisons can
be made between institutions from around the UK and Ireland and reflects the
fact that Scottish degrees are one year longer than those in the rest of the UK.

Institution Degree Discipline Year N Mean Score (%) St. Dev. (%)
Institution A Physics 0 256 50 11
Institution A Physics 1 121 61 12
Institution A Physics 2 64 62 11
Institution A Physics 3 40 62 12
Institution A Physics 4 27 63 13
Institution A Chemistry 2 55 54 13
Institution B Physics 0 93 47 11
Institution B Physics 1 21 48 14
Institution B Physics 2 22 46 11
Institution C Physics 2 50 54 13
Institution C Physics 3 54 56 13
Institution C Physics 4 27 59 10
Institution D Physics 1 71 59 13
Institution D Physics 2 51 57 11
Institution E Chemistry 1 56 44 9
Institution E Chemistry 2 29 53 9
Institution F Chemistry 1 74 49 11
Institution G Chemistry 1 39 47 13
Institution H Physics 2 30 39 9
Institution I Physics 2 24 53 11
Institution J Physics 2 5 62 12

variation between institutions but on the changes that are seen in students on a

year by year basis in the same academic institutions.
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Figure 5.17: The mean fraction of students answering each of the 23 test items
correctly, averaged over all trial classes. The error bars show the standard
deviation between classes, and the columns are colour-coded according to the
expert view of each questions anticipated difficulty. The solid line is an
unweighted linear fit to the answer profile. Figure reproduced with permission.
For full details see Reference [112]

Results by year cohort

Five of the ten institutions which deployed the Data Handling Diagnostic with

their students did so for multiple years groups of the same degree program. All

data collection was carried out at the same point in the same academic year

meaning that the data collected is not a fully longitudinal study with the same

students being followed through their degrees, but rather a ‘snapshot’ of the

answers of students in all year groups at one point in time. In this sense it

resembles the method used in the pseudo-longitudinal CLASS study described in

Chapters 2 and 4, and has associated with it the same implicit assumption, that

the intake criteria for students has not changed so the same types of students are

likely to be found in each consecutive year.

The most complete set of data available for comparison purposes are those

collected at Institution A where all five years of an undergraduate degree program
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have been surveyed5.

Figure 5.18: Mean test scores for each class in the physics program at institution
A. The error bars show the standard error on the mean score. Figure and caption
reproduced with permission. For full details see Reference [112]

Figure 5.18 shows the scores of the five year groups from Institution A, as

a percentage score. There is a clear difference between those students in Year

0 (the Scottish first year students as have been considered through this thesis)

and those in subsequent years, with the students in year 0 scoring 50% on the

test and the following years all remarkably consistent between 61% and 63%. A

single factor ANOVA test shows that there is a statistically significant difference

in the data set (p≤0.001), however when an ANOVA test is run using only years

1-4 no difference is seen (p=0.81) indicating that the difference in the overall

scores is a result of the lower score for the first year. The students in year 0

were surveyed during their first laboratory session at the university and it is

known that the subsequent course explicitly teaches data handling skills, perhaps

accounting for the large increase in score for students tested at the beginning of

their second year of study. The static nature of the later year scores is interesting

as experimental work is a required part of the degree programs for all physics

students at Institution A until the end of the third year of study (marked year

5The inclusion of five years of data indicates that Institution A must be a Scottish University
with a five year MPhys Degree
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2 in Figure 5.18) and even after this point the majority will go on to carry out

experimental work until the end of their studies.

Of the remaining four institutions that collected pseudo-longitudinal data,

only one shows any variation in scores between the year cohorts. An ANOVA

test on the data collected at Institutions B, C and D show no significant

difference between the year cohorts (p=0.92, p=0.19 and p=0.28 respectively)

with remarkably consistent average scores, as shown in Table 5.1. Institution

E did see an increase in scores between first and second year (from 44% to

53% p=0.002), although it should be noted that this was on a chemistry degree

program that explicitly teaches data handling skills, rather than physics as is the

focus of this thesis.

5.2.3 Section summary

A multiple choice diagnostic test has been design to diagnose gaps in student

understanding of basic data handling skills. The instrument has undergone

thorough tests with students and academic staff to establish face and construct

validity before being trialed with 1164 students from ten academic institutions

in the UK and Ireland. The results from the prototype trials have enabled the

use of standard validity and robustness tests to be used, which have provided

satisfactory results by all measures. Where questions were identified as unreliable

or not fit for purpose they have been highlighted for potential future revisions as

discussed in the original paper accompanying the publication of the test [112].

As half of the institutions taking part in the trial used the test with multiple

year cohorts it has been possible to look at the changes in student performance

over several years of a degree program. In three of the five institutions that have

used the Data Handling Diagnostic with multiple year groups, no variation is

seen in the results between years with little deviation from the average score on

the test for all 1164 students. At Institution A, where the most complete pseudo-

longitudinal data originates, a large step up in score is seen between the first

year of study and the second, although after that the scores are static despite the

inclusion of laboratory based courses throughout the degree.
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5.3 Chapter summary

We have seen in Chapter 1 that experimental skills are highly prized in physics

and laboratory work is considered a vital aspect of any physics degree. There

are questions as to whether these skills are taught explicitly often enough as

students are often assumed to learn such skills through working in the physics

laboratory. In this chapter two different approaches have been used to consider

the student experience of experimental physics, firstly student attitudes towards

experimental work and secondly their ability to use the data handling skills needed

to successfully navigate the undergraduate laboratory.

In terms of their attitudes towards and views of experimental work, the

students at the University of Edinburgh are largely positive, although there is, in

some areas, a sign that students are less positive in their views than they were

of their school experimental experience. Comparing the experiences of students

in schools and university is extremely difficult, due to the fact the survey was

designed in such a way that the majority of the questions asked are very context

specific, such as asking students if practical work is“well organised”. University

students are seen to find practical work to be “less understandable” than those

students in school, however it is difficult to know if this is a function of the

teaching style or an increase in difficulty in the subject material. In all the

questions asked, even when a difference was detected between the views of those

in schools and those at university, the views were still very positive with the

majority of students finding labs easy to understand, and offering a good linkage

of theory and practical work.

In contrast, the use of a diagnostic test to examine the experimental skills of

the students shows that students are not well equipped with the skills needed to

navigate the experimental work. With an average score of 52% for all students

over the whole test it is clear that there are large areas of knowledge that students

have not managed to learn: bearing in mind that the test was devised with

the input of academic staff all of whom teach such experimental classes, who

contributed questions on subjects they felt that students should be able to do,

the score is remarkably low.

The lack of increase in the scores over time is also of interest with three of the

ten institutions that provided pseudo-longitdunal data showing no change in score

at all between years. The data of Institution A shows the most complete picture
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of the test scores of students, with a step up in score seen between the first and

second years of study but with no change from second year through to the end

of the degree program. This increase in scores between first and second year is

also seen at Institution E, although this data is collected from a chemistry degree

program. At both Institutions A and E data handling skills are explicitly taught

in the first year of study and at both institutions gains are seen in overall test

score. The other institutions in the survey are known to rely upon more implicit

methods of teaching such skills, which may well explain the lack of overall gain.

This may, therefore, have implications for potential curriculum reform if such

skills are to be encouraged.

The two studies included in this chapter provide an interesting juxtaposition

where students appear to be confident in their own ability but testing of the

students suggests that this confidence is misplaced. While it is the case that data

handling skills represent only one aspect of practical work they are, never the

less, a key component. The results of this chapter suggest that, given that many

undergraduate students will go on after graduation to either laboratory based

careers or postgraduate study, there is a need to bridge the gap between student

expectations and the reality of student ability in the undergraduate laboratory.
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Chapter 6

Conclusions, Discussion and

Future Work

The focus of this thesis has been on investigating the changes seen in student

abilities and attitudes, during their transition from secondary school pupils

through to the end of an undergraduate degree. This has been studied from

three different perspectives, firstly the school to university transition, followed

by student attitudes towards learning and, finally, student laboratory work (both

from the perspective of perceptions towards practical work and the data handling

skills required for such work). All of the work presented in this thesis has been

carried out at the University of Edinburgh in Scotland. The field of Physics

Education Research is still relatively new within the UK, which presented many

opportunities for innovative research. The structure of the Scottish degree

program, as extensively described in Chapter 2, presents a unique, within the

UK, opportunity for data collection as the large first year physics class is made

up of approximately half physics majors and half non-majors. In contrast to the

non-majors seen in North American academic institutions these students must

have school leaving qualifications in physics and mathematics and must be as

well qualified in these areas as those who have chosen to study physics as their

degree, the only thing that separates the two groups is their chosen subject of

study.

In Chapter 3 it has been seen that due to the differing entrance qualifications

that students entering the physics degree program at the University of Edinburgh

may possess, as well as the variation in course content between different A-
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Level examination syllabi there is no absolute definition of what students will

have covered in school prior to university. For students studying the A-Level

qualification we see that there is variation in content for both physics and

mathematics, with differences seen in even the types of mathematics modules

chosen for students to study. In this thesis it has been hypothesised that this

variation in knowledge may lead to anxiety and loss of confidence for some

students, however we have not investigated whether this is the case. Previous

work conducted in the School of Physics and Astronomy1 has shown that students

that begin their degree with only SQA Higher qualifications tend to leave the

degree program during the first year at a higher rate than those with Advanced

Highers and A-Levels, however no difference is seen in the retention rate of the

latter two groups. It would have been an interesting study to examine whether

there is a link between which A-Level examination boards students have taken

qualifications with and their performance on the degree program, unfortunately

this was not possible as this level of detail was not stored by the university

central registry. If this information could be found (either from existing records

or through asking the students to provide such information) it could present

an interesting potential area for future work. For academic staff to keep up

with all the different syllabi incoming students may have studied is a large

task to undertake alongside other teaching commitments. This task is further

complicated by the fact that these syllabi are evolving with time and constantly

changing (in fact a new SQA Higher syllabus was announced in 2010 with the first

student examinations on the syllabus available for early adopters from Summer

2012 [113]). One of the ways that this task can be made easier for staff is through

publications such as the review of pre higher education mathematics that was

published by the UK Higher Education Academy [114] in 2010, although to the

best of our knowledge there is not an equivalent resource detailing the physics

qualifications.

The issue of instructor expectations of student ability was also discussed

in Chapter 3. It was revealed that teachers have higher expectations of

student mathematical ability than the realities of students’ actual mathematical

skills. This may be indicative of a wider issue, where instructors tend to form

expectations of student ability based upon their own previous knowledge and

1This work has not been published but has been carried out by members of academic staff
within the School of Physics and Astronomy
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through remembering back to their own education, without considering the

fact that the level and content of the school leaving qualifications has changed,

especially over the last twenty years. Whilst it is undoubtedly true that the work

carried out in this thesis on the topic of staff expectations is a small scale study,

both in terms of the data it aims to gather and the number of academic staff

responding, conclusions from the data presented suggest that there is scope to

carry out further work on the topic. If this area of study were to be investigated

further a prudent first step would be to repeat the study with a diagnostic test

that was known to be more reliable than the one that has been used in this

thesis. As has been extensively discussed in Chapter 3 it is believed there were

flaws with both the length and level of difficulty of the diagnostic test deployed,

although this was outside of the control of the Physics Education Research group.

If a more reliable test were used and a clear difference still remained between

the staff expectations and student performance this would add credibility to

the initial results included here. It could prove interesting to extend the study

further by also looking at the physics skills and abilities of students compared

to staff expectations. If a test such as the Force Concept Inventory [66], which

examines student conceptual thinking rather than subject knowledge, could be

used this would potentially remove any bias arising from instructors tending to

judge student knowledge based on their own prior learning and would provide

a clearer measure of how accurately instructors can estimate student ability.

Results of using the Force Concept Inventory to gauge instructor expectations

of student physics ability might also provide an opportunity for instructors to

reflect on and perhaps reconsider the material they are teaching or the teaching

methods they employ. The FCI has been extensively used at Harvard University

as a measure of the effectiveness of the Peer Instruction method of teaching [115].

Mazur who pioneered the use of Peer Instruction in the undergraduate class room

has stated that on viewing the test instrument for the first time he was confident

that his students would not struggle with the questions and in fact was worried

students would be “offended by the simplicity’ ’ of the instrument [116]. However

he has stated that the results gathered from using the test with his students

clearly showed that there was a large gap between his perceptions of the level of

difficulty of the instrument and the performance of the students within his class

[116].

152



Scientific Reasoning was examined on either side of the secondary school to

university transition using selected questions from the Lawson Test of Scientific

Reasoning[28]. It was found that, although both groups of students performed

well on the test, there was a clear gap between the two cohorts with the secondary

school students performing less well on all five questions used. In one of the

five questions, where students were asked to considered the reaction of flies

to light, not only was a gap observed in the answers of the two cohorts but,

in addition, both groups were clearly seen to show an example of incomplete

scientific reasoning. While both groups were able to answer the question correctly

only a minority of the students where able to correctly articulate why the answer

was the correct answer. It would appear that the test used was beginning to reach

the limit of its usefulness for the university students involved in the study, as in

some questions it appeared that all the students were answering the questions

correctly, leaving little room for any interpretation of inter-cohort differences. In

retrospect it may have been a mistake to use only selected questions from the test

as this limited the usefulness of the data for comparing to previously conducted

studies. This decision was made when this body of research was still intended

as a one year Masters by Research degree and opportunities to meet with and

survey students (school pupils in particular) were few and time restricted. If the

body of work in this thesis were to be repeated from the beginning it would be

more beneficial to collect, if possible, answers to the full test so that this could

be compared to other published studies. Using the full test would also remove

the possibility that the questions chosen either over or underestimated the gap

in reasoning between the two cohorts.

The topic of attitudes towards study has been a major theme of this thesis

with results of studies carried out into student attitudes first presented in Chapter

3. Here it is seen that students attitudes towards studying physics become

less positive during the first year of university study, when measured using

the Colorado Learning Attitudes about Science Survey [34], in fact (using the

terminology associated with the assessment instrument) they are said to become

less expert-like in their physics thinking. As has been discussed within this thesis

this result is in line with previous use of the assessment tool where students have

consistently been seen to become less expert-like in their thinking after a year

(or even a semester) of physics instruction. The data and results presented in
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this thesis are the first known use of the CLASS survey in the UK and the fact

that the pattern of a decline in expert-like thinking is repeated in such a different

educational system to that of North America suggests that this a symptom of an

overall way of thinking rather than a function of the teaching style or content. In

this thesis it is suggested that this decline in expert-like thinking may be linked

to the works of Perry [51] which outlines stages of learning for undergraduate

students.

The results found from initial usage of the CLASS instrument led to further

investigation into student attitudes towards study and expert-like thinking, which

is found in Chapter 4 of this thesis. This body of work contains two branches

of interest; a more in depth study of the first year experience and a longitudinal

study into the changing attitudes of students as they progress through the physics

degree program. In the first of these areas, the first year experience, the first year

class as a whole was split into sub cohorts in order to examine any differences

that existed between different parts of the class. The difference between physics

majors and non-majors was examined with those students who were not intending

to study a physics degree seen, prior to university instruction, to be significantly

less expert than those who were enrolled on a physics degree - a gap which only

widened after instruction. This difference exists despite the fact that there is

no significant difference in the school leaving qualifications of the two cohorts

and all those taking the first year physics course had chosen to do so2. Further

examination of this data revealed that there is also no link between CLASS score

and school leaving grades, removing any suggestion that the non majors are less

expert-like thinkers as they are ‘weaker’ students.

The Scottish degree system presents a unique opportunity to examine the

differences between physics majors and non majors as, unlike the North American

education system, all those students taking physics as an outside subject in their

first year of study must be as well qualified to study on the physics program as the

physics majors. To further illustrate the uniqueness of this cohort further data

was collected with biology students who were studying a course of physics and

mathematics as part of their degree. The expert-like thinking of these students

was found to be far lower than those in the physics class defined as non-majors

and was in line with the scores of non-majoring students from North American

2The only degree program for non majors that requires their students to take the first year
physics class is Geophysics who make up approximately 10% of the physics class.
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institutions.

Another way that the first year physics cohort was subdivided was to examine

the differences in expert-like thinking between female and male students. It was

found that while no difference in expert-like thinking existed prior to university

instruction there was a statistically significant difference between the two groups

after instruction, with the female students seen to be significantly less expert than

their male peers3. This gap in expert-like thinking is also seen in the literature

with males tending to be more expert-like than female students, as the gap does

not exist prior to instruction it suggests that this difference is due to something

that changes during the semester, which again could suggest a drop in confidence

for the female students.

The second area of research found within Chapter 4 is a longitudinal study

of student attitudes over the course on an undergraduate degree, again using

the CLASS instrument. Two approaches were used to investigate this topic;

firstly a pseudo-longitudinal study, where all data was collected in the same year

and intra-cohort comparisons were drawn and secondly a fully longitudinal study

where the same students were surveyed on numerous occasions as they progressed

through their undergraduate degree. Both the methods have advantages and

disadvantages, as discussed in Chapter 4, however it would appear that both

methods produce consistent and therefore reliable results. As well as confirming

the validity of each of the methods, the two techniques used also present the

same overriding picture; that there is remarkably little overall change in student

attitudes over the course of an undergraduate degree. Students come into the

degree program with relatively high levels of expert-like thinking that remain

high throughout their degree (with the first year dip in expert-like thinking at

the end of first year study having recovered to previous levels when students are

surveyed at the end of their second year of study).

This surprising lack of change in expert-like thinking is made perhaps even

more remarkable by the fact that the category scores for each of the year

cohorts are showing some variation, as discussed in Chapter 4. In both the

fully longitudinal and pseudo-longitudinal methods some variation in category

3An exception to this was in the 2010-11 data where the female students were found to
remain constant in their expert-like thinking. It is not known whether this is due to changes
in the recruitment and teaching of the first year cohort or an anonymously, this is discussed in
further detail in Chapter 4.
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scores is seen for each different year cohort, however the overall level of expert-

like thinking remains the same. The reasons for this are not known although it

may, in part, be due to the way the questions have been categorised, with some

questions fitting into more than one category and some into none at all. However

the number of questions that do not fit into any category are small and it is

unlikely that these would mask changes happening in the categorised questions

to keep the overall score the same. Relatively few questions feature in each of the

CLASS categories, with the most questions in any category being eight out of

the 42 available statements and the fewest being only four statements. For this

reason a change in the answer of any one statement from positive to negative (or

visa versa) will have a large effect on the category score but will have a minimal

effect on the score over all 42 statements. For this reason it is the view of the

thesis author that any comparisons made between cohorts on a per category basis

should be treated with extreme caution.

The fully longitudinal method involved collecting data only from students

enrolled in the degree program whereas the pseudo longitudinal method allowed

the consideration of people outside this range, for example students in schools,

and those graduates that have enrolled on PhD programs as well as members

of academic staff. By extending the sampled range to include those outside of

the undergraduate degree two clear transition regions have been observed. A

significant step up in expert-like thinking was seen when students decided to

study physics at university and a further increase was observed when those who

have competed their degree go on to study for post-graduate qualifications in the

subject. This has lead to the hypothesis that what is being observed is a selection

effect where the most expert-like thinkers are staying on in the field of physics

whilst those with less expert-like views leave at the potential exit points.

Attempts to prove the selection effect hypothesis are most certainly a priority

area for future work emerging from this thesis, although any attempt to do so

could meet with several potential difficulties. Firstly the number of students

in the final years of study of the undergraduate degree is much smaller than

those beginning the degree, this means that any attempt to collect CLASS

survey data with a large sample size is difficult. In addition students are often

undecided on their career path at the point of graduation, which is generally

the last possible point where survey data could be collected for these students.
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Presented in Chapter 4 is an attempt to test the selection effect hypothesis by

trying to correlate intended career destination data with CLASS scores. The data

is suggestive of a trend but with the small sample of students that responded to

surveys about their post graduation plans no statistical significance could be

established. Another issue that complicates any attempt to test the hypothesis

is the possibility that the survey may not be valid for individuals. In the original

paper that accompanied the release of the CLASS survey it was noted that the

instrument had not been validated for individuals and this was outlined as an

area for future work [34]. To the best of our knowledge, at the time of writing

this thesis, no such study had been published. Furthermore the analysis of the

data collected in the fully longitudinal section of this thesis has revealed a large

amount of change in the rankings of individuals in the class in terms of their

CLASS score on a year to year basis, despite the fact that the overall score has

remained the same. This leads us to believe that in fact the CLASS instrument

is not valid for individuals, a view that is shared by one of the original survey

authors [80]. Whilst the survey not being valid for individuals would not have

an effect on any of the work presented in this thesis, which looks at cohorts of

students rather than individuals, it would effectively make it impossible to carry

out any studies where the scores of individuals were compared to their career

destinations, thus necessitating a very large sample size, so that the scores of

whole cohorts with the same intended destinations could be considered.

If it does prove possible to test the selection effect hypothesis and does indeed

prove to be the case that those students with the most expert-like thinking on

entering a degree program are the same students that go onto become physics

postgraduate students and beyond, then this could potentially be expected to

have implications on student recruitment. Certainly it would provide another

potential source of information for those responsible for selecting new students,

although questions would need to be asked as to whether students attitudes

towards study should have an effect on whether they are allowed to embark on

a physics degree. At the very core of the CLASS survey lies one key question,

who are the expert physicists that are being held up as an example of perfect

expert-like thinkers? It is known from the original paper that accompanied the

release of the CLASS survey[34] that the expert opinion was collected from twelve

physics academics and instructors at the University of Colorado (see Chapter 2
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for further details) who came up with a general consensus to the survey questions

through group discussion. It is however interesting to note that when the CLASS

survey was given to members of staff as part of the pseudo-longitudinal survey in

Chapter 4 of this thesis the staff scored 83% which even taking into account the

few questions in the survey that do not have an overall expert response is still

quite different to the expert response included in the survey. This has been further

investigated in the work carried out as part of another PhD project in the Physics

Education Research group[117] where the survey was given to over 150 physics

academics from institutions around the UK and again the score was well below

100% expert agreement. This could perhaps suggest that a researcher at a British

academic institution has a different expert opinion to those in North America. If

this is true it surely therefore raises the question of which levels of expertise should

be expected of students in a UK academic institution? An alternate explanation

could be that rather than aiming for a score of 100% expert-like thinking, it would

perhaps be more appropriate to consider an expert region where over a certain

score the survey taker is classed as an expert thinker. Questions as to where this

line would be drawn though are an area that would need careful consideration

and could potentially be an area for future work 4.

As well as potential cultural differences in expert-like thinking there is, in

addition, a question to be asked at to whether there would be any benefit in using

CLASS scores as any form of recruitment test. The purpose of a physics degree

is not just to create the next generation of physics academics, many graduates

leave to work in industry or take the skills they have learned from their degree

to work in an entirely different field. Those people may have a different way of

thinking to that of physics academics but they are not necessarily any less suited

to study a physics degree.

It is the personal view of the author of this thesis that CLASS is at its most

useful in allowing the changes in student attitudes to be monitored, either of

one cohort over time or looking at the differences between two different groups.

Regardless of whether the expert opinions provided by the survey designers are

truly the correct answers to the questions (if such a thing can even be said to

exist for a survey that examines people’s personal attitudes) they do provide a

baseline against which attitudes can be measured. By comparing all cohorts to

4This work has already begun, in part, through work carried out within the Physics
Education Research group at the University of Edinburgh see [117]
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the same baseline this allows the comparison of the changes in attitudes of groups

over time that would not otherwise be possible

The final results chapter of this thesis considered student laboratory skills and

student expectations of the undergraduate teaching laboratory. This work again

consists, in part, of work that initially began when this project was a one year

Masters by Research project and so has links back to the first year experience

and the school university transition as discussed in Chapter 3.

When considering student expectations of experimental work the students

were surveyed on two occasions, once at the beginning of their degree, when they

were asked to retrospectively consider their experiences of school practical work,

and once at the end of their first year of university teaching when they were

asked to consider the teaching they had just experienced in their undergraduate

laboratory classes. This work was carried out as part of a collaboration lead by

the University of Glasgow and the data was collected with the research aims of

another project in mind. As such the surveys were not ideal for the research

questions addressed in this thesis, as they were not designed to serve as pre

and post instruction surveys, but rather as two separate surveys addressing two

different lab experiences. However three of the five attitude questions on the

surveys were used to compare the expectations of students in both the school

and university laboratory environment. It was seen that both cohorts were

generally positive about their laboratory experiences, although in all cases where

a statistically significant difference existed between the two groups, students had

a more favourable view of their school practical work than that at university. It

is interesting to note that both groups are confident of their ability stating that

they found laboratory work understandable. Students also appear to have an

understanding of the bigger picture behind the necessity of laboratory work with

students suggesting labs are important because they illustrate theory as well as

because they are where new discoveries are made. These are perhaps both quite

sophisticated ways of thinking showing a higher level of comprehension of some of

the reasons why students are compelled to do at least some practical work during

their degree.

In the second element of Chapter 5 the design and use of a diagnostic

instrument to measure student data handling skills was discussed. The Data

Handling Diagnostic was designed by the Physics Education Research group at
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the University of Edinburgh and was deployed to over 1000 students in the UK and

Ireland. The instrument was subject to a battery of tests designed to assess the

validity and robustness of the instrument, as has been outlined in Chapters 2 and

5. The instrument was seen to pass all tests and thus is considered satisfactory

for use with students.

The data collected during the initial trials of the Data Handling Diagnostic

present a stark picture, with students performing generally fairly poorly on the

test. In addition little improvement is seen as students progress through their

degree at institutions where several cohorts have been surveyed. A step up in skills

in generally only seen if such skills are specifically taught, despite the common

view amongst instructors that students will pick up such skills through working

in a laboratory environment.

There is clear difference between student expectations of their own ability in

the undergraduate laboratory and the actually level of their skills as measured

by the Data Handling Diagnostic. A situation is seen where students believe

they find the lab understandable and straight forward but tests to measure such

skills show that this confidence is misplaced. There are several avenues for future

projects that could be explored from this initial work. The data diagnostic is to

be deployed with more students to look at the year on year consistency of the test.

It has also already been given to students at Harvard University, further testing

of other international institutions would provide a clearer picture as to whether

the low scores on such a test are an international phenomenon or whether it is

specific to the UK and Ireland. If more time were available and it was possible to

gather the data it would be advantageous to link this work back to that discussed

in Chapter 3 where the content of school leaving qualifications was discussed.

In Chapter 3 it was hypothesised that students could be disadvantaged by the

examination board chosen or qualification studied at school. If the information

regarding the examination board studied could be collected (perhaps even by

simply asking the students when they start their degrees) then it would be possible

to examine whether any correlation existed between those who have done less

practical work at school and their performance on the Data Handling Diagnostic

test.

Within this thesis are three results chapters, all relating to some aspect

of the transition from secondary school through to graduation. The results
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chapters can be read as three distinct bodies of work, however the theme, which

runs through them all is always examining how students change during their

degree. Despite such a general overarching theme of research and such separate

results chapters within the thesis there are common themes that run through the

findings of this project. Firstly, it can be seen that perceptions of study play

an important role, whether this be the instructors’ perceptions of their students,

student consideration of their own skills or students attitudes towards science

study in general, it can be seen that the way people think about doing science

is inherently linked to how they actually do science. In all chapters we see some

form of student testing designed to measure either how such attitudes or student

skills and abilities are evolving over time. The results of these tests, regardless

of whether any measurable scores have changed over time provide a clear set of

benchmarks against which student performance can be compared. In this sense

what has been created is a map of some of the student experience, focusing on

the three main areas of attitudes towards study, the first year experience and

undergraduate laboratory work. With so many factors contributing towards the

undergraduate experience it would perhaps never be possible to map the entire

experience and the works included in this thesis should be considered a starting

point for many other potential research projects.

When this project was originally conceived it considered only the school to

university transition, with the aim that if changes experienced by students on

either side of the school to university boundary could be identified it might be

possible to improve the student experience and therefore student retention by

better understanding the challenges students are facing. While this project has

grown and now considers the whole undergraduate experience thus considering

changes in students over a much longer period of time, the aims of the project

have not altered. Through better understanding the changes that occur in student

thinking and abilities it should be possible for instructors to more effectively

support their students. There are many avenues for future research presented by

the results of this thesis, as well as many areas which have not yet even been

considered but, hopefully, with each piece of research that is carried out on the

subject, the undergraduate experience will be better understood by instructors

which can only help them to aid students in their success.
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Appendix A

Colorado Learning Attitudes

about Science Survey

On the following four pages are a copy of the Colorado Learning Attitudes About

Science Survey. For further details of the design of the survey see [34].
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Appendix B

Glossary of Terms

Within this thesis there are many acronyms and abbreviations that have been

used, as well as terms relating to the UK education system that may be unfamiliar

to those from different educational backgrounds. Every attempt has been made

to explain each term when first used within the text but the following list is

available for quick reference for the reader. All terms are included in alphabetical

order.

167



Term Definition
A-Level The highest school leaving qualification offered by schools

in England, Wales and Northern Ireland. A full A-
Level consists of six modules and they are usually
studies over two years. Pupils will generally study
three or for A-Levels and they are generally considered
a prerequisite for university study. These are not
fully nationalised examinations and a variety of different
syllabi are available in each subject dependent on the
examination board setting the exam.

Advanced Highers Qualification offered by the Scottish Qualifications
Authority (SQA). Pupils in Scotland have the option
of leaving school after study for Higher examinations or
staying on for an optional final year and working towards
Advanced Highers. Both qualifications can be used to
gain entry to university study.

AQA Assessment and Qualifications Alliance, one of the three
English (or five UK excluding Scotland) examination
boards.

AS-Level Advanced subsidiary level. The first three modules of
the A-Level examination, which are usually examined at
the end of the first year of study. If only the first three
modules are completed the qualification gained is known
as the AS-Level.

CCEA Council for the Curriculum, Examinations and Assess-
ment, one of the five examinations boards available
to students in the UK (outside of Scotland). Covers
qualifications, curriculum and assessment in Northern
Ireland.

CLASS The Colorado Learning Attitudes About Science Survey.

Edexcel One of the three English (or five UK excluding Scotland)
examination boards.

FCI The Force Concept Inventory, a diagnostic multiple
choice text which examines students understanding of
Newtonian physics.
Continued over page
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Term Definition
GCSE General Certificate of Secondary Education - School

Leaving Qualification in England, Wales and Northern
Ireland usually taken at the age of 16. 16 years of age
marks the end of compulsory education although it is
not compulsory for the examinations to be passed before
leaving school.

Highers School leaving qualifications offered by the Scottish
Qualifications Authority (SQA). Examinations are taken
at the end of the fifth year of secondary education in
Scotland and five or six subjects are generally studied.
They are considered sufficient to go on to university study
although many pupils chose to stay on for a final sixth
year of study to work towards Advanced Highers.

OCR Oxford Cambridge and RSA Examinations, one of
the three English (or five UK excluding Scotland)
examination boards.

STEM Science, Technology, Engineering and Mathematics.

WJEC Welsh Joint Education Committee one of the five
examinations boards available to students in the UK
(outside of Scotland). Covers qualifications, curriculum
and assessment in Wales.
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Appendix C

School Leaving Qualifications

In this appendix are details of the structure of each of the seven physics A-Levels

and both the Scottish Higher and Advanced Higher qualifications. A summary of

the modules of each of the qualifications is seen in Figure I. There is virtually no

traditional course work in any of the qualifications. There are two exceptions to

this; in the Edexcel A-Level 10% of the total grade can come from either a case

study or a written report of an experiment seen on a visit to a working laboratory.

The other exception is OCR B, which comprises approximately 10% of the total

grade from a written summary of an area of physics, looking at student abilities

to reason and defend arguments.

In a wider sense of the term coursework, several of the A-Levels assess practical

skills through lab experiments with a written report, carried out in the students

own time and marked by teachers in schools. As is often the case with A-levels

there is a huge amount of variation between the various exam boards, the details

of practical/research work for all seven A-levels and SQA Highers and Advanced

Highers is found below.

In all cases the total amount of experimental work is never more than a third

of the final A-level grade.

AQA A 20% in total (over the whole A-level) of practical work. This can

either be centre marked or an externally marked practical exam. The decision is

left to each individual school.

AQA B As for AQA A.

CCEA All students take a practical exam.

Edexcel 10% of total A-Level mark (taken at AS level) comprises either an
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experiment based on a visit or a case study involving an application of physics.

Students write a report, which is then assessed.

10% of total A-Level (taken at A2 level) is the experimental physics unit.

Students plan and carry out an investigation and write a report, which is then

assessed.

OCR A One third of the total A-Level is lab work, which is carried out in

school and marked internally with moderation from OCR.

OCR B At AS level 16.5% of the marks come from a lab practical with a

submitted student lab report.

At A2 level 16.5% of the total mark comes from a unit entitled Researching

physics. Two thirds of this unit is a practical investigation but the final third is

a short written report summarising an area of physics.

WJEC Practical skills assessed under exam conditions

Higher None, practical work is included alongside other modules.

Advanced Higher Long practical investigation.
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Figure C.1: Grid showing the structure of each of the seven physics A-Level
syllabi and the two SQA physics qualifications.
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Appendix D

Mathematics Diagnostic

On the following two pages are a copy of the mathematics diagnostic test given

to first year students at the University of Edinburgh in September 2009. The test

was not designed by the Physics Education Research Group and as such only a

paper copy was made available to the group. If the scanned copy is unclear please

contact the Physics Education Research Group for a photocopied version.
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Appendix E

Staff Expectations Survey

Question Number Question
1 To the nearest 10%, what do you think the mean test

score will be when all our first year students take this
test?

2 To the nearest 5%, what do you think that the standard
deviation of scores will be when all our first year students
take this test?

3 Do you think there will be a correlation between
diagnostic test mark and maths grade at A-level / Higher
/ Adv Higher, and if so, how strong?

4 To the nearest 10%, what percentage of the first year
class do you think will get the first question correct?

5 Please identify what you think are the three questions
that they will find the easiest.

6 Please identify the three they will find the most difficult.
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Appendix F

Lawson Test of Scientic

Reasoning

On the following ten pages are a copy of the Multiple Choice version of the Lawson

Test of Scientific Reasoning (see [28]). Selected questions were given to students

in the final year of secondary school and the first year of study at the University

of Edinburgh.
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Appendix G

Focus Group on expert-like

thinking

In the following appendix are notes taken during a focus group on expert-like

thinking held with final year students at the University of Edinburgh. Two focus

groups were held in total, the first on 26/04/2010 and the second on 28/04/2010.

G.0.1 Focus Group 26th April 2010

Approximate timeline from CLASS focus group, Friday 26th March 2010, 2.00pm,

room 4309 JCMB.

2:08 Start

Orientation and motivation.

2:11 What makes an expert in physics?

Independence, subject knowledge, critical thinking, intuition, self-reliance, apply-

ing existing knowledge to unfamiliar problems.

2:13 Are you experts?

No. An expert knows one thing extremely well. Expertise is a way of thinking.

Some people have an aptitude naturally. Think some other people in the class

are experts, but probably wouldnt classify themselves that way. Relative views

of expertise. Ways of thinking inextricably bound up with subject knowledge.
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2:16 Some debate about the importance of original thought.

2:20 Self-identification as physicists.

Senior honours projects help with this. Equate skills with being a physicist.

2:22

Without realising it we have developed a different approach to problems. You

only realise this when talking with other people [non-physicists].

2:24

A physics degree is not enough to make someone an expert. You have to be a

certain sort of person. It cant be taught / yes it can. Debate. Genetic pre-

dispositions.

2:25 Things in degree that have affected expertise. [No prompting at

all from interviewers.]

1st and 4th year enhanced this. 2nd and 3rd year detracted from this. Massive

dip in 2nd and 3rd year. Physics Skills helped offset this. Every year became

increasingly less confident. 3rd year was the best year of the degree. Expertise

linked to enjoyment feeds in to effort, self-worth, ways of thinking. Hated lab in

3rd year. Liked choosing own courses in 4th year. Many agree. 4th year projects

you know one particular thing better than anyone. Can now read papers and

journals. Top of class at school, at university less so. Confidence wavers.

2:29 [Now looking at longitudinal results graphs.]

Not surprising. Dip in 3rd year not surprising. 1st year you think youre an

expert because you dont know enough about it. Started enjoying it a lot less in

3rd year. By 4th year starting to learn a lot more again.

2:33 Selection effect going into PhD.

The kind of people who want to do PhDs. Self-selection.
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2:35

Can only talk about how good you are with reference to other people.

2:37 Dip in 3rd year.

3rd year courses compulsory. 4th year courses are things youre interested in its

psychological. You realise even after studying it for hours and hours, youre not

going to do well in the exam. I lost confidence and enthusiasm in 3rd year. Liked

doing projects in 4th year.

2:39

Being good in other areas besides your core focus an indicator of expertise.

2:43 Expertise in industrial research.

Different attitudes in different settings. If asked about graphs before being shown

them, would have expected roughly same shape but lower absolute values. A few

agree. Conversely, other would have expected them to start low and rise up. A

few agree. Maps perfectly how I felt about physics. Many agree. Maps perfectly

how I thought the rest of the year felt about physics.

2:45 Does degree cause strategic, non-expert-like working?

Yes. But all stages of education do this. Learning stuff to pass exams, not for the

sake of it. Are aware of what expertise is, and know that they are not working

like an expert.

2:47

Will have to learn a new skill set in PhD.

2:48 Where does expertise come from?

Autonomy and personal engagement. Selection effects. Many agree.
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2:50 Did you answer CLASS with what you thought you should have

said?

Moderate agreement. Frustration leads to answering in a particular way. You

need knowledge from an undergrad degree to become an expert. But it wont

make you an expert.

2:52 Disagreement from a few about whether selection effects apply.

2nd 3rd year drop seen as a counterexample. If people dropping out led to an

increase in cohort expertise, would expect a low-to-high progression over degree.

Physics 1A promotes expert-like thinking. Clicker questions with unexpected

answers make you critically reflect on own knowledge.

2:54

Dont think I will ever become an expert.

2:55

Graduating this year and wishes felt more like an expert. Feel like Im getting

there. Really slowly.

2:56

Expertise in physics seems to be a bar that is always going up and up [in later

years] can anyone really become an expert in physics?

2:57

Theres a tendency to define people better than yourself as an expert and yourself

not.

2:59

Standing on the shoulders of giants. Some emphasis on being research active /

at the forefronts being equivalent to being an expert.
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3:02

You dont need a PhD to be an expert, but if youre an expert youre likely to do

a PhD.

3:0

4 Last section of exam questions (unseen material) picks out experts.

3:05

Skills do not define an expert. Experts know where to look [in research context].

3:08

End

G.0.2 Focus Group 28th April 2010

Approximate timeline from CLASS focus group, Monday 29th March 2010,

2.00pm, room 3216 JCMB.

2:09 Start

2:10 Orientation

2:12 What makes an expert?

Ability to solve a wide range of problems. Apply known skills to new problems.

Wide range of subject knowledge. Apply basics to give insight into problems.

2:13 Are you experts?

Not yet. Closer than when I started. Never feel confident tackling any problem

without spending time studying beforehand. Are they experts because theyve

seen all the problems before, or are they really applying knowledge to new

problems?
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2:14 What things at university have affected your expertness?

My degree has definitely influenced the way I think. Physics Skills focuses on

problems. With some exams theres a tendency to drill for them. Progressive

difficulty of exams. Feel more confident before you begin your revision.

2:16

When you go to courses and try really hard and still struggle. Lose expertness

when you cram for exams. Youre not learning it for the fun of it, youre learning

to do the exams. Really like the subject when not having to do exams.

2:18 Leaving aside factual recall / knowledge, how do your problem

solving skills compare to experts?

Skills have improved, but not to level of expert. Experts have more exposure to

problems. Understand it so well they can teach it.

2:20 Levels of natural ability.

Maxwells equations and deriving the speed of light: Feels like the same level of

revelation as for all physicists.

2:21

Experts have broader view of physics as a whole.

2:22 Self-identification as physicists.

Feels on the outside of the physics community. On the cusp of it. Veering more

towards feeling like a physicist. Research projects feels more like doing physics

work. Mathematical Physics hated group project, did not feel like a physicist.

2:23 Research methods.

Hated it at the time but on reflection was really useful. Can now read research

papers critically. Dont have to be taught now, can go and find out for ourselves.

Important trait of experts: dont have to ask someone for help, can be self-reliant.
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2:25 What do you expect expertness graphs to look like?

Have seen before, but naively would have expected an increase.

2:26 [Now looking at graphs.]

2:28

Surprised that 3rd year is so low. Increase from 3rd year to PhD not surprising.

Early drop-outs less likely to think like an expert. 3rd year is a hard year: Getting

jaded with exam after exam. Around 2nd to 3rd year you figure out how to pass

exams strategic approach.

2:30

Does shape of graph reflect your own experience? No. Expected to be trained

and learn a scientific mindset doesnt seem to have really happened. Felt more

confident in 3rd year but tailed off in 4th year.

2:33 Selection effects?

Dont know. Popular perspective is that physics is a hard degree. You could get

through a physics degree without feeling like an expert just by doing problems.

2:34 Are there people in your year who are experts?

Yes. They have the mindset / are more interested. Expertness linked to personal

interest.

2:36

Some people have a natural ability, which is not the same as being an expert.

Perceive a couple of lecturers as not necessarily being experts. Depends on

whether they approach teaching in the same way as their research. Depends if

they actually care about teaching. Would class majority of academics as experts

/ some disagreement.

2:38 What about physicists in industry?

Not really. Maybe. More applied expertise? Not really comparable.
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2:40

Physics as a discipline is about finding something new. Original thinking? Yes

/ no. Understanding would be enough to be classed as an expert. When you

understand something you get a buzz out of conveying it. If you teach something

well you must understand it well, so must be an expert.

2:43

Maybe the best teachers are the ones who struggled the most themselves so have

empathy with their students difficulties. Sometimes the loftiest professors are

hardest to understand.

2:45 Long term plans?

Undecided. Maybe PhD. Dont know what area. Maybe academia. Still enjoying

it, but potential competition is off-putting.

2:46 Will you ever become experts?

Probably, maybe after 20 years. Only been taking physics seriously for about 2

years.

2:48

PhD will likely make or break you as an expert.

2:49 What makes an expert / where do they come from?

Personal qualities / natural ability. Hard work. Self-driven alteration /

improvement of personal approach.

2:51

Know how experts think but dont necessarily think like that. A bit hazy on

why this is. Non-committal. Suggest need more things like Physics Skills,

things where you need a process rather than memorised information. Has had

preconceptions challenged: sometimes lecturers struggle too, maybe only perceive

them as experts because theyve put the work in?
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2:55

Degree process is filtering out the non-physics-enthusiast. People who like physics

stay in it largely they are the ones who are good at it. Maybe a physics degree

is not conducive to bringing out someones interest. Doing exams: Thinking this

is not why I wanted to do physics.

2:57

Some people dont do physics degree for the physics. Intending to go into banking

etc.

2:58

Experts not necessarily experts in all areas. But general approach should apply

to all areas: Transcends specific disciplines.

2:59 End.
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Appendix H

Perceptions of School Practical

Work Survey

On the following two pages are a copy of the Perceptions of School Practical Work

Survey given to first year students at the University of Edinburgh in November

2008.
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Appendix I

Perceptions of University

Practical Work Survey

On the following two pages are a copy of the Attitudes to University Practical

Work Survey given to first year students at the University of Edinburgh in March

2009. The test was sent to the University of Edinburgh in paper format and no

copies of the test remain. The version included here was designed for use at the

University of Glasgow. It differs only in Questions 2, where the final two options

were not included, and 7 where the degree disciplines were corrected to be those

relevant to the University of Edinburgh.
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