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ABSTRACT

The present dissertation provides an overview of a study that
has aimed at improving university students” learning of optics.
In the dissertation, the study is divided into three sub-studies
that cover students’ learning of optics from different perspec-
tives.

The first sub-study focuses on students’ understanding of
the electromagnetic nature of light. It shows that instructed stu-
dents often face a difficulty in applying the interrelations of the
electric and magnetic fields in various contexts, including light.
This result indicates a need to develop an instruction targeting
to improve students’ understanding of the interrelations of the
electric and magnetic fields. To develop such instruction, the
findings of sub-study 1 provide a useful starting point.

The second sub-study covers the adoption of the Tutorials in
Introductory Physics curriculum. The study introduces the tuto-
rial intervention, that is, a fairly easy way to use the curriculum
in a lecture hall setting. In addition, sub-study 2 provides evi-
dence according to which the intervention improves students’
learning of optics. Thus, it is argued that the tutorial interven-
tion can be included as a useful supplement in a conventional
lecture-based physics course.

The third sub-study focuses on the context dependency of
students’ reasoning with regard to optics. It demonstrates how
explicitly labelled light sources in optics task assignments may
impact on students’ reasoning regarding optics. Students’ rea-
soning was found to correspond to the perceptible features of
the light sources explicitly stated in optics task assignments.
This type of student reasoning was often found to be incon-
sistent with the subject matter of optics, thus hindering stu-
dents” learning of optics. To explain why students’ reasoning
corresponded to the perceptible features of the light sources, the
Johnson-Laird mental model theory was adopted. When read
through this theory, it seems obvious that the light sources trig-
ger certain types of mental representations on the part of stu-
dents. These representations mimic perceptible features of the



light sources rather than their underlying subject matter of op-
tics. The representations may explain why students” reasoning
was found to correspond to perceptible features of the light
sources rather than to the desired subject matter of optics. Final-
ly, sub-study 3 demonstrates that the Johnson-Laird mental
model theory is applicable in explaining the context dependency
of students” reasoning of optics. We would contend that the the-
ory would also be useful in explaining the context dependency
of students’ reasoning of physics in general.

All three sub-studies were conducted in the course of 2009-
2013 at the Department of Physics and Mathematics of the Uni-
versity of Eastern Finland. Both qualitative and quantitative da-
ta-gathering and -analysis methods have been employed by fol-
lowing the mixed methods study approach. The principles of
content analysis research are applied in the analysis of students’
responses.

Overall, the findings of the present study can be used to im-
prove students’ learning of optics more globally than in the
study context within which this study has been implemented.
Thus, the findings of the present study provide a good starting
point for the development of optics instruction.
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1 Introduction

Optics, the study of light, is a challenging subject to learn. To
confront the challenge that it poses, I have undertaken an exten-
sive study, which is summarized in this dissertation. Much of
this study has already been published in articles I-IV, but this
dissertation supplements these articles by describing their back-
ground in greater detail.

The following chapter introduces the research field which it
is hoped that the present study contributes to. It also clarifies the
purpose of this study with a brief description of its underlying
research process. Finally, this chapter also outlines the structure
of this dissertation as a whole.

1.1 TARGETING THE PER FIELD

The present study has aimed at contributing to the field of Phys-
ics Education Research (PER). This is a subfield of physics whose
members — typically physicists — treat students’ learning of
physics as a scientific problem (Redish & Steinberg, 1999;
Beichner et al., 1995). In the past, physicists have compromised
the “scientificness” of this problem by arguing that teaching is
more an art than a science (McDermott, 2001). Despite this in-
born scepticism, since the 1970s a growing number of people
have recognised PER as scientific enterprise (Cummings, 2011).
Today, PER is a worldwide research field', and its findings have
been widely used in physics education, especially at university
level in the United States (Henderson & Dancy, 2009; Heron &
Meltzer, 2005).

International PER organizations: PER central
(http://www.compadre.org/per/); GIPER (http://www.girep.org/);
ICPE (http://web.phys.ksu.edu/ICPE/index nf.html)




1.1.1 A peek at the history of PER

What PER is today has largely arisen from teachers’” and profes-
sors’ concern that students do not learn physics as well as might
be expected. In the United States, this concern grew in the mid-
dle years of the 20" century, when the subject of physics was
treated as a “gatekeeper” for students who had what it takes.
(Cummings, 2011) After 4 October 1957, when the Soviet Union
launched the world’s first satellite, Sputnik I, into space, the gov-
ernment of the USA suddenly had numerous reasons to invest
in a reform of science education in order to catch up with the
USSR in the science and technology race (Wissehr & Concannon,
2011). As part of this race, an increasing amount of resources be-
came available to teachers and professors for them to focus on
improving physics education (Cummings, 2011). After some
mismatched improvements, such as physics textbooks that
proved too demanding for upper secondary schools, it became
evident that simply enhancing the presentations of physics was
inadequate for improving students’ learning (McDermott, 1991).
This highlighted the need to approach students’ learning more
systematically, in the same way as physicists had approached
nature while discovering its behaviour (McDermott, 2001;
Hestenes, 1999; Reif, 1995). Introducing this discipline-based re-
search approach into the practice of physics education led to the
emergence in the 1970s of PER in the United States (Beichner,
2009). The first PER research group was organized at the Uni-
versity of Washington (Cummings, 2011), where the first PhD
degree concerned with the teaching and learning of physics was
also awarded (Kalman, 2008). Today, PER regards itself as disci-
pline-based educational research (Redish, 2014; McDermott, 2001)
whose ultimate goal has remained the same as it was originally
— to improve students’ learning of physics.

1.1.2 Steps taken in PER

During the history of PER, the goal of improving students’
learning of physics has been approached in a variety of ways.
The early stages of PER mainly involved the identification of
difficulties encountered by students in the learning of basic top-



ics in introductory physics (see, e.g., (Goldberg & McDermott,
1986; Clement, 1982; Trowbridge & McDermott, 1980)2 The stu-
dent difficulties identified created a basis for more sophisticated
PER contributions, such as research-validated conceptual sur-
veys (Redish, 2003; Hestenes, 1999). These surveys revealed how
common particular student difficulties were across different
student populations and educational cultures (Kim & Pak, 2002;
Viiri, 1996). In addition, the surveys provided fairly reliable
measurements that indicated students’ learning in various in-
structional settings via pre- and post-testing procedures. This
line of research has broadly demonstrated that conventional lec-
ture-based physics instruction is an ineffective method of sup-
porting students” conceptual understanding of physics
(Maloney, O'Kuma, Hieggelke, & Van Heuvelen, 2001; Hallounn
& Hestenes, 1985). Thus, for the majority of students, following
physics lectures merely by listening and by solving quantitative
chapter-end problems is found to be inadequate for creating an
expert-like understanding of physics®. To sum up, the conceptu-
al surveys broadened awareness of students’ conceptual diffi-
culties. This increased awareness gave extra impetus for a dif-
ferent type of PER that went beyond documenting students’ er-
rors and interpreting their causes.

This type of PER aims at developing instructional practices
that would improve students’” conceptual understanding of
physics (Reif, 1995; Van Heuvelen, 1991). Nowadays, various re-
search-based instructional practices have been developed by re-
lying on systematic research into students’ learning (Redish,
2003; Crouch & Mazur, 2001; McDermott, 2001)*. Many of these
research-based practices may be characterized with the terms in-
teractive-engagement (Hake, 1998) and/or active learning (Meltzer

2 For a more comprehensive list of PER studies identifying student dif-
ficulties, see (McDermott & Redish, 1999).

3 This type of understanding typically refers to the ability of students
to apply their physics knowledge successfully in unfamiliar situations
involving qualitative reasoning.

* Some modern instructions are based on extensive teaching experience
rather than systematic research, see e.g. (Knight, 2002).



& Thornton, 2012). In concrete terms, they refer to an instruc-
tional style in which students are asked to reflect several times
during a lesson on their ideas about the subject matter being
taught; they are guided through carefully developed tasks being
taught by questioning rather than telling; and the student learn-
ing is monitored frequently in order to evaluate the effectiveness
of a given instruction and to reveal where there may be a need
for further improvements. This type of teaching has been found
to improve students’ conceptual understanding of physics better
than conventional lecture courses. However, this type of teach-
ing also requires more resources than are typically available for
a conventional lecture-based physics course. In the present
study, we have dealt with this problem by adopting a research-
based instructional curriculum called Tutorials in Introductory
Physics (McDermott et al., 2010a).

1.1.3 More empirically driven research

PER as described above has approached students’ learning of
physics primarily in an empirical manner. This does not mean
that such PER studies have been conducted with no theoretical
stance. On the contrary, their stance has provided, for example,
a detalil criterion for what counts as an adequate student under-
standing of a physics phenomenon under investigation in a par-
ticular instructional context. This stance, however, has offered
few insights into the origins of students’ answers and their be-
haviour in various instructional settings. In order to understand
students” learning more comprehensively, some PER researchers
have highlighted the need to develop the theoretical framework
of PER. For example, Redish (2012) has argued that PER - like
any science — requires three supplementary approaches, experi-
ment, engineering, and theory, which will permit the construction
of scientific knowledge related to its target. PER has a strong
tradition of identifying student difficulties — conducting experi-
ments — and of developing physics instructions — engineering
teaching — but an approach based on theory has largely been
omitted (Redish, 2014). Existing theories of learning, such as
constructivism (Bransford, Brown, & Cocking, 2004), have been



acknowledged as a necessary base for the development of the
theory of PER, but they are treated as inadequate by themselves
(Redish, 1999). Nowadays, a resource-based framework of student
reasoning (Hammer, Elby, Scherr, & Redish, 2005, Hammer,
2000) represents one of the most developed theory-based ap-
proaches used in the field of PER. In the present dissertation, the
framework is discussed in greater detail in chapter 3.

1.1.4 PER and other fields of educational research

Despite PER’s diverse interest in students’ learning, it has obvi-
ously distinguished itself from traditional educational research
(Redish, 2012; McDermott, 2001). This distinction has arisen
from PER members’ background. They are typically experts in
physics looking at students’ learning from a physics perspective
rather than from an educationalist’'s viewpoint (Heron &
Meltzer, 2005). This perspective has focused on students’ learn-
ing of physics content rather than debating research methodolo-
gies that are considered valuable in the educational sciences.

In addition, PER differs somewhat from a closely related
field known as Science Education. The difference is that PER is a
subfield of physics, whereas Science Education establishes itself
as a discipline sui generis (Dahncke, Duit, Ostman, Psillos, &
Puskin, 2001). This means that Science Education is not a sub-
field of any “mother” discipline of science but stands as a disci-
pline of its own (Duit, Niedderer, & Schecker, 2007).

Despite this difference between PER and Science Education,
it would not be practicable to draw a clear-cut distinguishing
line between them. In consequence, the present study treats
these fields as complementary sources of information. The rea-
son why the present study has focused solely on the field of PER
is based on practicality rather than principle. At the start of this
study, the literature dealing with PER offered more concrete
ways of attempting to improve students” learning of optics, and
hence the study has shifted towards PER rather than Science
Education.



1.2 AIMS OF THE PRESENT STUDY

The present study has aimed at improving students’ learning of
optics at university. Optics is defined as the study of light that
explains the behaviour of light in terms of electromagnetic
waves® (Photonics Dictionary, 2014). We have approached stu-
dents’ learning of optics by

e exploring their understanding of the electromagnetic na-
ture of light (article I);

e evaluating the impact of tutorials on students’ learning
of optics when these tutorials were implemented in lec-
ture hall (articles II & III); and

e exploring the role played in students’ reasoning of optics
by explicitly labelled light sources in optics task assign-
ments (article IV).

As these approaches imply, we have considered students’ learn-
ing of optics from a variety of perspectives. The selection of
these perspectives was undertaken alongside the research pro-
cess described in section 1.3, below.

1.3 RESEARCH PROCESS

When the present study was started in the Autumn of 2009, its
original purpose, as article I suggests, was to improve students’
understanding of the electromagnetic nature of light. This
seemed reasonable since earlier studies indicated that students
may encounter serious difficulties in learning about the electro-
magnetic nature of light (Ambrose, Heron, Vokos, & McDermott,
1999). The present study was intended to develop an instruc-
tional artefact that would support students’ learning about the
electromagnetic nature of light. As a first step, we took ad-
vantage of a data set that I had collected for my Master’s thesis
in 2008. The data set revealed that students receiving instruction

5 For a more comprehensive discussion, see chapter 2.



were often unable to recognize the interrelations between the
electric and magnetic fields in a variety of contexts. This finding
was reported in article I. One of the purposes of the article was
to rationalize the relevance of focusing on students’ learning
about the electromagnetic nature of light.

As the study proceeded, we realized that students also faced
problems in the more elementary topics of the ray model and
the wave model of light than they did with the electromagnetic
nature of light. This realization became evident from the teach-
ing experiences that I obtained at the start of this study while
working as a part-time teacher at the Department of Physics and
Mathematics of the University of Eastern Finland. The problems
also became evident from the research literature concerning the
teaching and learning of optics®. It seemed that students may be
unable to improve their understanding of the electromagnetic
nature of light if they do not understand the basics of the ray
model and the wave model of light. Thus, the research scope of
the present study was shifted onto the basics of the ray model
and wave model of light.

After shifting the scope of the research, we decided to make
use of existing research-based instructional practices, namely
the Tutorials in Introductory Physics (tutorials) -curriculum de-
veloped by the Physics Education Group at the University of
Washington. Our adoption of the tutorials was motivated by
what we considered to be plausible research evidence showing
their effectiveness in improving students” understanding of the
basics of the ray model and wave model of light (Wosilait,
Heron, Shaffer, & McDermott, 1999; Wosilait, Heron, Shaffer, &
McDermott, 1998). In order to understand the actual use of the
tutorials, I spent the Autumn semester of 2010 with the Physics
Education Group (PEG) at the University of Washington (UW).

¢ One of the results of the literature review made at the beginning of
this study was that we were able to establish a webpage that was in-
tended to inform Finnish teachers about the most frequent difficulties
encountered by students’ in learning optics:
https://www.uef.fi/fi/fysopet/optiikan-oppimisen-ongelmat (Kesonen,
Asikainen, Kuittinen, & Hirvonen, 2010).




During the semester, I worked as a teaching assistant at the au-
thentic tutorial sessions; I familiarised myself with the context of
the tutorials by studying the Physics by Inquire curriculum. In
addition, I participated in the weekly formal and informal meet-
ings that were held by the members of PEG UW. Spending the
semester in this way provided me with a comprehensive under-
standing of how to adapt the tutorials for use at the Department
of Physics and Mathematics at University of Eastern Finland
(UEF). These skills were put to good use during the Spring se-
mester of 2011, when two tutorials were tested for the first time
at the Department of Physics and Mathematics at the UEF.
These tutorials have now been used for four consecutive years
(2011-2014), and the research data on students’ learning that we
obtained is presented in articles II and III and in this dissertation.

In parallel with the adoption of the tutorials, we decided to
investigate the extent to which the light sources used in optics
task assignments impact on students’ reasoning. This undertak-
ing was motivated by findings obtained from a small-scale
study in which I was involved while still visiting at PEG UW.
As part of that research, I was able to assess students’ responses
to test questions which happened to have different but explicitly
indicated light sources. Some of the students’ responses indicat-
ed that their reasoning focused more on the properties of these
light sources than on the actual subject matter of optics. Since
earlier PER studies had not then dealt with the role played by
different light sources on student reasoning with respect to op-
tics, we decided to focus on this as an additional part of the pre-
sent study.

However, this part of our research, proved to be difficult due
to a lack of reliable test questions and the absence of student
volunteers to participate in the necessary interviews. These
shortages created some uncertainty about the meaning of our
empirical findings. I had the opportunity to raise these concerns
at the World Conference on Physics Education in the Summer of
2012 (Kesonen, Asikainen, & Hirvonen, 2012). Following my
talk, members of the audience encouraged me to look more
closely at the context dependency of the students’ reasoning.



This turned out to be a valuable suggestion since it permitted us
to rationalize much of the data collected in 2011-2013. With the
aid of this data, we were then able to develop a fresh perspec-
tive on earlier PER contributions regarding students’ reasoning
of optics. These findings are presented in article IV, which rep-
resents our best attempt to capture the complex phenomenon of
students’ learning of optics.

To sum up, the present study has followed an interest-driven
research path. During this process, the research scopes have un-
dergone refinement as our understanding of students’ learning
of optics has developed. As a consequence, the research topics
covered in articles I-IV vary, capturing different perspectives on
students” learning of optics. Despite the degree of variation, I
would argue that articles I-IV comprise a single study that pro-
vides useful information concerning the improvement of stu-
dents” learning about optics. The rest of the dissertation is de-
voted to justifying this argument. I shall begin my argumenta-
tion by clarifying the research topics covered in articles I-IV.

1.4 SUB-STUDIES 1-3

The topics covered in articles I-IV are best understood as indi-
vidual sub-studies, which are labelled as follows:

1. Students’ understanding of the electromagnetic nature of light
(presented in the article I)

2. Evaluating students’ learning when they worked with the tu-
torials tasks covering the basics of the ray model and the wave
model of light in a lecture hall setting (presented in the articles
Il and 111)

3. Understanding the role of different light sources in students’
reasoning of optics (presented in the article IV)

These sub-studies are individual in the sense that they have
each covered different topics related to optics; they have em-
ployed different data sets aimed at responding to different re-
search questions; and, thirdly, they have aimed at contributing



to the various debates conducted in the PER literature. In conse-
quence, the research topics discussed in this dissertation and in
articles I-IV are from now on treated as sub-studies 1-3, as men-
tioned above.

The presentation of these sub-studies is divided into seven
chapters. Chapter 2 introduces the subject matter of optics es-
sentially covered in sub-studies 1-3. Chapter 3 presents the vo-
cabulary used to conceptualize students’ learning. Chapter 4
outlines the study context and methodological approach that we
have used in the present study. Chapters 5-7 provide an over-
view of each sub-study, clarifying their backgrounds, imple-
mentations, and results. Chapter 8 closes this dissertation by re-
flecting on the implementation of the study and discussing its
relevance.
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2 The ray model and wave

model of light

Light is a complex entity to grasp, as has been shown by the his-
torical development of optics. Its complexity has permitted the
unification of theories of physics, as the integration of electro-
magnetism and optics shows. The complexity of light has also
supported the discovery of quantum physics and wave-particle
dualism that exist at a level beyond the intuition of the human
mind. (Hecht, 2002) Due to the complexity of light, the theory
that explains its behaviour needs to be simplified when it is
taught at the certain level of education. The present chapter will
discuss these simplifications while covering the subject matter of
optics that has been relevant for the sub-studies 1-3. The sections
2.1 and 2.2 start this discussion by presenting an overview about
what light is conceived to be in optics. The rest of the chapter fo-
cuses on how optics is taught at the introductory level of the
university studies.

2.1 A DESCRIPTION OF LIGHT

Light is a visible part of the electromagnetic spectrum. In optics,
the behaviour of this part is described in terms of waves whose
wavelength varies between approximately 400-700 nm
(Dereniak & Deneniak, 2008)”. These waves convey the electro-

7 The particle nature of light is often omitted from the definition of op-
tics and included instead in the study of photonics (Photonics
Dictionary, 2014). In addition to light, optics covers the behaviour of
ultraviolet (10 nm — 400 nm) and infrared radiation (700 nm — 1 mm).
These three regions of electromagnetic spectrum are together known
as the optical spectrum. (Pedrotti & Pedrotti, 1998)
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magnetic energy while oscillating in time-harmonic fashion
perpendicularly to the direction of their propagation (Hecht,
2002; Saleh & Teich, 1991). This type of oscillation is similar
what can be observed in the context of mechanical waves. As a
consequence, the behaviour of light is often paralleled with the
behaviour of mechanical waves, such as water waves in a ripple
tank. This will be presented later in this chapter.

In contrast to mechanical waves, light may propagate in the
empty space where it travels at the speed of light (c). The inter-
action between material and light is mainly captured in terms of
the refraction index (n) of a material. This index can be deter-
mined with the aid of a formula,

n=-, @2.1)

where v is the speed of light in a transparent material.

In the field of optics, the electromagnetic theory of light pro-
vides the most complete description of light. The theory shows
that the behaviour of light is best understood in terms of elec-
tromagnetic waves. These waves consist of the electric and
magnetic field vectors (E, B) that oscillate independently of their
source — electric charges. Below are presented Ampere-Maxwell
and Faraday laws, which together provide the theoretical foun-
dation defining the existence of these waves in free space.

%B-ds=60y0%<fE-dA>, (2.2)

jEE-ds=—%(fB-dA). 2.3)

These laws essentially show that an electromagnetic field may
exist independently of electric charges by showing that a chang-
ing electric field induces a changing magnetic field, and vice ver-
sa. Changes of this type occur in the context of the time (and
space) harmonic electromagnetic plane wave, where the electric
and magnetic fields oscillate perpendicularly to each other and
in the direction of the wave propagation, as illustrated in Figure
2.1. In the field of optics, the electromagnetic plane wave is one
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of the most accurate descriptions of light?; it explains the behav-
iour of light in various optical phenomena, such as in the con-
text of a (linear) polarizer. The polarizer itself is an optical com-
ponent that filters light according to the oscillating direction of
the electric field (Hecht, 2002). At the introductory and interme-
diate levels of university studies, the working principle of a po-
larizer is typically explained in terms of a wire-grid polarizer
(Knight, 2008a; Young & Freedman, 2004; Hecht, 2002). The po-
larizer is assumed to consist of parallel conducting wires. The
energy of an electric field is absorbed by these wires whenever
any of its vector components is parallel to them. An extreme
case occurs when the electric field oscillates completely parallel
to the wires. In this situation, the wires absorb the energy of the
electric field completely, and the electric field stops at the polar-
izer. Due to the interrelations of electric and magnetic fields, the
magnetic field cannot maintain its oscillation without a chang-
ing electric field, and hence it will also stop at the polarizer. This
explains why linearly polarized light does not pass through a
polarizer when its transmission axis is perpendicular (i.e., the
electric field is parallel to the wires) in the direction of the in-
coming electric field.

Students” understanding of the aforementioned electromag-
netic nature of light was investigated in sub-study 1. Sub-studies
2 and 3 focused on students” understanding of the ray and wave
descriptions of light. The following section discusses how these
descriptions are related in optics.

y
E

B

Figure 2.1. The electromagnetic plane wave model of light takes the electromagnetic
nature of light into account (modified from (Hecht, 2002)).

8 To model a real beam of light, the superposition of these waves is
needed to form the angular spectrum presentation of the beam (Saleh
& Teich, 1991).
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2.2 THE WAVE AND RAY DESCRIPTIONS OF LIGHT

In circumstances where the wavelength of light is infinitesimally
small compared to the details of an optical system, light can be
treated as rays (Saleh & Teich, 1991). The rays are infinitely thin
lines that indicate the direction of the wave propagation from a
light source (Dereniak & Deneniak, 2008). Figure 2.2 illustrates
the relationship between the rays and waves in the context of a
monochromatic point source of light. The rays are another way
of describing the path taken by the electromagnetic energy of
light. This path is perpendicular to the wavefronts, as illustrated
in Figure 2.2. In contrast to waves, rays do not carry information
about the phase of light, and hence they cannot interact (inter-
fere) with each other. In an isotropic and homogenous medium?®,
light rays travel rectilinearly. This makes it possible to describe
the behaviour of light with the aid of straight arrows. (Dereniak
& Deneniak, 2008) In many cases, these arrows are an easier
way to illustrate the behaviour of light than drawing the wave-
fronts. Thus, the concept of a light ray has a great practical value
in optics, although it is an approximate description of light.

Light
rays

source
of light & el ol o

>

Wavefronts acting
as harmonic waves

Figure 2.2. Waves and rays emerging from a point source of light (modified from
(Dereniak & Deneniak, 2008))

% In an isotropic medium, the refraction index is independent of the di-
rection of light; the structure of the homogenous medium is considered
to be uniform (Photonics Dictionary, 2014).
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Section 2.3 that follows illustrates how the ray and wave de-
scriptions of light have been taught in the context of the present
study.

2.3 TEACHING OPTICS

At the introductory level of university studies, optics is typically
taught in terms of conceptual models (Greca & Moreira, 2000)
which simplify the accepted theory of light. In these models the
impact of a few eccentric quantities (e.g., the coherence proper-
ties of light) on the behaviour of light is ignored. These simplifi-
cations are intended to make the subject matter of optics more
understandable to students and thus may support their learning
(see, e.g., (Knight, 2008b)).

In the course of the present study, the use of conceptual
models became evident to us when we made use of a textbook
by Knight (2008a). The textbook argues that light rays and
waves are best conceptualised as two distinct models of light,
rather than as different ways of describing the route followed by
electromagnetic energy. These models are termed the ray model
and the wave model of light. They are presented as distinct models
in the sense that they each possess a certain validity range ac-
cording to which equations associated with these models are
valid and applicable (Knight, 2008a; 2008b). In addition, the
textbook provides an explicit rule where the validity range of
the ray model ends and that of the wave model starts, as shown
in section 2.5. Sections 2.3 and 2.4 discuss the wave model and
ray model of light, respectively, covering the subject matter of
optics that was relevant the sub-study 2.

2.4 THE WAVE MODEL OF LIGHT AND THE PHENOMENON OF
TWO SOURCE INTERFERENCE

As mentioned in section 2.1, in the field of optics light is consid-
ered to behave in the form of waves. At the introductory level of
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university studies, the wave nature of light is typically empha-
sised in the context of inference and of the diffraction phenome-
na of light, for example, when covering Young’s double-slit ex-
periment (Knight, 2008a; Young & Freedman, 2004). In this par-
ticular experiment, light passes through two narrow slits, creat-
ing the appearance of dark and bright interference fringes on a
distant screen. The experiment is easiest to perform using mon-
ochromatic and coherent light sources such as a helium-neon la-
ser. (Hecht, 2002)

A conceptual model that is typically used to explain these
observations suggests that the slits act as two monochromatic
point sources of light that oscillate in phase. The appearance of
dark and bright fringes is explained in terms of the interference
caused by circular waves emitted by these point sources of light.
(Knight, 2008a; Young & Freedman, 2004; Hecht, 2002) Thus, the
conceptual model of Young's double-slit experiment can be es-
sentially reduced to that of a two source interference phenome-
non. This phenomenon involves two sources creating circular
(or sphere) waves around each other. When waves from differ-
ent sources overlap, they interfere according to the principle of
superposition and create a resultant wave with areas of con-
structive and destructive interference. (Knight, 2008a; Young &
Freedman, 2004; Hecht, 2002) The phenomenon of two source
interference is typically illustrated by means of representations
shown in Figs 2.3a and 2.3b. These Figures are supplementary
descriptions of this phenomenon: Figure 2.3a represents the
phenomenon as it would appear in a real ripple tank, whereas
Figure 2.3b demonstrates the waves created by both sources
without any indication of their interference.

One of the general objectives of physics instruction is to help
students to understand different representations of physics
(Knight, 2002). Given this objective, we have investigated stu-
dents’ learning of the phenomenon of two source interference by
evaluating their abilities to combine representations as present-
ed in Figure 2.3. In reality, Figs 2.3a and 2.3b correspond to each
other in the sense that in both Figures the distance between the
sources is 1.5 times the wavelength. The grey fuzzy lines in Fig-
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ure 2.3a are called nodal lines, where the waves interfere in a
completely destructive manner, with the result that the ampli-
tude of a resultant wave is zero. In Figure 2.3b, these lines pass
through points where the continuous lines (representing the
crests of waves) and dashed lines (representing the troughs of
waves) overlap. If the sources are in phase (as in Figure 2.3),
completely destructive interference occurs when the path-length
difference from the sources to the point of interest reaches the
values: 1/2,31/2,...,(m+ 1/2)A, where A is the wavelength
and m describes the order (m =0, 1,2, ...).

a) b)

Figure 2.3. Different representations of the two source interference phenomenon; in a),

the  interference  pattern  of  waves are  shown  (modified  from

http://ngsir.netfirms.com/englishhtm/Interference.htm (valid 23.5.2014); in b), waves

created by both sources are shown without any indication of their interference (modi-
fied from (McDermott et al., 2010a)).

In Figure 2.3a, the lines where waves are the most distin-
guishable correspond to the anti-nodal lines. Along these lines
the waves interfere in a completely constructive manner. In Fig-
ure 2.3b, these lines pass through points where a dashed line
overlaps a dashed line and a continuous line overlaps a contin-
uous line. In other words, the waves interfere in a completely
constructive manner where the crests of waves from different
sources overlap each other and the troughs of waves from dif-
ferent sources do the same. If the sources oscillate in phase, the
path-length difference between the points of completely con-
structive interference are given the values mA.

17



2.5 THE RAY MODEL OF LIGHT AND THE GEOMETRICAL IM-
AGE

As described in section 2.2, the ray model of light simplifies the
behaviour of light waves in terms of rays, which indicates the
directions of the light propagation. The ray model is based on a
set of assumptions, such as

1. Light rays travel in a straight line through a single medium.

2. Two (or more) light rays can cross without affecting one an-
other.

3. Each point of an object (self-luminous or diffusely reflecting)
can emit light rays in all directions. (Knight, 2008a)

These assumptions may be used, for example, in predicting the
shape of a bright area created by a light source passing through
a large aperture. This type of bright area is referred to as the ge-
ometrical image (of an aperture). Examples of geometrical imag-
es are presented in Figures 2.4a and 2.4b. In Figure 2.4a, a small
bulb is identified as the point source of light, which, according
to assumption 3, emits light rays in all directions. According to
assumption 1, these rays travel rectilinearly, and the rays that
hit the mask — anywhere else than the hole — will absorb to it.
Light that travels rectilinearly through the hole creates a hole-
shaped geometrical image, as shown in Figure 2.4a.

In Figure 2.4b, a long and narrow light source is treated as a
string of closely-spaced point sources of light. According to as-
sumptions 1 and 3, these point sources create the hole-shaped
geometrical images that overlap each other. According to as-
sumption 2, these images do not interact (interfere) with each
other, and hence together they create a geometrical image that
can be observed on a screen, as can be seen in Figure 2.4b.
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Screen

Mask with triangular ask with triangular
hole (legs ~ 1 cm) hole (legs ~ 1 cm)
Small bulb Long and narrow light source
a) b)

Figure 2.4. Geometrical images created by a) a point source of light, and b) a line
source of light (Modified from (Wosilait et al. 1998; Wosilait, 1996)).

The procedures required to determine the shape of a geo-
metrical image also create a base for acquiring an understanding
of image formation in the context of lenses and mirrors. With
regard to lenses and mirrors, students need to deal with the as-
sumptions of the ray model of light and laws of reflection
and/or refraction. This has been shown to be too problematic for
some students to handle (Saxena, 1991; Goldberg & McDermott,
1987). The geometrical image creates a context where students
may develop their understanding of the basic assumptions of
the ray model of light without needing to deal with the laws of
reflection and/or refraction. Thus, covering the formation of ge-
ometrical images before introducing those of real and/or virtual
images may support students’ understanding of image for-
mation in optics.

2.6 THE CROSSOVER POINT BETWEEN THE RAY MODEL AND
THE WAVE MODEL OF LIGHT

As explained in section 2.3, in the course of the present study
the ray and wave descriptions of light were regarded as two dis-
tinct models: the ray model and the wave model of light. By fol-
lowing Knight’s (2008a) textbook these models were treated as
supplementary descriptions of light: where the validity range of
the ray model ends, the validity range of a wave model will start.
One should note that this distinction approximates significantly
to the real relations between light waves and rays. As implied in
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section 2.2, the wave description of light is valid whenever light
is describable in terms of rays. In situations where the ray de-
scription is valid, the wave description of light would be unusa-
ble due to its complexity, and hence the rays are customarily
used to cover the behaviour of light.

The approximate distinction between the ray model and
wave model of light has its advantages with respect to students’
learning of optics. It permits them to define a simple rule for the
validity ranges of the ray model light and wave model of light
(see (Knight, 2008a, pp. 686)). This rule is assumed to help stu-
dents to recognize these validity ranges, which is further as-
sumed to support their understanding of the ray model and the
wave model of light (Knight, 2008b).

In Knight's (2008a) textbook, a point that separates the valid-
ity ranges of the ray model and the wave model of light is called
a crossover point. This point can be understood by thinking of a
collimated beam of light that travels straight through a circular
aperture while its diameter is decreasing and considering the
situation at the fixed end opposite the aperture. As a result of
the diffraction of the light, the beam passing through the aper-
ture can be considered as spreading from the middle point of
the aperture, as illustrated in Figure 2.5. Figure 2.5a illustrates a
situation where the spread of light at the level of a screen is less
than the size of an aperture. The ray model is assumed to be ap-
plicable in this case and light can be considered as straight lines
that create an aperture-sized and -shaped geometrical image on
a screen. Figure 2.5b, in turn, demonstrates a situation where the
spread of light at the level of the screen is greater than the size
of the aperture. In this case, the ray model is invalid and the
wave model of light is needed to explain the appearance of the
diffraction pattern seen on the screen'’. Thus, the crossover
point between the ray model and the wave model of light can be
determined by deciding whether the geometrical image of an
aperture covers that of the spread of light caused by diffraction.

10 Only the creation of Fraunhofer diffraction patterns is covered in the
Knight's textbook (2008a).
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a) The spread of light on the screen is b) The spread of light on a screen is
less than the diameter of the aperture. greater than the diameter of the aper-
ture.

Figure 2.5. The crossover point between the validity ranges of the ray model and the

wave model of light.

To quantize this rule, it is necessary to discover the diameter
of the aperture when the width of the central maximum of the
diffraction pattern is equal to the width of the geometrical image.
In the Fraunhofer diffraction regime, the width of the central
maximum (w) of a circular aperture diffraction pattern can be
expressed in terms of the wavelength of light 4, the distance be-
tween the aperture and a screen L, and the diameter of an aper-
ture D:

2.447L
~ _ 2.4
w D (2.4)

The coefficient 2.44 comes from the position of the first dark
fringe surrounding the central maxima of the circular aperture
diffraction pattern (Knight, 2008a; Hecht, 2002). Since incident
light is assumed to be collimated, the diameter of the geomet-
rical image will be the same as the diameter of the circular aper-
ture. Hence, the crossover point between the ray model and
wave model of light D, can be derived as follows:

2.442L
Do = =5— = De = V2A44iL (2.5)

c

In Knight's textbook (2008a), the crossover point is summarized
in terms of the 1 mm rule. This rule is derived by substituting
typical values for the wavelength of light and the distance be-
tween aperture and screen (A = 500 nm, L = 1 m) by means of
formula 2.5. According to the 1 mm rule, when light passes
through an aperture greater than 1 mm in size, the ray model of
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light is applicable; when light travels through an aperture less
than 1 mm in size, then the wave model of light is needed to ex-
plain the size (and shape) of the bright area seen on the screen.

The derivation of the crossover point presented above can be
seen as a conceptual model that is intended to clarify the validi-
ty ranges of the ray model and the wave model of light (Knight,
2008b). The approximate nature of this model, and especially the
1 mm rule, should be recognized by the instructors teaching
them. We also consider it important to provide students with an
opportunity to refine this model by focusing especially on the
relationship between the ray description and the wave descrip-
tion of light, as presented in section 2.2. In the present study,
however, we have taught this model in the same way as it is
presented in the Knight (2008a) textbook, leaving its refinement
to be undertaken in more advanced optics studies that students
may possibly take at some later date.
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3 Students’ knowledge and
reasoning

In the present study we investigate students’ learning of optics.
This chapter presents the ways in which we have understood
what students’ learning consists of and how we have ap-
proached to it in the present study.

3.1 STUDENTS’' LEARNING

Intuitively, learning seems to refer to the process of extending
one’s knowledge: the more you know, the more you have, obvi-
ously, learnt. If this holds true, obvious questions arise concern-
ing what knowing more means and whether it always entails
learning. One answer to the latter question will be in the nega-
tive, as far as work in the field the educational psychology done
by Mayer (2002) is concerned. He proposes that a student can
weakly remember a few key words from the material studied
without properly recognizing their meaning or how they should
be used. He categorizes this type of extension of an individual’s
knowledge as no learning (see (Mayer, 2002, pp. 227)).

In addition, Mayer (2002) suggests two other ways of ex-
tending one’s knowledge: route learning and meaningful learning.
In route learning a student is able to memorize a fair amount of
the material under study but is unable to apply it in unfamiliar
situations. In the PER literature, this type of student learning is
referred as memorizing (Wieman & Perkins, 2005, McDermott,
2001), the use of declarative knowledge (Arons, 1997), or nominal
knowledge (Reif, 1995).

Meaningful learning has occurred when a student memoris-
es most of the key facts of the material under study and is able
to apply them in unfamiliar situations. In the field of PER,
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meaningful learning is in line with the idea that the student will
have achieved an adequate or functional understanding of the ma-
terial (Meltzer & Thornton, 2012; Heron, 2004; McDermott, 2001;
McDermott & Redish, 1999).

As Mayer’s work suggests, students’ learning refers to the
extension of their knowledge and the extension of their skills to
use what they know. In the present dissertation, what students
know is referred to as students” knowledge, and how they use
their knowledge is referred to as students’ reasoning. This does
not mean that students” knowledge and their reasoning can be
considered as independent entities. Rather, the choice of terms —
knowledge versus reasoning — indicates the perspective from
which students” responses have been examined. In the case of
knowledge, students” responses have been examined with the
prospect of understanding what they know or do not know with
respect of physics. In the case of reasoning, students’ responses
have been examined with the prospect of understanding how
students have used their knowledge in certain situations. Both
students” knowledge and their reasoning, as outlined here, pro-
vide information on different views of students” understanding
of physics.

The rest of this chapter will outline the terms that have been
used to describe students” knowledge and reasoning in the field
of PER and also in the present study.

3.2 DESCRIPTIONS OF STUDENTS’ KNOWLEDGE

In the PER literature a student’s knowledge is acknowledged as
being an extremely complex system (Redish, 2003). To describe
it, researchers have used various terms, such as students’ difficul-
ties (Eunsook & Sung-Jae, 2002; McDermott, 2001); conceptions
with various prefixes, such as mis- and pre-, (Leinonen,
Asikainen, & Hirvonen, 2013; Miller, Lasry, Chu, & Mazur,
2013); and various types of models — mental, hybrid, and conceptu-
al (Tongchai, Sharma, Johnston, Arayathanitkul, & Soankwan,
2011; Bao & Redish, 2006; Ambrose, Shaffer, Steinberg, &
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McDermott, 1999). The use of these and other terms has obvi-
ously aimed at capturing students” knowledge partially, focus-
ing on the features that are considered relevant. The emphases
of these features have largely depended on the particular re-
search aim (Heron, 2004). For example, a study that aims at de-
veloping an effective curriculum hardly needs as complex a de-
scription of students” knowledge as a study targeting the devel-
opment of a theoretical framework for the context dependency
of students’ reasoning of physics.

The use of these simplified terms has suggested that re-
searchers have made certain assumptions regarding the nature
of students” knowledge. Perhaps the most well-known, and yet
somewhat contrasting, sets of assumptions have discussed
whether students” knowledge emerges from precompiled and
theory-like systems!' or from fragmented and units created in
situ!2, In the field of Science Education, some studies have de-
bated which of these two sets of assumptions is the more valid
(diSessa, Gillespie, & Esterly, 2004). In the field of PER, in turn,
researchers have generally treated them as complementary sets
of assumptions, as Redish’s (2003, p. 21) argument implies: “the
decision as to which [set of the assumptions] is more appropriate is an
empirical one”. This indicates that both sets of assumptions can
be considered to be valid, and neither of them should be aban-
doned simply to unify background assumptions regarding stu-
dents” knowledge. Bao and Redish (2006) have suggested that
theory-like systems and fragmented knowledge units could be
seen as the opposite extremes of students” knowledge. A real
student’s knowledge is likely to exist somewhere between these
two extremes, based on both theory-like and fragmented ele-
ments. The present study has been consistent in its use of this
assumption: we have not adopted a strictly predetermined
stance on what students’” knowledge consists of. Instead, we
have refined our assumptions of students” knowledge while ob-
taining a better understanding of the students’ responses re-
ceived and also of the related literature. As a consequence, in the

11 For example, McCloskey’s (1983) naive theories of motion.
12 For example, diSessa’s (1993) phenomenological primitives.
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present study students” knowledge has been described in terms
of conceptions and difficulties. The following subsections 3.1.1
and 3.1.2 will discuss the meaning of these terms.

3.2.1 Conceptions

The majority of PER researchers seem to agree that the term con-
ception refers to the pre-existing ideas that students bring into
the physics classroom as an inheritance of their earlier instruc-
tion and/or of experiences obtained in the physical world. Re-
searchers, however, appear to disagree over what these ideas
consist of. It has been argued that such conceptions may be
strongly held and stable cognitive structures (Redish E. F., 2003;
Hammer, 1996a; Hammer, 1996b), but they are also treated as
loosely held and unstable knowledge units (Miller, Lasry, Chu,
& Mazur, 2013; Leinonen, Asikainen, & Hirvonen, 2013; Redish,
2012). In addition, some researchers have used the term concep-
tion merely to describe a recognizable pattern in students’ re-
sponses, while making no assumptions whatsoever about the
stability of students” knowledge (Hammer, 1996b). This practical
stance largely corresponds to our use of the term conception. In
other words, we have mainly used it as a straightforward de-
scription of the regularities observed in students’ responses.
These regularities have, however, been assumed to indicate stu-
dents’ permanent ideas, since they are typically observed before
and after instruction or after a long period of time has lapsed
since the actual instruction. However, we would not claim that
students’ conceptions must be strongly held in a variety of dif-
ferent contexts, for example. Hence, we conclude that our use of
the term conception has largely been descriptive, with the aim of
presenting the regularities observed in students’ responses. If
these regularities have been inconsistent with respect to physics,
the prefix mis(conception) has been used to highlight this per-
ception.

In the present study, students’” conceptions are assumed to
reflect their factual and conceptual knowledge. The factual
knowledge refers to facts that a student knows to be true,
whereas the conceptual knowledge refers to the interrelation-
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ship between these facts (Krathwohl, 2002). With the aid of the
conceptual knowledge students may combine known facts to
larger networks that have greater explanatory power than sepa-
rate facts alone (Reif, 1995). This explanatory power manifests
itself as a student’s ability to use known facts flexibly in qualita-
tive reasoning, for example. This type of reasoning corresponds
to how experienced physicists use their knowledge in problem
solving (Van Heuvelen, 1991), and hence it is considered an im-
portant goal of physics instruction (Mestre, 2001).

By investigating students’ conceptions, we have examined
their factual and conceptual knowledge with the intention of
understanding which facts and interrelationships between the
facts exist and then also what is missing. Thus, with this infor-
mation we have aimed at understanding students’ learning of
physics and also at improving their instruction.

3.2.2 Difficulties

In addition to the term students” conception, the term students’ dif-
ficulty has often been used in the PER literature. In contrast to
students” conceptions, the term students” difficulty is more non-
committal regarding the assumptions involved in establishing
the nature of students’ knowledge (Hammer, 2000). In other
words, students’ difficulties can be either precompiled or creat-
ed in situ, while they may be both stable and unstable, but in
any case students’ difficulties interfere with their learning of
physics. Students’ difficulties typically refer to the type of stu-
dents’ errors that reflect the presence of knowledge rather than
its absence (Heron, 2004). This description corresponds closely
to the meaning of students” misconceptions. However, its mean-
ing is somewhat broader than that of misconceptions
(McDermott, 2001). Students” difficulties do not always arise
from their misconceptions, which may consist of inappropriate
factual and/or conceptual knowledge; the difficulties may also
arise from students’ inaccurate procedural knowledge. This type of
knowledge refers to students’ skills used in performing certain
procedures (Krathwohl, 2002; Reif, 1995), such as adding vectors
appropriately. This does not mean that students’ procedural
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knowledge would necessarily be independent of their factual
and conceptual knowledge. On the contrary, these students’
knowledge types seem to be interwoven, as the findings in a
study by Flores, Kanim, & Kautz (2004) suggest. For example,
they have found that students tend to use the Pythagorean The-
orem to determine the magnitude of the resultant of two non-
perpendicular vectors. They have suggested that students have
used this incorrect procedure because they have believed that
the Pythagorean Theorem provides a universal rule for finding
the magnitude of the resultant of any two vectors (Flores,
Kanim, & Kautz, 2004). This belief seems to correspond to what
we perceive as (mis)conception, emerging from students’ con-
ceptual knowledge.

To sum up, the origin of students’ difficulties — whether they
arise from factual, conceptual, or procedural knowledge — is dif-
ficult to determine unambiguously. Thus, such a distinction has
been omitted from the present study. Instead, we have used the
term students’” difficulty to describe a type of inconsistences that
students have experienced in their content knowledge of phys-
ics. Thus, the term students’ difficulty has referred to the absence
of factual knowledge; it has served as a synonym for students’
misconceptions; and it has described occurrences of resultant stu-
dents’ inability to perform procedures needed in physics.

3.3 STUDENTS' REASONING

In the PER literature students’ reasoning has often referred to
the process that makes their understanding of physics evident to
others. This has been the case especially when reasoning is in-
vestigated by using novel situations that have not been explicit-
ly covered in earlier instruction (McDermott, 2001). The novelty
of these situations aims at ensuring that students are unable to
respond to them successfully by merely relying on ready-made
answers learnt by heart in advance. Instead, students need to
apply what they know, making, at the same time, their under-
standing at least partially visible to others.
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Considering students’ reasoning as a process that makes an
individual’s understanding visible to others raises questions,
such as where that process starts, where it ends, and what hap-
pens between start and end. It has been hard to find answers to
questions of this nature in the PER literature. Instead, Walton
(1990) (from the field of philosophy) has suggested that reason-
ing is a process where a person shifts from their premises to-
wards their conclusions by following certain procedures. Wal-
ton’s suggestion matches the idea that optics is taught in terms
of conceptual models, as argued in section 2.3, above. The selec-
tion of an appropriate conceptual model and recognizing its as-
sumptions (e.g., idealized entities) can be seen as the premises of
reasoning that students need to recognize in order to apply this
model successfully. For example, when a student predicts the
shape of a geometrical image, s/he may take the ray model of
light and its assumptions as the premises of their reasoning. In
addition to such premises, a student needs to master certain
procedures, such as creating a ray diagram that is consistent
with the rectilinear propagation of light. As result of correctly
recognized premises and carefully implemented procedures, the
student should end up with a correct conclusion, as a final step
in his/her reasoning.

Thinking about students’ reasoning in terms of premises,
procedures and conclusions has helped us to conceptualize the
context-dependency of students’ reasoning, as sub-section 3.4.2
presents. Prior to this subsection, however, we will discuss the
ways in which the context-dependency of students’ reasoning
has been approached in the PER literature.

3.4 CONTEXT-DEPENDENCY OF STUDENTS’ REASONING

The context-dependency of students” reasoning appears when-
ever students provide a correct response to a task but an incor-
rect response to a closely-related task. These tasks have typically
required students to apply the same physics subject matter but
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have used different wording and/or pictorial representations’®
(Stewart, Griffin, & Stewart, 2007; Meltzer, 2005; Palmer, 1997).
Students’ inability to respond to closely-related tasks has sug-
gested that they pay more attention to the more superficial fea-
tures of tasks — wording and pictorial representations — than to
the intended physics subject matter. This has supported the as-
sumption that students’” knowledge of physics is fragmented
(Stewart et al., 2007). Stewart, Griffin, and Stewart (2007) have
argued that in some contexts the gaps between students’
knowledge units create uncertainty in their reasoning. As a re-
sult of students” uncertainty, they tend to rely more on their in-
tuition than their content knowledge of physics, with the result
that their reasoning comes to depend on the context (Stewart et
al., 2007). In addition to students’ uncertainty, the context-
dependency of students” reasoning has been explained in terms
of students’ resources, as described in subsection 3.4.1.

3.4.1 Resources

To enhance the extent to which students’ learning has been con-
ceptualized in the field of PER, Hammer and his colleagues have
proposed the notion of a resource-based framework (Hammer et al.,
2005; Hammer, 2000). Much of this framework is consistent with
the work of Smith, diSessa and Roschelle (1993), who have
criticized the misconception research that has commonly been
conducted in the fields of PER and Science Education. This line
of research has often set certain assumptions as the basis for
students’ learning, such as students’ knowledge consists of
misconceptions that need to be replaced with conceptions that
are consistent with scientific concepts. According to Smith et al.
(1993), this assumption oversimplifies the complexity of
learning, and yet it is inconsistent with the assumption that new
knowledge is built on prior knowledge'*:: how can something be
built on that first needs to be replaced? According to Smith et al.
(1993), this is logically impossible.

13 Here, the pictorial representation refers to pictures and sketches
used to clarify what is asked in a task assignment.
14 The basic assumptions of constructivism (Bransford et al., 2004).
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Despite their criticism, Smith et al. (1993) acknowledge the
empirical value of misconception research, but they argue that it
is a time to move on and develop a more comprehensive
description of students’ learning. The resource-based
framework can be seen as a response to Smith et al.’s (1993)
wish. The framework describes a student’s knowledge as a state
that can be refined rather than replaced in the process of
learning (Hammer et al., 2005). A student’s state of knowledge is
described in terms of resources which represent what they know
involving all types of knowledge - factual, conceptual,
procedural, and others'. A resource can represent undividable
knowledge units, such as diSessa’s (1993) phenomenological
primitives, or more stable theory-like knowledge systems, such
as McCloskey’s (1983) naive theories of motion. A student’s
knowledge is assumed to consist of a wide range of different re-
sources. Some of these resources are activated when a student
reasons in a certain situation. In other words, the activation of a
student’s resources is assumed to depend on a context that at
the same time explains why his/her reasoning may depend on a
context.

The activation is assumed to happen rather systematically as
a result of framing (Hammer et al., 2005). This refers to students’
expectations of how they should behave and what knowledge
they should express in the situations in which they find them-
selves. As the outcome of framing, a student activates a set of lo-
cal and/or global resources which will influence his/her behav-
iour in a given situation. The framing can happen consciously or
unconsciously, but, in either case, students” expectations inter-
preted from a given context determine what knowledge be-
comes available to them and how they reason in a given situa-
tion.

The resource-based framework has extended the ways in
which students’ reasoning has been examined. For example, it
has permitted the discovery of productive resources (Harrier et
al., 2013). These resources consist of students” ideas that are in-

15 For more information, see (Harrier, Flood, & Wittman, 2013).
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correctly extended in some contexts but can serve as a good base
for learning physics in other contexts.

In sub-study 3 we found the resource-based framework to be
slightly impractical since our data was indescribable in terms of
the acknowledged conceptual resources, such as diSessa’s (1993)
phenomenological primitives. Rather than attempting to launch
a new type of conceptual resource, we adopted the Johnson-
Laird mental model theory (Johnson-Laird, 1983), which will be
described in subsection 3.4.2, below.

3.4.2 Propositional representations, mental models, and imag-
es

The Johnson-Laird mental model theory argues that a human

mind consists of at least three types of mental representations:

propositional representations, mental models, and images. They all

refer to different levels of human understanding and its devel-

opment, and also play a role in the process of reasoning.

Propositional representation stands for the most superficial
level of human understanding. In concrete terms, it refers to a
person’s ability to repeat a piece of information (word, sentence,
equation, etc.) without been able to connect it to his/her prior
knowledge. As a consequence, a person is unable to understand
the meaning of the information. The mental model is a type of
representation that permits a person to connect a new piece of
information to his/her prior knowledge. As a consequence, a
person is able to obtain a deeper understanding of that infor-
mation and to use it flexibly in novel situations. Images are
specifications of the mental models that a person creates while
running the model in a certain situation. Thus, the images in-
clude features that correspond closely to real-world objects and
events.

By means of these mental representations an understanding
of a new piece of information can be explained in terms of its
syntactic and semantic structure. In a language, for example, the
syntactic structure refers to a grammar, status of words, and
their order. The semantic structure, in turn, describes the enti-
ties, objects, or events in which the given information — words
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and phrases — refers to in a real-world context. According to the
theory, when a new piece of information is told to a person, its
syntactic structure is first presented as propositional representa-
tions in the person’s mind. These propositional representations
can develop as mental models as soon as the semantic structure
of given information becomes evident to a person. Thus, the
theory suggests that the creation of mental models, and hence
human understanding, is based on grasping the semantics of the
new piece of information. The semantics of given information
can be inferred not only from the information itself, but also
from a context where it is given. Therefore, the Johnson-Laird
mental model theory (Johnson-Laird, 1983) can be used in de-
scribing the context dependency of students’ reasoning of phys-
ics.

In addition, the theory is consistent with the idea that rea-
soning is considered in terms of shifts from premises toward
conclusions (see section 3.3). According to the theory, when a
person is reasoning, s/he aims to create mental models of the
premises of his/her reasoning (Johnson-Laird, 1983). In the pro-
cess of reasoning, a person aims to reach the most suitable con-
clusion(s) of reasoning by manipulating these models by means
of procedures of mind. If the creation of mental models on the
premises of reasoning depends on a context, then the process of
reasoning itself also depends on a context.

With respect to the theory, the context-dependency of stu-
dents’ reasoning of physics can be seen as a consequence of
forming mental models from the semantics that can be inferred
from a context. In other words, the context dependency of stu-
dents’ reasoning arises from students’ limited ability to grasp
the semantic structure of given information (i.e., what the words,
concepts, and drawings presented in a question actually refer to).
Students may grasp the semantics of the given information as
desired in one context, but fail to do so in other contexts, thus
causing the context-dependency of students’ reasoning.

If students are unable to find the semantic meanings of the
premises of reasoning, then their reasoning is based, at least par-
tially, on propositional representations (Greca & Moreira, 1997).
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If this is the case, then students” reasoning relies on the syntactic
structure of the premises of reasoning, that is, superficially
memorized pieces of information (words, concepts, equations).
In that case, students will probably be unable to demonstrate a
robust understanding of physics content in their reasoning.

In sub-study 3, the Johnson-Laird mental model theory
helped us to make sense of students” responses that otherwise
appeared anomalous. Thus, this particular theory has been use-
ful and, as speculated in article IV, may be adaptable to the re-
source-based framework of students’ reasoning. In that instance,
the propositional representations and mental models could be
seen as certain types of conceptual resources together with di-
Sessa’s (1993) phenomenological primitives.
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4 Study context and ap-
proach

The present study has been conducted at the Department of
Physics and Mathematics at the University of Eastern Finland
(UEF). In the course of the study, the physics education given in
the department has mainly consisted of lecture courses and sep-
arate courses for laboratory work. The lecture courses are rather
conventional, consisting of weekly lectures and recitation ses-
sions. In lectures, a lecturer typically presents a topic of physics
with the aid of PowerPoint slides and handwritten examples,
while the students simply listen and take notes. Outside the lec-
tures, the students are supposed to deepen their knowledge by
solving weekly homework assignments related to the lecture
course. The solutions to these assignments are presented at
weekly recitation sessions. In these sessions, students typically
check their solutions or copy them from the board. This type of
physics education corresponds to what we call conventional lec-
ture-based physics instruction, or in short lecture-based instruc-
tion.

Students participating in sub-studies 1-3 have to a greater or
lesser extent been exposed to this type of physics teaching
throughout their university studies. In sub-study 1, students
were taking a third-year quantum physics course; they had
completed relevant courses on electromagnetism and optics
more than 6 months prior to the gathering of the data. This was
assumed to indicate the extent of what they had learnt perma-
nently from conventional lecture-based courses dealing with
electromagnetism and optics.

Sub-studies 2 and 3 were conducted in the context of a first-
year physics course, Basic Physics IV (BP-1IV). The course in-
struction itself slightly differed from that of a conventional lec-
ture course, and hence it is presented in greater detail in section
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4.1. Sections 4.2 and 4.3 present the approach taken in the pre-
sent study and also the underlying principles of the analysis
made of students’ responses.

4.1 BASIC PHYSICS 1V

BP-1V is an introductory physics course that covers the basics of
waves, optics, and modern physics by following the textbook
Physics for Scientists and Engineers (Knight, 2008a). Students
participating in BP-IV were typically freshmen or sophomores
majoring in physics, mathematics, chemistry, or computer sci-
ence aiming at graduating as teachers or scientists. Approxi-
mately, 80% of the students had previously studied optics as
part of their physics studies while at upper secondary school.

BP-IV was lectured by a teacher who has actively contribut-
ed to the fields of PER and Science Education. Thus, the lectures
aimed at supporting students” active engagement with the aid of
stop-to-think questions included in the textbook of Knight
(2008a). These questions were used once or twice in the course
of each 90-minute lecture period. In addition, the web-based ap-
plets and demonstrations often refreshed the presentation of the
physics subject matter covered during lectures.

Weekly homework assignments were based on Knight's
(2008a) textbook, consisting of both quantitative end-of-chapter
exercises and also qualitative conceptual tasks adopted from the
PER literature. The correct solutions to the assignments were
presented in weekly recitation sessions along with the presenta-
tion of related demonstrations and web-based applets. Occa-
sionally, the students were offered additional exercises to be
solved at the end of the recitation sessions.

As a part of sub-study 2, two tutorials selected from the Tu-
torial in Introductory Physics curriculum (McDermott et al.,
2010a) were also used. Each tutorial was conducted in a 90-
minute lecture period, thus occupying four lecture periods out
of a total of 40.
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Despite the special features of BP-1V, it has been treated as a
conventional physics course. This generalization has been made
because BP-IV has mainly consisted of conventional components
in the course of this study: lectures, homework assignments, and
recitations sessions. In addition, the lectures have mainly fo-
cused on the presentation of the content, while the recitation
sessions have been used for presenting the solutions to the
homework assignments. The use of stop-to-think questions,
demonstrations, web-applets, and tutorials has been considered
to be only minor modifications in the structure of a conventional
physics course.

4.2 MIXED METHODS APPROACH

Our research approaches that were made in the study contexts
discussed above closely correspond to those used in mixed meth-
ods research (Cresswell, 2009; Teddlie & Tashakkori, 2009). This
correspondence is evident from the observation that we have
combined the qualitative and quantitative data sources in each
sub-study. These data sources have been combined so that we
could obtain as comprehensive evidence as possible related to
the students’ learning of optics. In addition, we have mixed
these data sources, since this type of mixing is much appreciated
in PER (Beichner, 2009).

Our mixing of qualitative and quantitative data sources cor-
responds to the embedded mixed methods design (Cresswell, 2009).
This means that in each sub-study the mixing has occurred
within a broader research design(/strategy). These designs have
consisted of a survey in sub-study 1, an experiment in sub-study
2, and a case study in sub-study 3. These research designs pro-
vide an outline of how we have approached students” learning
of optics in each sub-study. In addition, these designs have in-
fluenced the selection of the data gathering methods used in the
sub-studies. These designs and methods are further discussed in
chapters 5, 6, and 7 as aspects of the overviews of sub-studies 1-
3.
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4.3 CONTENT ANALYSIS AND THE PRESENTATION OF THE
RESULTS

Our analysis of students” responses in all sub-studies closely
corresponds to content analysis research (Fraenkel & Wallen,
2000). This type of research aims at providing replicable infer-
ences from texts in their contexts of use (Krippendroff, 2004).
Here, the text refers to all sorts of symbols that may deliver the
meaning, such as equations, diagrams, and calculations. In the
content analysis, this type text can be categorized into content-
related categories (Elo & Kyngas, 2008). These categories do not
simply squeeze the content of a text into a more compact form
but may also reveal its hidden structure. Recognizing this struc-
ture permits researchers to obtain a broader meaning of the text.

In the present study, the analysis of students” responses has
corresponded to content analysis research in the sense that ini-
tially the students’ responses were transcribed as text. This text
has contained students’ written explanations, their drawings,
and their selections in response to multiple-choice questions.
The content of this text has then been evaluated in terms of rele-
vant conceptual models of physics, concluding with a rough
categorization, such as correct, nearly correct, and incorrect stu-
dents” responses. These approximate categories have further
been analyzed in order, for example, to identify the types of er-
rors students had made in their responses. The errors identified
have created subcategories, whose content has been compared
to the findings of previous studies in order to reveal what was
new in our own results. Finally, the contents of the categories
and sub-categories have been projected onto the wider perspec-
tives of students’ learning of optics as they arise in the goals of a
particular sub-study.

The unit of our content analysis has been the student’s idea
that reflects his/her knowledge about relevant conceptual mod-
els of physics. In sub-studies 1-3 this unit has been labelled in
terms of conceptions, difficulties, and paralleled to students’
mental models or their propositional representations. This unit
may have contained a form of a word(s), sentence(s), draw-
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ing(s), or selection(s), or any combination of these. However, the
unit was also obliged to permit us to infer hypothetically what a
student has previously known, or not known, or how they have
used their knowledge in a given situation.

As a result of this type of content analysis, we have catego-
rized students’ responses unambiguously. Each student’s re-
sponse has been placed in a single respond category. If a stu-
dent’s response has contained features from two or more cate-
gories, this has constituted its own category, or it has been cate-
gorized based on its main features. In all of the sub-studies, the
final categorization of students” responses has taken several ana-
lyzing rounds. During these rounds the criteria for the catego-
ries have been refined in order to capture the most relevant fea-
tures of students” responses with respect to the scope of the re-
search. These criteria have been devised with the aim of present-
ing the result sections of articles I-IV as transparently as possi-
ble.

The quantity of categories has been described in terms of de-
scriptive statistics: frequencies, proportions, means, and stand-
ard deviations.

In sub-study 2 the chi-square test for homogeneity (Sheskin,
2003) was used to infer the similarity of two independent data
sets (see the article III). The test permitted us to justify combin-
ing the various data sets obtained in consecutive years. The test
itself was conducted by determining the expected frequencies
(Ejj) from the students’ correct and incorrect responses (0;;) ob-
tained annually, using the following equation

_(0:)(0))
=—"

where N is the total number of students’” responses. Then the
value of the y?test variable was calculated by comparing the ex-
pected and obtained frequencies with the aid of the following

equation:
r c 2
4= ZZ (01 — Eyy)

i=1j=1

E;j (4.1)

. 4.2)
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With the aid of the chi-square distribution table, the value of y?
was converted to a p-value. If the p value was greater than 0.05,
then the students’ response distributions obtained in consecu-
tive years did not differ significantly. Hence it was considered
appropriate to merge the data sets collected in consecutive years
into one.

In addition to the chi-square test for homogeneity, the
McNemar test (Sheskin, 2003) was used in sub-study 2 to indicate
the impact of the tutorial tasks on students’ learning. More pre-
cisely, the test was used to discover whether the improvements
in students” responses were statistically significant or not. For
the test, the students’ knowledge was evaluated before (pre-
responses) and after (post-responses) they had performed the
tutorial tasks. These responses were categorized as correct or in-
correct responses. The frequencies of these categories were
cross-tabulated, as shown in Table 4.1. This Table took into ac-
count only those students” who had provided both pre- and
post-responses.

Table 4.1. Frequencies organized to conduct the McNemar test

corrects post-responses incorrect post-responses
incorrect pre-responses a b
correct pre-responses c d

The value of the y? test variable was determined with the aid
of the following equation:
_(d-a)?
Cd+a)

2 (4.3)
The value of the test variable was converted to p-values with the
aid of a chi-square distribution table. If the p-value was less than
0.05, the improvement was considered to be statistically signifi-
cant.
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5 Overview of sub-study 1

Sub-study 1 focused on students” learning of the electromagnet-
ic nature of light. More precisely, we investigated students” con-
ceptions of the electric and magnetic fields and their interrela-
tions after they had completed university courses in electro-
magnetism and optics. Previous studies had identified various
difficulties encountered by students in using the concept of field
in their reasoning (Furio & Guisasola, 1998; Tornkvist,
Pettersson, & Transtromer, 1993). In addition, students were of-
ten shown to be unable to recognize the symmetric interrela-
tions of the electric and magnetic fields (Guisasola, Almudi, &
Zubimendi, 2004, Ambrose et al., 1999; Bango & Eylon, 1997).
These findings suggested that a field-based description of light
may be difficult for students to grasp, since it requires an under-
standing of the basic assumptions of the field concept — e.g., the
field exists in every point of space — and the interrelationships of
the electric and magnetic fields.

In sub-study 1 the students’ conceptions of the electric and
magnetic fields and their interrelations were investigated in dif-
ferent contexts. The contexts chosen were a charge, a charging
capacitor, an electromagnetic induction, and an electromagnetic
plane wave. These contexts were chosen since the meaning of a
field concept grows from the model of the interaction of the
charges into a description of light. Thus, using these contexts,
we were able to obtain an extensive description of students’
conceptions of the electric and magnetic fields and their interre-
lations. This description, in turn, was supposed to provide in-
formation on students” prerequisites for understanding the elec-
tromagnetic nature of light. In addition, these contexts seemed
to create a useful base for the development of instruction that
would aim at improving students” understanding of the field
concept and of the electromagnetic nature of light.
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5.1 SURVEY DESIGN AND DATA-GATHERING

In sub-study 1 data was gathered with the aid of a cross-sectional
survey (Cresswell, 2009). It served as a straightforward method
of indicating what students had learnt during their earlier uni-
versity studies that had focused on electromagnetism and optics.
The survey was implemented in a paper-and-pencil format con-
sisting of four tasks, each covering a single context that was de-
signed to be addressed in sub-study 1. The tasks were based on
earlier studies (Ambrose et al., 1999; Eylon & Ganiel, 1990) and
upper-secondary and introductory level textbooks. (Hatakka,
Saari, Sirvio, Viiri, & Yrjandinen, 2006; Knight, 2008a). The tasks
are presented in article I.

The survey was conducted at the start of the Autumn semes-
ter in 2008. The relevant background courses in electromag-
netism and optics had ended more than 6 months before the da-
ta was gathered. The data-gathering was implemented during a
45-minute lecture period. It permitted us to ensure that the stu-
dents responded without resorting to external information
sources such as textbooks or the internet. A total of 33 students
responded to the survey. They were not informed in advance
about the testing so as to ensure that their responses would re-
flect what they had learnt from their previous studies of elec-
tromagnetism and optics. All of the participants had completed
the course in electromagnetism at university but not the course
in optics. However, dividing the students into sub-groups ac-
cording to their background studies would have provided no
essential additional information. Thus, a total of 33 students
were treated as a single group.

Recognizable patterns of students’ responses were catego-
rized into content-specific categories reflecting students’ factual
and conceptual knowledge concerning the electric and magnetic
fields and their interrelationships. The frequencies of these cate-
gories were calculated, and the categories and frequencies were
presented in Tables. Finally, the results obtained were collated
by holding a discussion of the possible origins of the students’
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incorrect conceptions and of how they could be tackled with the
aid of instruction in electromagnetism and optics.

5.2 MAIN RESULTS AND DISCUSSION

The results of sub-study 1 demonstrated that students held var-
ious incorrect conceptions about the interrelationships of electric
and magnetic fields. In the context of a charge, 15% of the stu-
dents suggested that a magnetic field only exists around a
charge that moves uniformly (constant speed to a certain direc-
tion). In the contexts of a charging capacitor and of electromag-
netic induction, approximately 30% of the students were unable
to recognize the presence of an induced magnetic field or elec-
tric field. And finally, in the context of an electromagnetic plane
wave, 70% of the students demonstrated that they held a con-
ception according to which the electric and magnetic fields are
independent of each other.

The students’ incorrect conceptions reflected their lack of
factual and conceptual knowledge about fields and their interac-
tion. More precisely, many students were unable to recognize
that a changing electric field creates a magnetic field, and vice
versa. Due to their lack of these crucial pieces of knowledge, stu-
dents demonstrated that they had difficulty in understanding
the interrelationships of electric and magnetic fields. Especially
in the context of the electromagnetic plane wave, a large propor-
tion of the students (70%) incorrectly treated these fields as in-
dependent entities. This indicated that the field-based descrip-
tion of light is difficult for students to grasp. This, in turn, sug-
gested that to improve students” learning about the electromag-
netic nature of light, more attention should be paid to teaching
the interrelationships of the electric and magnetic fields. This
was in fact the original scope of the present study, which was
changed due to reasons explained in section 1.3.
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6 Overview of sub-study 2

Sub-study 2 focused on the adoption of the Tutorials in Intro-
ductory Physics curriculum (McDermott et al., 2010a). This cur-
riculum, later referred as tutorials, has proven effective in over-
coming students’ difficulties in learning physics (McDermott,
2001). Nevertheless, its use requires additional resources that go
beyond from those obtainable for an individual instructor, such
as arranging small classroom sessions with two trained instruc-
tors.

To make the tutorials more accessible for instructors at dif-
ferent institutes, sub-study 2 has provided a fairly easy way to
adopt the tutorials in a lecture hall setting. The following chap-
ter argues that our way of using tutorials differs essentially from
other ways presented in the PER literature. It also emphasises
the benefits of our way of using the tutorials as an initial stage in
their adoption. The chapter presents evidence that suggests that
way we have used the tutorials has supported students’ learn-
ing of the basics of the ray model and the wave model of light in
the course of years 2011-2014. The presentation of these results
covers more data than is reported in articles II and III. The un-
published results show that the trend of the results as presented
in the articles has remained in the course of this study. Finally
this chapter discusses the benefits of different ways of imple-
menting the tutorials. In addition, it highlights some of the hy-
pothetical factors that may explain why some implementations
support students’ learning more than others.

6.1 MOTIVATION FOR THE DEVELOPMENT OF AN ALTERNA-
TIVE METHOD OF ADOPTING TUTORIALS

The Tutorial in Introductory Physics curriculum consists of con-
text-specific tutorials which each involve a pretest assignment, a
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worksheet, homework, and a posttest assignment. These in-
structional materials are published in three books: an instructor
guide'® (McDermott et al., 2003), workbook (McDermott et al.,
2010a), and homework assignments (McDermott et al., 2010b).
The instructor guide contains pretest and posttest assignments
and instructions about how to use the tutorials. The workbook
contains worksheets that are meant to be covered in tutorial ses-
sions, where students can consult with an instructor(s), whereas
the homework assignments provide material that students are
expected to go through by themselves.

The following subsections 6.1.1 and 6.1.2 describe the im-
plementation of tutorials in small classroom and lecture hall set-
tings, respectively. In subsection 6.1.3, we argue why an alterna-
tive way of implementing of tutorials is needed to permit wider
use of tutorials per se.

6.1.1 Tutorials conducted in a small classroom setting

The tutorials are most commonly used in small classroom set-
tings (McDermott et al., 2003). In a conventional physics course
the use of tutorials has taken place in weekly recitation sessions
substituting the presentation of a weekly homework assignment
(McDermott, 2001).

The content of the tutorials is based on conceptual models of
physics that are typically covered at an introductory level. The
tutorials aim to address those aspects of these models that are
found difficult for students to grasp after attending lectures.
These difficulties are tackled by engaging students in applying
their knowledge in a pretest, a tutorial session, homework, and
a posttest.

The pretest precedes a tutorial session, and it contains a few
paper-and-pencil tasks that ask students to apply their content
knowledge of physics that will have been recently lectured on in
unfamiliar situations. In the past, the pretest was conducted in
paper-and-pencil format either before or at the beginning of
weekly tutorial sessions (McDermott et al., 2003). Nowadays,

16 The guidebook is not typically available in bookstores; it needs to be
ordered from the publisher separately.
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students take a pretest online before the tutorial session (see, e.g.,
(Lindsey, Heron, & Shaffer, 2009)). The pretest serves two pur-
poses: (1) it informs instructor(s) about the level of students’
understanding of physics content after it has been lectured on;
(2) it informs students about what they are expected to be able
to deal with by the end of a course in terms of the physics con-
tent (McDermott, 2001).

After the pretest, the students participate in the weekly tuto-
rial session (50 min/week). In each session, the approximately 20
students are divided into groups of three or four. These groups
work through a tutorial worksheet which typically involves 3-5
pages from the tutorial workbook (McDermott et al., 2010a), un-
der the guidance of two instructors. The worksheet divides the
conceptual model being taught into statements, questions, and
hands-on tasks. These activities aim at providing necessary
items of information from which students should be able to con-
struct the taught conceptual model by themselves. Students are
expected to collaborate with their peers while working through
the worksheet. In addition, students may negotiate with their
instructors whenever necessary. The instructors are typically
graduate students who have been trained to work as tutorial in-
structors'’. The role of the instructors is to support students’
thinking by teaching them questioning rather than by telling.
Thus, these instructors guide not by providing answers to work-
sheet tasks but rather by encouraging students to examine their
thoughts to see whether they are consistent with other evidence
obtained during the tutorial session. (McDermott, 2001)

After the tutorial session, the students are expected to tackle
the tutorial homework assignment (McDermott et al., 2010b).
The homework assignments consist of similar, but not identical,
tasks to those in the tutorial worksheets. The students return
their homework assignments, which will be graded and subse-
quently returned to them by the instructors. This allows the stu-

17 During their training the instructors respond to the pretest, go
through the tutorials worksheet, and discuss the most common stu-
dents’ difficulties and strategies and how to address them during a tu-
torial session (McDermott et al., 2003).
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dents to receive feedback on whether they had learnt the physics
content as expected. (McDermott et al., 2003)

The posttest is typically used as part of a course or midterm
exam. It corresponds to the pretest, although it is not identical to
the pretest (McDermott, 2001). By comparing students’” answers
to a pretest and a posttest given in a particular tutorial, useful
indicators of the effectiveness of a tutorial on students’ learning
can be found.

Much of the content of the tutorials has been developed iter-
atively; tasks in the worksheets and/or homework assignments
are refined repeatedly in order to help students to maximize
their learning gains. Students’ learning gains are typically com-
pared to those of the tutorial instructors, since they will have re-
sponded to the similar questions in their preparation session
(McDermott, 2001). If students achieve scores that are as high as
those of their instructors, then a particular tutorial is regarded as
effective by the tutorials developers (Kryjevskaia, Stezer, &
Heron, 2011).

The developers have found that the tutorials are most effec-
tive when they are conducted in a small classroom setting
(McDermott et al., 2003). The following subsection describes
how the tutorials might also be used in a lecture hall setting.

6.1.2 Use of the tutorials in a lecture hall setting

The motive for implementing the tutorials in a lecture hall set-
ting arises from a number of challenges encountered in imple-
menting them in the small classroom setting (McDermott et al.,
2003). The interactive tutorial lecture is the developers’ format for
using the tutorials in a lecture hall setting. In this format, a lec-
ture period (50 min) is divided into two modes: group work and
class discussion. During the group work, students work through
a certain part of the tutorial worksheet with their neighbours for
5-10 minutes, while the lecturer and other instructors move
around the room, teaching individual students by questioning.
Following the group work mode, the lecturer will then engage
the whole class in a discussion, at the same time aiming at guid-
ing them towards articulating important ideas covered previ-
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ously in the tutorial worksheet. In addition to these two modes,
test questions are used to evaluate the students’ learning at var-
ious stages in the lecture period (Personal communication with
members of the Physics Education Group at the University of
Washington, 2010).

6.1.3 The need for an alternative adaptation of the tutorials
Despite two alternative methods of implementing the tutorials,
both of them may be too demanding for an instructor to imple-
ment. The small classroom implementation requires organizing
small classroom sessions with two well-prepared instructors.
These changes typically require an institutional level of com-
mitment to the use of the tutorials (Finkelstein & Pollock, 2005).
This level of commitment can be difficult to obtain without hav-
ing factual evidence about the benefits of the tutorials in a par-
ticular institution (Turpen & Finkelstein, 2008).

In fact, the format of interactive tutorial lectures requires
fewer external resources and is an easier way to implement the
tutorials. However, it requires engaging students in the whole-
class discussion, which has proven to be a demanding task even
for experienced instructors (Fagen, Crouch, & Mazur, 2002;
Turpen & Finkelstein, 2009). In consequence, the interactive tu-
torial lectures may be much too demanding a format for an in-
structor who may have become accustomed to traditional lectur-
ing but is implementing the tutorials for the first time.

The whole-class discussion is also problematic with regard
to indicating the effectiveness of the tutorials. The problem is
that a whole-class discussion — a dialogue between a lecturer
and students — may support the students’ learning by itself
(Beatty, Gerace, Leonard, & Dufresne, 2006). In that case, it will
be difficult, if not even impossible, to distinguish between learn-
ing that has occurred as a result of tutorial tasks and learning re-
sulting from a lecturer’s dialogue with students. As a conse-
quence, interactive tutorial lectures may prove to be instructor-
dependent and thus a biased indication of the effectiveness of
the tutorials.
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In sub-study 2, we did not use whole-class discussions but
implemented the tutorials in a lecture hall setting. This has been
established as a form of tutorial intervention that was designed to
test the impact of tutorial tasks on students’ learning of physics.
Our intervention consisted of two modes of instruction during
which (1) students responded to test questions, and (2) students
worked on tutorial tasks. Combining these modes, the impact of
the tutorial tasks was tested in the case of tutorials dealing with
Two Source Interference and Light and Shadow's. These tutorials
were suitable since they initiated a set of tutorials aimed at im-
proving students’ learning of the ray model and the wave model
of light.

Sections 6.2 and 6.3 which follow describe how these tutori-
als were prepared for the tutorial intervention and how their
impact on students’ learning was investigated.

6.2 PREPARATIONS AND PRACTICES OF THE TUTORIAL IN-
TERVENTION

Prior to the implementation of the intervention, the tutorial
worksheets were translated into Finnish. In addition, we pre-
pared answer sheets related to the test questions to be used in
evaluating students” learning during the intervention. The mate-
rial distributed to the students at the beginning of the interven-
tion consisted of the translated tutorial worksheet and the test
question answer sheets.

The answer sheets provided only a space for the students’
responses without showing the actual test questions. These
questions were displayed on a large lecture hall screen via a
computer and a data projector. By displaying the test questions
solely on the screen, we could control the students’ response
time. This helped us to ensure that the students all worked at

18 The tutorials Two Source Interference and Light and Shadow can be
found in (McDermott et al., 2010a) pp. 213-217 and pp. 185-188, respec-
tively.
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approximately the same pace, and the majority of students had
sufficient time to respond to each test question.

Both implementations of the intervention were conducted in
a lecture hall during a 90-minute lecture period after the under-
lying physics of the topics, two source interference and light and
shadow, had been covered in the lectures and recitation sessions.
The intervention was guided by two trained instructors®.

At the start of the intervention the students were asked to ar-
range their seating in every second row of seats in the lecture
hall so that the instructors could easily move around and
amongst them during the intervention. The students were then
requested to respond to the test questions individually and to
collaborate with their peers while working on the tutorial tasks.
The intervention started with a brief introduction of the topic of
the intervention — Two Source Interference or Light and Shadow
— with a brief explanation of how students were expected to par-
ticipate in the intervention. During the remainder of the inter-
vention, the students either worked through the tutorial work-
sheets or responded to the test-questions displayed on the
screen at the front of the lecture hall.

While the students were working on the worksheets, the in-
structors moved amongst them, monitoring their progress. As
suggested by the tutorial developers, the instructors aimed at
activating the students” thinking by questioning rather than tell-
ing. During the intervention, the students were permitted to use
the course textbook and other instructional material.

At the end of the intervention, the students returned the tu-
torial worksheets and their answer sheets, which were scanned
for the subsequent analysis. The worksheets and answer sheets
were returned to the students at the end of the following recita-
tion session, and for those who were interested in hearing the
correct answers, there was also a brief discussion. The tutorial
homework assignments were excluded from the intervention,

19 In 2011-2013 the instructors were Mervi A. Asikainen and Mikko
Kesonen. In 2014, Mervi A. Asikainen and Risto Leinonen ran the
Light and Shadow tutorial, while Mikko Kesonen and Risto Leinonen
ran the tutorial focusing on Two Source Interference.

51



because their impact on the students” learning would have been
difficult to evaluate.

6.3 EXPERIMENTAL DESIGN UNDERLYING THE EVALUATION
OF STUDENTS’ LEARNING IN THE INTERVENTION

The evaluation of the students’ learning in sub-study 2 was
based on the pre-experimental one-group pretest-posttest design
(Cresswell, 2009). In general terms, this type of design permits
evaluation of the impact of a treatment without the inclusion of
a comparison group (Fraenkel & Wallen, 2000). In sub-study 2,
dividing the group of students into experimental and compari-
son groups was not an option due to practical constraints. In
consequence, all students undertook the treatment, which in-
cluded working on the tutorial tasks during the intervention.
The impact of this treatment was indicated by testing the stu-
dents” knowledge before (pretest) and after (posttest) they had
worked through the tasks. Testing was accomplished with the
aid of paper-and-pencil test questions. The students” learning
was evaluated by comparing the proportions of correct and in-
correct responses before and after they had worked through the
tutorial tasks. We paid attention in this evaluation to the extent
to which the students’ responses shifted towards the correct line
of reasoning after they had worked through the tutorial tasks.
This evaluation was used to indicate the impact of the tutorial
tasks on their learning?.

In addition, the intervention permitted evaluation of the lev-
el of the students” knowledge after they had gone through the
lecture-based instruction. This was possible since the underlying
physics had already been covered in the weekly lectures and
recitation sessions. Evaluating the students” knowledge after lec-
ture-based instruction corresponds to the pre-experimental one-
shot case study design (Cresswell, 2009). This means that all of the
participants receive the same treatment — lecture-based instruc-

20 This impact was paralleled by the effectiveness of the intervention.
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tion — followed by an assessment — the pretest tasks in the tuto-
rial intervention. This design provided only a little information
about the impact of the lecture-based instruction (Fraenkel &
Wallen, 2000). However, the design provided a useful indication
of the level of the students’” knowledge following the lectures
and recitation sessions. This indication at least revealed the ex-
tent to which students had encountered difficulties after lecture-
based instruction similar to those that had motivated the origi-
nal development of the Two Source Interference and the Light
and Shadow tutorials.

Sections 6.4 and 6.5, below, discuss both of the implementa-
tions staged in the intervention and highlight some of the perti-
nent results obtained in 2011-2014.

6.4 STUDENTS’' LEARNING ABOUT TWO SOURCE INTERFER-
ENCE

In the implementation of the Two Source Interference tutorial,
the tutorial worksheet was divided into four sections?'. For each
section we designed a test question that was posed before (pre-
test) and after (posttest) students had worked through the tuto-
rial tasks included in a section. Thus, students’ learning was
evaluated by comparing their pretest and posttest responses
given in each section. This sectional evaluation of students’
learning captured the extent to which students could improve
their responses after working for 5-15 minutes on the tutorial
tasks.

The test questions were designed to address the main theme
of each section of the tutorial worksheet. The test questions em-
ployed representations of the two source interference phenome-
non that differed from those used in the lectures, the recitation
sessions, or the tutorial tasks. This representation is presented in
section 2.4 in Figure 2.3a (p. 17), while the representation used

21 Section 1: pp. 213-214, tasks II A-C; section 2: pp. 214-216, tasks II D-J;
Section 3: pp. 216 tasks III A; Section 4: pp. 217, tasks III B-C
(McDermott et al., 2010a)
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in earlier instruction and tutorial tasks is presented in Figure
2.3b (p. 17).

The use of different representations was intended to ensure
that the students could not provide correct responses merely by
memorizing tasks covered previously. The use of different rep-
resentations seemed appropriate since students typically en-
counter difficulties in visualizing the phenomenon of two source
interference (Knight, 2002). If students could provide a correct
response in the context of an unfamiliar representation, they
were deemed to possess a good understanding of the two source
interference phenomenon.

At the start of the intervention, the representation used in
the test questions was briefly introduced by showing a corre-
sponding web-animation??. In addition, we informed the stu-
dents that the animation illustrated the phenomenon of two
source interference within the areas of constructive and destruc-
tive interference. The introduction of the representation was in-
tended to ensure that the students would be able to understand
what was being asked for in the test questions.

The results discussed here concern a second section of the in-
tervention, which focused on the concepts of path-length differ-
ence and phase difference by emphasizing its role in determin-
ing the lines of complete constructive and destructive interfer-
ence. In the second section, students worked essentially with the
diagram presented in Figure 6.1, where sources were 1.54 apart
and oscillated in phase. In the first section of the intervention,
students had labelled the points where the amplitude of the re-
sultant waves was greatest and lowest with respect to the level
of equilibrium?. At the beginning of the second section, the stu-
dents responded to the test question presented in Figure 6.2. The
question asked them to evaluate the values of the path-length
difference and phase difference at three points — labelled A, B,

2 http://ngsir.netfirms.com/englishhtm/Interference.htm (valid
23.5.2014)

2 For a more precise description of the tutorial tasks included in the
first section of the intervention, see article II.
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and C - of an interference pattern. The desired values of the
path-length difference were Ary = 1/2, Arg =0, Arg = A.

The interference pattern used in the test-question corre-
sponded to the diagram students had worked with in the first
section of the intervention (see Figures 6.1 and 6.2). In the sec-
ond section, students continued working with the diagram and
determined the values of the path length difference and phase
difference at the points mentioned in the test question. Thus, the
students determined the correct answers to the test question in
the context of a different representation while working with the
tutorial tasks in the second section of the intervention.

Figure 6.1. The diagrammatic representation used in the tutorials tasks.
The continuous circles represent crests and the dashed circles represent the

troughs of waves.

Estimate the values of the path length difference and
phase difference (Ar, A¢) at points A, B and C.
Express your answer in terms of wavelength

and radian.

Explain how you reached this conclusion.

Figure 6.2. Test question used to indicate students’ understanding of the concepts
path-length difference and phase difference in the second section of the tutorial inter-

vention covering the topic of two source interference.
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Figure 6.3 presents the proportions of students providing the
correct values for the path-length difference at the beginning
and end of the second section of the course in 2011-2014. The
bars in Figure 6.3 represent the average of the proportions of the
students who provided correct answers at the different points —
A, B and C in Figure 6.2 — of the interference pattern. The error
bars indicate the variation in these proportions in terms of
standard deviation.

As can be seen in Figure 6.3, an average of more than half of
the students were unable to determine the correct values for the
path-length difference before working on the tutorial task. This
indicates that after the lecture-based instruction fewer than half
of the students were able to apply the concept of path length dif-
ference in the context of the novel representation. This implies
that the concept of path-length difference is difficult for students
to learn, requiring instruction that is more effective than that
provided in traditional lectures. This conclusion is consistent
with the findings of the developers of the Two Source Interfer-
ence tutorial (Ambrose et al., 1999; Wosilait, 1996).

m  Before tutorial tasks After tutorial tasks
80%

70%

I

60% ]: ]:
50% 5 EEEEEE— —
40% —
30% - —
20% - —
10% - —
0% - T T T

2011 (N=59) 2012 (N=46) 2013 (N=44) 2014 (N=53)

Percentage of correct answers

Figure 6.3. Averages and standard deviations of the percentages of students’ correct
answers with respect to the values of path-length differences in the second test question
(see Figure 6.x1, page 51) used in the tutorial intervention from Two Source Interfer-
ence. The results obtained in 2011 were published in article 11, while the rest of the re-

sults are still unpublished.
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Figure 6.3 also shows that the proportions of students’ cor-
rect responses increased after they had worked through the tu-
torials tasks. This increase has been evident for four successive
years, although the level of the increase has varied noticeably.
The error bars in Figure 6.3 suggest that points A, B, and C, la-
belled in the test question (see Figure 6.2), have not been of
equal difficulty for the students. These error bars are not, how-
ever, as large as the improvements in the average percentages of
students” correct responses. This indicates that the tutorial tasks
have helped students to apply the concept of path-length differ-
ence to a different representation.

In addition to the improvements observed in the students’
correct responses, approximately 30% — 50% of the students
failed to provide the correct values for the path-length differ-
ence even after working through the tutorial tasks. The most
remarkable of the students” misconceptions was that they con-
fused the concepts of path-length and path-length difference.
This confusion became evident when the students claimed that
the value of the path-length difference corresponded to the dis-
tance between the wave sources and a point labelled in the test
question. Earlier studies have also recognized this misconcep-
tion in the context of two source interference (Ambrose et al.,
1999; Wosilait, 1996). Hence, this seems to be an obstacle that
students are likely to encounter when applying the concept of
path-length difference in the case of two source interference.
Combining different representations of the two source interfer-
ence phenomenon might, however, provide a useful starting
point for improving students’ learning of the concept of path-
length difference, as suggested in article II.

6.5 STUDENTS’' LEARNING ABOUT LIGHT AND SHADOW

In the case of the Light and Shadow tutorial, students’ learning
was evaluated with the aid of the pretest-posttest design
(Cresswell, 2009). The test questions used were adopted from
the Light and Shadow tutorial (Wosilait et al., 1998; Wosilait,

57



1996). This choice was motivated by an attempt to compare the
impact of the tutorial intervention with that of the small class-
room implementation of the tutorials. The pretest questions
were converted into a multiple-choice format in order to reduce
the students” response time and to minimize the number of
blank or vague responses.? Figure 6.4 presents the pretest ques-
tion; its alternatives A-E were based on earlier studies, as stated
in the following:

e TFigure A: a long line source stretches the hole-shape ap-
erture (Wosilait et al., 1998)

e TFigure B: the shape of a geometrical image is similar to
the shape of a light source (Wosilait et al., 1998).

e TFigure C: a correct answer.

e Figure D: the role of an optical component is to invert the
image seen on the screen (Saxena, 1991; Goldberg &
McDermott, 1987).

Which of the following Figures (A-E) best correspond
to the bright area seen on the screen? Explain your

reasoning.
Figure A Figure B Figure C Figure D Figure E

Something
else, what?

ask with triangular
aperture (legs ~ 1 cm)

Long and narrow light source

Figure 6.4. The test question used at the beginning of the tutorial intervention cover-
ing the topic of Light and Shadow (Modified from (Wosilait, Heron, Shaffer, &
McDermott, 1998; Wosilait, 1996)).

The Light and Shadow tutorial worksheet consists primarily
of tasks that request students to predict geometrical images seen
on a screen when different apertures are illuminated using light
sources that vary in shape. In addition, students are asked to
verify their predictions by undertaking hands-on experiments
(Wosilait et al., 1998).

2+ According to our observations, when responding to unfamiliar ques-
tions students provide answers more easily to multiple-choice rather
than open-ended questions.
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To conduct this type of task in a lecture hall setting, the tuto-
rial worksheet was divided into eight sections®. Each section in-
cluded between two and four predictions, after which the real
(correct) geometrical images were demonstrated at the front of
the lecture hall. To make the geometrical images visible to the
students, the images were displayed on a large screen in the lec-
ture hall with the aid of a web-camera.

After demonstrating the geometrical images, students were
asked to compare their prediction with the images seen on the
screen. If they were inconsistent, the students were asked to re-
think their reasoning.

At the end of the intervention, the students responded to a
posttest question, presented in Figure 6.5. The question required
students to apply essentially the same procedures as those that
were needed for the pretest question (see Figure 6.4). The stu-
dents needed to divide a line source of light into closely spaced
point sources of light and then apply the rectilinear propagation
of light. In addition, they were required to notice that each point
on a line source created aperture-shaped images next to each
other. These images together formed the geometrical image seen
on the screen. The students” pretest and posttest answers were
compared in order to evaluate the extent to which the Light and
Shadow tutorial supported students” learning of the formation
of the geometrical image created by a line source of light.

By following the analyzing procedures used by the develop-
ers of the Light and Shadow tutorial, the students’” responses
were placed in three main categories termed as correct or nearly
correct responses, misconceptions, and others. The misconception
category was divided into subcategories that covered the ma-
jority of the students” incorrect responses. Table 6.1 presents the
categories and examples of the students” responses embedded in
them.

% 1. Part: section I A in pp. 185; 2. part: section I B in pp. 185; 3. part:
section I C — D in pp. 185; 4. part: section I E in pp. 186; 5. part: section I
E in pp. 186; 6. part: section I F — G in pp. 186; 7. part: section I A-B in
pp- 187; part 8: section II C in pp. 187.
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Draw the shape of the bright area seen on the screen.

Explain verbally and with the aid of a sketch how the

bright area is formed. Diffraction can be ignored. Screen

—shaped aperture

Line and point source
of light

Figure 6.5. A test question used at the end of the tutorial intervention covering the
topic of Light and Shadow (Modified from the references (Wosilait et al.,, 1998;
Wosilait, 1996))

The students’ responses were categorized as correct or near-
ly correct if they contained a correct geometrical image or an
image that corresponded to the shape of the light source. The
students” responses belonged to the misconception category if
they reflected following ideas: the geometrical image is similar
to the aperture; a long light source stretches the image seen on
the screen; or the aperture inverts the geometrical image (see
Table 6.1). The final main category, termed others, consisted of
students’ responses that did not fit into the previously described
subcategories, such as vague or blank responses.
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Table 6.1. Typical students’ responses categorized as correct, nearly correct, or mis-

conceptions.

Category

Posttest responses *

Correct and nearly
correct responses

Correct response

Nearly correct response:
Geometrical image
corresponds to the
shape of a light source

Pretest responses
From every point
of the [long] light
source, light rays

will reach the screen by

travelling through the

aperture
bottom of the
light source
emits rays that travel
through the aperture and
create an image corre-
sponding to the light

The top and

The light
source creates
a long image
that consists of several
r-shaped images.
source creates a

n bright line

The long light

Misconceptions

The shape of a geomet-
rical image corresponds
to that of the aperture

The long light source
stretches the aperture-
shaped geometrical
image

The aperture inverts the
image

source in shape.
A single light
source creates a

n hole-shaped

image on the screen
source is long,

n the image will be

elongated

Because the light

The image turns
upside down and

stretching to the screen.
The light source
is like a line.

. The image is

similar [to the aperture],
but its size increases
source elon-

gates a vertical

part of the image

A long light

The image is
upside down on

T

elongates the screen

A By following the analyzing procedures of the developers of the Light and
Shadow tutorial, only the geometrical image created by the long light source
was analyzed. In this Table, the geometrical images included in the students’

posttest responses have been redrawn for the sake of clarity.

Figure 6.6 presents the proportion of students’ responses
that were placed in the main categories before (pre) and after
(post) they had worked through the Light and Shadow tutorial
in 2011-2014. During these years, approximately 30% of students
provided a correct or nearly correct geometrical image in the
pretest (Figure 6.4) both at the beginning of the intervention and
also after lecture-based instruction. A majority of the students,
some 60%, were unable to divide a line source of light into close-
ly spaced point sources. Instead, they showed that they pos-
sessed misconceptions according to which, for example, a long
light source produces an aperture-shaped geometrical image
(see Table 6.1). This suggests that the students lacked relevant
factual, conceptual, and/or procedural knowledge about the
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formation of a geometrical image, although they had previously
been lectured on the topic, which had also been covered in the
recitation sessions. On the other hand, the students may have
been aware of how a geometrical image needs to be formed but
they may have lacked certainty about its formation. Instead,
they may have considered their intuitive ideas — a long light
source stresses a geometrical image — more acceptable. A high
proportion of the students using these types of intuitive ideas
after the lecture-based instruction were also observed in the
previous studies concerned with students” learning about image
formation (Wosilait et al., 1998; Saxena, 1991; Goldberg &
McDermott, 1987). Thus, sub-study 2 supports the principal
message of these studies: lecture-based instruction is an ineffec-
tive way to help students to refine their intuitive ideas regarding
the desired content knowledge of image formation.

m Correct or nearly correct Misconceptions ®Others e.g. blanks
70%
60% +—
50% +—
40% +—
30% -
20% - —
10% +
0%
pre post pre post pre post
Years 2011 & 2012 Year 2013 Year 2014
N=79 N=37 N=50

Figure 6.6. Proportions of categorized students’ pretest and posttest answers obtained
in 2011-2014. The results from 2011 and 2012 have been published in article III, while
the rest of the results are still unpublished.
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Figure 6.6 shows that after students had worked through the
tutorial tasks, the proportion of their correct or nearly correct re-
sponses increased, while the proportion of misconceptions de-
creased. These changes continued to be apparent in 2011-2014,
although the increase in the proportions of correct responses
varied by between 10 and 35 percentage points. The improve-
ments observed in 2011/2012 and in 2014 were statistically sig-
nificant?, whereas the improvement observed in 2013 was sta-
tistically insignificant?”. Although the level of statistical signifi-
cance has varied during 2011-2014, overall the results indicate
that students have been able to improve their ability to deter-
mine the shape of geometrical images. Improvements in their
abilities, in turn, suggest that the intervention has indeed sup-
ported students’ learning about image formation.

The improvements observed in students’ correct and nearly
correct answers have been somewhat moderate compared to
those obtained by the developers of the Light and Shadow tuto-
rial. The latter have reported improvements of approximately 60
percentage points when students responded to pre- and post-
tests that were comparable to those used in the intervention
(Wosilait et al., 1998). This improvement is nearly twice as large
as our own largest improvement (35 percentage points). Thus,
our intervention cannot be considered to have been as effective
as the developers” small classroom implementation of the tuto-
rials.

To explain this difference in effectiveness, we have suggest-
ed three factors, which will be labelled here as familiarity, the use
of the homework assignment, and instructional setting. Familiarity
refers to the extent to which the students were familiar with the
tutorials. It was our belief that students who have grown accus-
tomed to the tutorials can take better advantage of them than
students who face them for the very first time. The developers of
the Light and Shadow tutorial typically use the tutorials as
weekly bases in their introductory courses at the University of

26 Results of the McNemar test: y2(1) = 5.452,p < 0.05 (in 2011/2012);
x2(1) = 11.84,p < 0.05 (in 2014).
27 Results of the McNemar test: y?(1) = 0.600,p > 0.05 (in 2013).
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Washington (UW). Thus, their students were more familiar with
the tutorials than were our students, who experienced the tuto-
rials for only the second (or even first) time in the Light and
Shadow tutorial intervention in 2011-2013. In the academic year
of 2014, the tutorials were adapted for use in all of our introduc-
tory lecture courses.”® In this new situation, the students had
then experienced several tutorials (max. 9) before participating
in the Light and Shadow tutorial intervention. In that year the
proportion of students” correct and nearly correct responses im-
proved to a greater degree than in 2011-2013 (see Figure 6.6).
This supports our belief that the tutorials are more effective
when students have already become familiar with them.

The use of the homework assignment refers to the fact that
the homework assignment of the Light and Shadow tutorial was
omitted in the intervention. Thus, our students could not have
benefited from the homework assignment in the same way as
did their counterparts in UW (Wosilait et al., 1998). The absence
of the homework assignment may then explain the modest ef-
fectiveness of the intervention compared to the small classroom
implementation of the Light and Shadow tutorial.

The instructional setting refers to differences in the facilities
available in the intervention and the small classroom implemen-
tation of the tutorials. During the intervention, students work
with their neighbors in a lecture hall while looking at the
demonstrations presented by the instructors. In small classroom
implementation, students work in small groups and conduct
hands-on experiments by themselves while verifying their pre-
dictions. In a small classroom, students may test their ideas
more flexibly while conducting hands-on experiments than stu-
dents who are watching the demonstrations in a lecture hall. In
addition, in a small classroom implementation the instructor-
student ratio is higher than that of the tutorial intervention. In

28 The use of the tutorials was extended as a part of a more extensive
programme aimed at developing the teacher education provided in the
Department of Physics and Mathematics at the University of Eastern
Finland (http://www.uef fi/fi/fvsmat/-/matematiikan-ja-fysiikan-

opettajankoulutuksessa-puhaltavat-uudet-tuulet (valid 3.9.2014)).
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consequence, students obtain more assistance in the small class-
room implementation than in the intervention. These differences
may explain why the intervention was not as effective as the
small classroom implementation in the case of the Light and
Shadow tutorial.

6.6 SUMMARY OF SUB-STUDY 2

Overall, the sub-study 2 supports the well-known claim that lec-
ture-based instruction is ineffective in overcoming students’
misconceptions and difficulties (McDermott, 2001; Redish, 1999;
Reif, 1995; Van Heuvelen, 1991). The tutorial intervention de-
signed in sub-study 2 has proved to help students to resolve
some of their misconceptions and difficulties. This positive ef-
fect on students’ learning has not been temporary but appeared
almost every year from 2011 to 2014. These findings indicate
that the tutorial intervention supports students” learning, and
hence it can be considered to be a useful supplement to a con-
ventional lecture-based physics course.
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7 Overview of sub-study 3

In sub-study 3 we aimed at understanding why students tend to
combine the ray and wave properties of light inappropriately.
This tendency of students to do so has been frequently reported
in the PER and Science Education —literature (Sengoren, 2010;
Maurines, 2009; Colin & Viennot, 2001; Ambrose et al., 1999;
Wosilait, 1996). This tendency has become evident, for example,
when students have predicted that the central maximum of a
single-slit diffraction pattern is a geometrical image of a slit cre-
ated by a light that travels straight through the slit (Ambrose et
al., 1999; Wosilait, 1996). Its appearance has suggested that stu-
dents’ are experiencing difficulties in recognizing the validity
ranges of the ray model and the wave model of light (Ambrose
et al, 1999). In addition, Ambrose, Shaffer, Steinberg, &
McDermott, (1999) have suggested that students construct a sin-
gle model of light known as a hybrid model of light. As a result of
constructing this hybrid model of light, students fail to under-
stand that light can be described in terms of either rays or waves,
depending on the situation.

Maurines (2009) has argued that students’ use of the hybrid
model of light indicates that their knowledge is not as well or-
ganized as might be desired. Colin and Viennot (2001) have
suggested that students’” unorganized knowledge may be
caused by pictorial representations that are commonly used in
optics. In such representations a line can represent a light with
or without the relevant wave properties of light. Thus, using a
line as a unified description of light may lead students to think
that a single model will suffice to explain the behaviour of light.

Sub-study 3 has aimed at deepening these earlier contribu-
tions by considering the context-dependency of students’ inap-
propriate combinations of the ray and the wave properties of
light. We investigated how different light sources explicitly stat-
ed in optics task assignments impact on students” reasoning. As
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described in section 3.3, students” reasoning is seen as a process
in which students shift from their premises towards their con-
clusions. The context-dependency of this process is explained by
assuming that students create mental models or propositional
representations concerning their reasoning premises (see section
3.3.2). In sub-study 3, we aimed at identifying the types of prem-
ises of reasoning that the students associated with light emitted
by a small bulb or a laser. We also attempted to understand
whether students” premises relied more on propositional repre-
sentations than on mental models, or vice versa. To detect this
distinction, we used principal assumption of Johnson-Laird: the
mental models are structural analogies of the world which mim-
ic perceivable features of the world rather than its underlying
principles (Johnson-Laird, 1983). In addition, we have used the
criteria suggested by Creca and Moreira (1997): a student’s rea-
soning emerges from the mental models if s/he uses qualitative
descriptions such as drawings that demonstrate his/her under-
standing of the situation at hand. A student’s reasoning emerges
from the propositional representations if s/he merely recalls
pieces of information, such as a concept of physics, without be-
ing able to apply it in a real-world situation.

In addition to the students” premises of reasoning, we inves-
tigated how explicitly the stated light sources in optics task as-
signments impacted on the conclusions that the students drew
as result of their reasoning. To understand the impact of the in-
struction, the students’ reasoning premises and also their con-
clusions were investigated before and after instruction. Students’
reasoning premises were inferred from their explanations,
whereas their conclusions were inferred from their predictions.
Thus, the students’ reasoning premises and conclusions were
additionally termed their assumptions and predictions, respective-
ly. Overall, sub-study 3 aimed at understanding the type of rea-
soning students use in determining a bright area created by a
small bulb or a laser and whether the presence of these light
sources could explain why they tend to combine the ray and
wave properties inappropriately.
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7.1 CASE STUDY DESIGN

The research undertaken in sub-study 3 corresponded to the case
study (Flyvbjerg, 2011), since we aimed at understanding a sin-
gle phenomenon in a single context. The phenomenon in ques-
tion was students’ inappropriate combinations of the ray and
wave properties of light. The context was the Basic Physics IV
course (BP-1V).

BP-1V provides an especially suitable context for sub-study 3,
since the course follows the textbook by Knight (2008a). This
textbook distinguishes between the validity ranges of the ray
model and the wave model of light, as presented in section 2.6.
The students participating in the BP-IV course are taught to fol-
low this distinction regardless of the type of light source used in
the optics task assignments. This has permitted us to examine
how students apply these validity ranges in their reasoning
when a small bulb or a laser is used as the light source in optics
task assignments. Thus, the case in sub-study 3 is students” in-
appropriate combinations of the ray and wave properties of
light in the contexts of a small bulb or a laser observed during
the BP-IV course.

In a case study, various data sources are typically used to ob-
tain a comprehensive understanding of a case (Flyvbjerg, 2011).
The findings of sub-study 3 are based on students” responses to
paper-and-pencil multiple-choice/open-ended test questions,
students’ interviews, and physics textbooks that the students
have probably used at upper and lower secondary school level.
The research data gathered from the students consists of (1)
their written responses to a pretest held during the first lecture
of the BP-IV course (N=152); (2) their interviews conducted
about two weeks after the pretest (N=4); and (3) their written re-
sponses to a posttest held as part of the course exam (N=54).
These data sources were analyzed (1) from the perspective of the
context-dependency of the students’ reasoning (presented in
section 3.4); (2) from the perspective of conceptual models that
the students had been taught at earlier stages of their education
and during the BP-IV course. The following section briefly pre-
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sents the main findings of sub-study 3 and discusses their impli-
cations. For a more comprehensive presentation of the results,
see article IV.

7.2 MAIN FINDINGS AND DISCUSSION

Students” assumptions about light and its behaviour varied no-
ticeably depending on whether a small bulb or a laser was used
as the light source in optics task assignments. In the case of the
bulb, students often avoided using the relevant simplifications
of the ray model of light. They treated a small bulb as an ex-
tended light source rather than as a point source of light. They
often assumed that the brightness of light rays emitted by a bulb
decreases with distance. As a result of these assumptions, stu-
dents frequently made incorrect predictions about the shape and
size of a geometrical image seen on the screen.

In turn, in the case of the laser students seemed to over-
idealize the behaviour of light by overemphasizing its rectilinear
propagation. This overemphasis became evident when students
argued that laser light does not diffract under the same circum-
stances as light from a bulb, as shown in the student’s response
presented in Figure 7.1. This student clearly argued that laser
light does not diffract as it passes through a small aperture (di-
ameter 0.015 mm), but if the small bulb were the source of light,
the light would diffract strongly. This student’s response
demonstrates how strongly the presence of a certain light source
may impact on students’ reasoning about optics.

Because the laser [light] travels rectilinearly, the Small
hole

diffraction does not occur.... If the small point-source-

like bulb was used as light source, the light would

diffract strongly Screen

Figure 7.1. A student’s explanation that reveals an overemphasis on the rectilinear
propagation of light in the case of a laser.
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The Johnson-Laird mental model theory (1983) has permit-
ted us to understand why students may possess assumptions, in
the present case, concerning the small bulb and the laser. The
theory suggests that students’ assumptions arise from their
mental models or propositional representations, which mimic
perceptible features of the world rather than its underlying
structure. This sheds some light on why students treated the
small bulb as an extended light source rather than a point source
of light. The perceivable feature of a small bulb is, indeed, an ex-
tended light source — a bulb with real dimensions — rather than a
point source of light. This is in fact so, since a point source is a
physics idealization that does not exist in the real world. Thus, it
seems unlikely that the students” would have a mental model of
a small bulb that would mimic a point source of light that does
not exist in the real world.

In addition, Finnish upper and lower secondary school text-
books typically discuss the creation of shadows in the context of
an extended light source.?” This discussion may have supported
the creation of the students” mental model according to which a
small bulb behaves as an extended light source. Interestingly,
these textbooks also cover a point source idealization of a small
bulb, but this detail was rarely used in the students” reasoning.
To explain this feature of students’ reasoning, the mental model
theory (Johnson-Laird, 1983) suggests that the semantic meaning
that students grasp from a small bulb refers to an extended light
source rather than a point source of light. This implies that when
a small bulb is explicitly stated in an optics task assignment,
students are likely to think that the bulb refers to an extended
light source rather than to a point source of light. Thinking of a
small bulb as an extended light source may explain why stu-
dents provide incorrect responses to optics tasks.

In the case of the laser, a narrow and collimated beam of
light is one of the most distinct features of laser light. Thus, this
feature may have supported the creation of students’ mental
model according to which laser light always travels rectilinearly.

2 For more information, see article IV.
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This type of student mental model would explain why students
often assumed and overemphasized the detail that laser light
travels rectilinearly, as illustrated in Figure 7.1. This kind of
overemphasis was also observed when students evidently rec-
ognized the validity ranges of the ray model and the wave mod-
el of light. These students correctly predicted that the diffraction
pattern would appear on a screen when laser light passes
through a small aperture. However, these students argued that
the diameter of a central maximum of the diffraction pattern
would be equal to the diameter of the aperture. Typically this
argument was based on assumptions that the central maximum
is created by the portion of the laser beam that travels straight
through an aperture. This type of incorrect response corre-
sponds to the use of the hybrid model of light previously re-
ported by Ambrose et al., (1999). In sub-study 3, students” use of
this hybrid model seems to be motivated by their assumptions,
according to which laser light travels rectilinearly. This differs
from the conclusion stated by Ambrose et al., (1999), since they
suggested that the hybrid models of light are caused by students’
inability to recognize the validity ranges of the ray model and
the wave model of light. To develop the idea of the hybrid mod-
el of light presented by Ambrose’s et al., (1999), we have sug-
gested that the hybrid models of light could be seen as a tenden-
cy on the part of students to combine perceptible features of
light in a given context. Our suggestion implies that students
combine the ray and wave properties of light inappropriately
because their reasoning mimics the perceptible features of light.
Thus, this perspective broadens the explanations provided by
earlier studies about why students tend to combine the ray and
wave properties of light inappropriately.
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8 Reflections

This final chapter concludes this dissertation by reflecting on the
implementation of the study from three perspectives. First,
therefore, the underlying assumptions of the present study are
discussed. Secondly, the main findings of the sub-studies 1-3 are
discussed, and the problems threatening our inferences drawn
in sub-studies 1-3 are addressed. And finally, the relevance of
the present study is discussed by presenting its implications and
ideas for further research.

8.1 UNDEFINED PARADIGM

In Finnish PER and Science Education doctoral dissertations, the
underlying assumptions of the research have been defined con-
ventionally in terms of a paradigm, such as pragmatism or con-
structivism (see, e.g., (Leinonen, 2013; Nivalainen, 2011)). The
paradigm describes the philosophical stance of a study. Guba
and Lincoln (1994) have suggested ontological, epistemological,
and methodological questions suitable for determining the par-
adigm. The ontological questions specify the nature of reality:
whether it can be assumed that people construct their own reali-
ties or that they exist in a single “real” reality that is committed
to in a particular study. The epistemological questions specify
the relationship between the knower and what can be known
from reality. The methodological questions specify how that
knowledge can be obtained from the reality under investigation
in a study.

In Finnish PER and Science Education doctoral dissertations
the paradigm is often used to justify the selection of data-
gathering and analyzing procedures (see, e.g., (Leinonen, 2013;
Nivalainen, 2011)). Describing a study in this way implies that a
researcher has first defined the paradigm for the study and then
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derived everything else from it. This type of process does not,
however, describe what has happened in the present study: the
underlying assumptions of sub-studies 1-3 have mainly been
implicit throughout the research process. As a consequence, the
underlying assumptions have varied amongst those sub-studies.

In sub-studies 1 and 2, students” knowledge is assumed to
emerge from a reality that is real and not constructed by the re-
searcher. To obtain information from this reality, test questions
were designed to investigate students” knowledge. In sub-study
1 the test questions were used in the form of a cross-sectional
survey, while in sub-study 2 they were used in the form of a
single group pretest-posttest experimental design. Both studies
were assumed to provide information on the recurrent and pre-
dictable patterns of students” knowledge existing within a given
real reality. In sub-study 1 the recurrent pattern of the students’
knowledge was their failure to apply the interrelationships of
the electric and magnetic fields. In sub-study 2, the recurrent
pattern was the increase in the proportion of students’ correct
answers after working through the tutorial tasks. Overall, the
underlying assumptions of sub-studies 1 and 2 correspond
closely to (post)positivism (Teddlie & Tashakkori, 2009; Guba &
Lincolm, 1994).

In sub-study 3, students’ responses started to make sense af-
ter they were looked at from the perspective of the Johnson-
Laird mental model theory (Johnson-Laird, 1983). In other
words, the meaning of students’ responses was constructed with
the aid of that theory. Thus, in sub-study 3, students” knowledge
and reasoning were assumed to emerge from a reality that was
constructed by researchers. We interpreted the meaning of stu-
dents” responses by contrasting them to the mental model theo-
ry and other available data sources, such as lower and upper
secondary school textbooks. Hence, the underlying assumptions
of sub-study 3 closely correspond to constructivism (Teddlie &
Tashakkori, 2009; Guba & Lincolm, 1994).

As the analysis presented above implies, the present study is
difficult to position under a single paradigm. One could suggest
that the present study comes under pragmatism, thus permitting
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the underlying assumptions of the study to vary. Pragmatism
also emphasizes a commitment to assumptions that work for a
given study. (Cresswell, 2009; Teddlie & Tashakkori, 2009) But
since I have not consciously committed to this paradigm at any
phase of this study, I do not wish to locate my work under
pragmatism. Rather, I would argue that the paradigm of the
present study remains undefined. The underlying assumptions of
this study have been based mainly on the PER literature, which I
have actively followed in the course of the research process. In
this literature, the paradigm has gained the attention of re-
searchers only quite recently (see (Robertson, Scherr, &
McKagen, 2013)). This may explain why I have not paid atten-
tion to the paradigm of the present study during its early stages.

8.2 MAIN CONTRIBUTIONS

The contributions made by the present study arise in particular
from those of the sub-studies, which are summarized below.

Sub-study 1 focused on students’ learning about the elec-
tromagnetic nature of light. As its main contribution, it has
demonstrated students” difficulty in applying the interrelation-
ships of the electric and magnetic fields in various contexts. To
address this student difficulty, the implications for teaching
electromagnetism and optics have been presented in article I.
We have suggested that the difficulty and its implications that
have been identified would provide a useful foundation for fur-
ther development of instruction in the fields of electromag-
netism and optics.

Sub-study 2 focused on the adaptation and adoption of the
Tutorial in Introductory Physics curriculum (McDermott et al.,
2010a). The main contribution of sub-study 2 has been the tuto-
rial intervention, which permits the adaptation of the tutorials
for use in a lecture hall setting, where their impact on students’
learning can be tested without large changes being made to a
conventional physics course. In addition, sub-study 2 has shown
that the intervention has had a positive impact on students’
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learning about the basics of the ray model and the wave model
of light. Overall, therefore, the sub-study 2 has broadened the
use of the tutorials and shown that the tutorial intervention can
be regarded as a useful supplement to a conventional lecture-
based physics course.

Sub-study 3, for its part, focused on how the light sources
explicitly labelled in the optics task assignment influence stu-
dents’ reasoning. The study shows that students’ knowledge
concerning light and its behaviour may notably depend on the
light source used in a task assignment. This indicates, in turn,
that students” reasoning in optics probably depends on contexts
where reasoning is performed. Hence, students” knowledge of
optics should not be evaluated independently of its contextual
features, such as the explicitly stated light sources. Sub-study 3
has also highlighted the possibility of extending the resource-
based framework (Hammer, 2000) of students’ reasoning by
means of the Johnson-Laird mental model theory (Johnson-
Laird, 1983). We have argued that an extension of this kind
could increase the applicability of the framework.

8.3 INFERENCE THREATS

To evaluate the true value of our contributions, the problems
threatening our inferences based on these contributions need to
be addressed and clarified (Teddlie & Tashakkori, 2009). The
term legitimation suggests several perspectives that may be
used to cover the problems threatening the inferences based on
mixed-methods research (Onwuegbuzie & Johnson, 2006). In
subsection 8.3.1, which follows, the perspectives proposed by
Onwuegbuzie and Johnson (2006) are applied to address the in-
ference threats that are common to all of the present sub-studies.
Subsections 8.3.2, 8.2.3, and 8.2.4 specify the legitimation types

30 Legitimation synthesizes the perspectives established for considering
the trustworthiness and validity of the qualitative and quantitative in-
ferences, respectively (Teddlie & Tashakkori, 2009; Onwuegbuzie &
Johnson, 2006).
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that have become a matter of concern in sub-studies 1-3, respec-
tively.

8.3.1 Legitimation types common to all of the sub-studies
Weakness minimization legitimation refers to the extent to which
different methods used in a study compensate for their weak-
nesses (Onwuegbuzie & Johnson, 2006). In the present study,
this legitimation type has been dealt with by combining the
qualitative and quantitative data sources in all of the sub-studies.
Typically, these combinations took the form of test questions
that consisted of a multiple-choice part and an open-ended ex-
planation part. The multiple-choice questions revealed the stu-
dents” overall response distribution, providing, however, little
information on the students” knowledge and reasoning underly-
ing their selections. The students” open-ended explanations shed
more light on their knowledge and reasoning that underlay the
selections that they made in answer to the multiple-choice ques-
tions, compensating for their weakness.

Conversion legitimation refers to the quality of inferences
made after qualitizing the quantitative data and/or quantizing
the qualitative data (Onwuegbuzie & Johnson, 2006). This legit-
imation type is related to all of the sub-studies, since in all of
them the students’ open-ended explanations/responses were
categorized and presented in quantitative form. This quantita-
tive form is then used to make further inferences about the stu-
dents” learning of optics. To ensure the high quality of these in-
ferences, the quantizing process has been described extensively
in the result sections of articles I-IV. We have presented authen-
tic students’ responses and provided explications of what has
been interpreted from them. In addition, most of our interpreta-
tion and inferences have proved to be consistent with earlier
studies. This indicates that they have captured the relevant fea-
tures of the students” learning about optics and have not simply
arisen from the quantizing process.
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Inside-outside legitimation refers to how “objectively”® a re-
searcher has interpreted the data (Onwuegbuzie & Johnson,
2006). The objectivity of our interpretations has mainly been ad-
dressed by describing the logic of these interpretations and their
underlying evidence thoroughly. These descriptions are intend-
ed to clarify the decisions being made in the analysis of the stu-
dents” responses presented to the reader. By means of these de-
scriptions, the reader may further evaluate the objectivity and
the overall quality of our inferences from his/her own perspec-
tives. In addition to these descriptions, articles I-IV have been
subjected to the peer-review process. In that process, the objec-
tivity of our inferences has been evaluated in detail.

In addition to the objectivity of the researcher’s interpreta-
tions, the inside-outside legitimation concerns the extent to
which the informants participating in a study may share a re-
searcher’s interpretation (Onwuegbuzie & Johnson, 2006). This
type of evaluation was omitted from the present study. The stu-
dents would probably not have possessed sufficient background
knowledge to evaluate the inferences being made concerning
their learning.

The validity of our test questions — concerning whether they
have actually measured what we have assumed that they should
measure — may be considered to threaten the objectivity of our
inferences. The test questions have been based on tasks present-
ed in peer-reviewed articles and in widely acknowledged text-
books. Thus, the basis of our test questions can be considered
valid. With respect to the modifications that we have made to
these questions, two experts have evaluated their draft versions.
These drafts have been refined until both experts have agreed
that they were suitable for the students participating in the pre-
sent study.

Commensurability legitimation refers to the value of combining
quantitative and qualitative data sources. The concept asks
whether data sources that have been combined create a view-

31 Here, objectivity refers to an outsider’s (etic) viewpoint that aims at
remaining unbiased and hence trustworthy (Onwuegbuzie & Johnson,
2006).

78



point that goes beyond the perspectives provided by quantita-
tive or qualitative data sources alone. (Onwuegbuzie & Johnson,
2006) The inferences made in sub-studies 1-3 would probably be
unobtainable by merely relying on the quantitative data sources
alone. This is the case since well-established quantitative in-
struments (e.g., conceptual surveys) related to the topics cov-
ered in sub-studies 1-3 were somewhat hard to find when the
data gathering was being planned. On the other hand, if we had
used qualitative data sources alone, it would have been difficult
to obtain an overview of the students” responses. Without these
overviews, it would have been difficult to evaluate the students’
learning in the tutorial intervention, for example. Thus, it seems
that the inferences being made in the present study have needed
the quantitative and qualitative data sources to be combined.
Thus, the inferences made in the present study go beyond those
could have been made by simply relying on qualitative or quan-
titative data sources alone.

Multiple validities legitimation refers to the extent to which the
best possible research designs have been used preceding the re-
searcher’s inference (Onwuegbuzie & Johnson, 2006). This legit-
imation type is covered in the following subsections, 8.3.2-8.3.4,
sub-study by sub-study. In addition, the other actions used to
support the inferences made in sub-studies 1-3 are presented in
the following subsections.

8.3.2 Additional legitimations of sub-study 1

In sub-study 1, a cross-sectional survey was used to discover the
students” conceptions of the electric and magnetic fields and
their interrelationships. The survey showed that a noticeable
proportion of the students being taught were unable to recog-
nize the interrelationships of the electric and magnetic fields in a
number of different contexts. This evidence was sufficient for us
to infer that the interrelationships of the electric and magnetic
fields is a difficult topic for students to learn, and more studies
are needed to reconcile this difficulty. This inference was in line
with previous studies, which had demonstrated similar student
difficulties with the topics of electromagnetism and physical op-
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tics (Ambrose et al., 1999; Furio & Guisasola, 1998; Bango &
Eylon, 1997).

In sub-study 1, researcher triangulation was used to support
the objectivity of our inferences. The triangulation was consid-
ered essential due to the small sample size (N=33). This was the
case since even one inaccurately categorized student’s response
would have made a substantial difference to the overall students’
response distribution. In sub-study 1, the triangulation resulted
to refinements of the category descriptions of the students’ re-
sponses and also to the re-categorization of individual students’
responses.

8.3.3 Additional legitimations of sub-study 2

In sub-study 2, the one-group pretest-posttest design was used
to evaluate the effectiveness of the tutorial intervention. The fol-
lowing validity threats are related to this design: history, matu-
ration, instrumentation, statistical regression, and mortality
(Sheskin, 2003). History refers to the possibility that anything
other than an independent variable will cause an observable
impact on a dependent variable (Sheskin, 2003). This threat be-
comes more relevant when the time interval between the pretest
and posttest is long. In sub-study 2, the time interval varied by
between 10 and 75 minutes. During this time period the stu-
dents worked on tutorial tasks (an independent variable) in a
controlled lecture hall setting under the guidance of two instruc-
tors. Thus, it seems unlikely that students” improvements in the
test questions (a dependent variable) could have been caused by
any other variables than the tutorial tasks that they had under-
taken between the pretest and posttest.

Maturation refers to the possibility that any natural learn-
ing® on the part of the students that occurred between the pre-
test and posttest would have explained the observed improve-
ments in the students” test responses (Sheskin, 2003). The PER
literature has shown that physics in general, and optics in par-
ticular, are demanding subjects to learn (McDermott, 2001).

% Students’ learning that occurs spontaneously, with no external
guidance.
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Thus, it seems unlikely that maturation would explain the im-
provements observed in the students’ test responses after they
had worked through the tutorial tasks.

Instrumentation refers to the possibility that differences in
the pretest and posttest tests would explain the observed impact
of a treatment rather than the treatment itself (Sheskin, 2003). In
the case of the Two Source Interference tutorial, the pretest and
posttest questions were identical. Thus, the students had already
seen the posttest questions in the pretest phase, which may have
helped them to provide better responses to the posttest. Thus, in
the case of the Two Source Interference tutorial, the instrumen-
tation may explain some of students” learning outcomes.

In the case of the Light and Shadow tutorial the pretest and
posttest questions were different. According to the developers
of the Light and Shadow tutorial, the posttest question was at
least as difficult as the pretest one (Wosilait et al., 1998; Wosilait,
1996). Thus, in the case of the Light and Shadow tutorial inter-
vention, the students’ learning outcomes are unlikely to have
been biased by the instrumentation.

Statistical regression refers to the fact that people who pro-
vide either very low or very high scores in a pretest tend to ap-
proach the mean value of scores in a posttest due either to their
luck or to careless mistakes (Sheskin, 2003). In both interven-
tions, the pretest and posttest were designed so that students
would be unlikely to provide correct or incorrect responses as a
result of simply luck or carelessness. For example, the multiple-
choice questions contained four or more alternatives that clearly
differed from each other. This reduced the possibility that statis-
tical regression would explain the improvements observed in
students” responses.

Mortality refers to the bias that may occur if pretest and
posttest samples noticeably differ from each other (Sheskin,
2003). In the case of the Light and Shadow tutorial intervention,
we used the McNemar test to evaluate the impact of the tutorial
tasks on students” learning. The McNemar test took into account
only those students who had responded to the pretest and post-
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test. Thus, the pretest and posttest samples have been the same
in the case of the Light and Shadow tutorial intervention.

In the case of the Two Source Inference tutorial intervention,
the students’ pretest and posttest responses were not treated as
matching pairs. Consequently, some students may have re-
sponded only to the pretest or to the posttest. Thus, we have not
ruled out the possibility that mortality would explain some of
the students’ learning outcomes in the case of the Two Source
Interference tutorial intervention.

Overall, the validity threats associated with the one-group
pretest-posttest design are addressed to some extent in both in-
terventions, although more comprehensively in the case of the
Light and Shadow tutorial intervention than that concerned
with Two Source Interference. Despite this difference, the results
obtained from both interventions indicate that they supported
students’ learning of the basics of the ray model and the wave
model of light.

8.3.4 Additional legitimations of sub-study 3

In sub-study 3 the design of the case study was mainly adjusted
to the acquisition of an understanding of how explicitly stated
light sources influenced students’ reasoning in optics. The de-
sign of the case study permitted us to combine different data
sets and to interpret them subjectively from the perspective of
the Johnson-Laird mental model theory (Johnson-Laird, 1983).
These research actions played an essential role in discovering
the main findings of sub-study 3. Thus, the case study design
can be considered appropriate for sub-study 3.

Sample integration legitimation is also related to sub-study 3.
This legitimation type refers to the threat that emerges if a sub-
set of a sample does not represent the main sample as efficiently
as expected (Onwuegbuzie & Johnson, 2006). In sub-study 3,
four students selected from the cohort of 152 students® were in-
terviewed in order to deepen our understanding of the main
findings of the pretest. To avoid any bias being caused by this

% The majority of the students was, indeed, requested to give inter-
views but most of them declined.
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small sub-sample, the interviewees were chosen so that their re-
sponses demonstrated the main findings of sub-study 3. Thus,
they represented the main sample with respect to the students’
pretest responses.

Two out of four interviewees were eventually excluded from
the final analysis. One of them was not informative when re-
sponding to most of the interview questions, resorting frequent-
ly to: “I don’t know”. The other was a mature student who had
been involved previously in optics research. Thus, his expertise
in optics was obviously greater than students typically possess
after lower and upper secondary school education. He did not
represent the rest of the students and, therefore, he was exclud-
ed from the analysis.

8.4 CONCLUSION, RELEVANCE, AND PROSPECT

The relevance of this study rises from the findings and implica-
tions of sub-studies 1-3. The relevance of sub-study 1 has been
mainly practical. It has indicated that conventional lecture-based
instruction is inadequate for ensuring that students’ learning
about the interrelationships of the electric and magnetic fields
will be adequate. In addition, in the case of sub-study 1, we have
suggested the implications of supporting students’ learning
about the interrelationships in the contexts of electromagnetism
and optics. These implications may serve as a starting point for
the development of instruction whose aim will be to improve
students” understanding the interrelationships of electric and
magnetic fields. This type of instruction may be useful for im-
plementing in a course where the history of physics is empha-
sized. The instruction could be tied to one of the most significant
historical events of physics: the integration of electromagnetism
and optics. The consequences of these historical events could
help students to realize the importance of the interrelationships
of the electric and magnetic fields. This could further support
their learning about these interrelationships and also improve
their understanding of the electromagnetic nature of light.
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The relevance of sub-study 2 has been mainly practical. It
has provided the tutorial intervention, which offers a fairly easy
method of testing the effectiveness of the Tutorials in Introduc-
tory Physics curriculum (McDermott et al.,, 2010a) in a conven-
tional lecture-based physics course. In addition, it has shown
that the intervention may improve students” learning of the ba-
sics of the ray model and the wave model of light. In sum, it
could be regarded as a useful supplement in a conventional lec-
ture-based physics course.

Kryjevskaia, Boudreaux, and Heins (2014) have also recently
reported on the use of tutorials in a lecture hall setting. They
have developed tutorial-based lectures, which consist of students
working on their tutorial tasks, a whole-class discussion guided
by a lecturer, and testing students” knowledge using a single
pretest at the beginning and end of a lecture period. It has been
claimed that tutorial-based lectures are as effective as their small
classroom implementation as tutorials at the University of
Washington (Kryjevskaia, Boudreaux, & Heins, 2014). Thus, tu-
torial-based lectures are more effective than our tutorial inter-
vention. However, they include whole-class discussion, which
can be difficult to perform, especially if the lecturer is primarily
accustomed to conventional lecturing (Turpen & Finkelstein,
2009; Fagen et al., 2002).

Overall, our tutorial intervention and the tutorial-based lec-
tures can be seen as an attempt to broaden the use of research-
based instructional solutions developed in PER. This type of at-
tempt may increase the use of tutorials and thus widening the
use of research-based instructional practices in physics teaching.

It would be interesting to consider in the future whether the
use of tutorials could better be integrated into physics teacher
education. For example, teacher students could work as instruc-
tors during the tutorial sessions as a part of their advanced-level
teacher studies. During their training, students would work
through the tutorial worksheet that is going to be covered in the
tutorial session where they might soon be working as instruc-
tors. In addition, during their training sessions the students
could be informed about the most common students” difficulties
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in learning one of the topics of physics covered in the tutorial
sessions. Moreover, they could be offered strategies for address-
ing students’ difficulties in teaching by questioning rather than
by telling. Working as instructors, teacher students could obtain
a personal experience of students’ difficulties and how to ad-
dress them while still intending to teach by questioning. These
experiences may support teacher students” commitment to more
student-centred ways of teaching, communicating, and encoun-
tering their students in the future. Findings in Finland indicate
that science teachers seem still to rely on an authoritative teach-
er-centred style of teaching (Lehesvuori, 2013). To change this
tradition, teacher education where teaching by questioning has
been made explicit for teacher students could be useful. Thus,
integrating the tutorials with physics teacher education could
open up new opportunities to improve teacher education both
in Finland and also elsewhere.

Sub-study 3 has theoretical, methodological, and practical
relevance. It demonstrates the possibility of extending the re-
source-based framework of students” reasoning (Hammer et al.,
2005) by adopting ideas from the Johnson-Laird mental model
theory (Johnson-Laird, 1983). This extension could broaden the
use of the framework by offering new alternatives for identify-
ing conceptual resources. This possibility has been recognized
by one of the peer-reviewers of article IV, which recommends
the adoption of Johnson-Laird’s findings to the resource-based
framework.

In sub-study 3 we found that students may have difficulty in
applying a point source idealization in the case of a small bulb.
This difficulty seemed to emerge from students’ restricted abil-
ity to grasp the semantic meaning of a small bulb: they thought
that small bulb refers to a real bulb (extended light source) ra-
ther than a point source of light. In general terms, students may
grasp the semantic meanings of expressions, figures, or symbols
used in physics tasks assignments in ways that differ from what
was intended. Differences in grasping the semantics — where the
expressions, figures, or symbols actually refer to real life — may
result in students and experts are not considering the same
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thing in the same way. This may reduce the validity of a test
question and lead to invalid inferences about students’
knowledge and their learning.

However, expert evaluation seems to be a widely accepted
way of supporting the validity of novel test questions in the
field of PER. The development of different ways of supporting
the validity of test questions (and their translations) could be
useful at some point in the future. Discovering such ways would
be useful for further studies in PER but also for the possibility of
using PER-based instructional solutions that typically empha-
size teaching by questioning study (Meltzer & Thornton, 2012;
Beatty et al., 2006; Meltzer & Manivannan, 2002).

The practical relevance of sub-study 3 is that it also offers
another perspective on understanding why students tend to
combine the ray and wave properties of light inappropriately.
This perspective suggests that students” inappropriate combina-
tions are a consequence of their tendency to reason according to
the perceptible features of light and its sources. This perspective
explains why drawing a clearer line between the validity ranges
of the ray model and wave model of light would not prevent
students from combining the ray and wave properties of light
inappropriately. Development of instruction that would address
the students” reasoning that corresponds to the perceptible fea-
tures of light would appear to be an essential topic for future re-
search.

Overall, it can be claimed that the present study will have
practical, methodological, and theoretical implications for stu-
dents’ learning about optics at university.
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