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ABSTRACT OF THE DISSERTATION

Cognitive Resources of Physics Experts

By Darrick C Jones

Dissertation Director: Eugenia Etkina

One important goal of physics education is tgoh&tludents develop reasoning patterns
similar to those of expert physicists. To achieve this goal, physics educators must know
what makes physics experts so successful at solving challenging physics problems.
However, this dimension of physics expertiss hat been fully explored by the physics
education research (PER) community. In this dissertation, | describe several studies |
have conducted that further the PER commun
these studies, | investigate how expehygicists reason as they solve unfamiliar,
challenging physics problems by using a resotwased model of cognition to analyze
videotaped recordings of problem solving sessions. By developing a way to determine
when experts are making conceptual breakthhs | analyze what resources experts use
during conceptual breakthroughs. In the first study, | show that physics conceptual
breakthroughs are characterized by reasoning which combines resources related to
intuitive  knowledge, higher level physics basednaeptual knowledge, and

epistemological knowledge. In the second study, | develop a way to reliably code for



epistemological resources and determine what epistemological resources experts rely on
most during conceptual breakthroughs. My findings showekjaérts rely on contrasting

cases more often than any other epistemological resource. In the third study, | use
variation theory to investigate how experts use contrasting cases. | look for patterns
across all instances when experts use contrasting dasemake a conceptual
breakthrough and show how scientific epistemology can be used to better understand
expertsdé use of contrasting cases. | di scu

inform physics education.
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Chapter 1

Introduction

As physics educators, we should aspire to teach our students more than just
physics fact and ideas contained in textbooks. While content goals are important, many
students who take introductory physics courses, and even many students who take upper
level physics courses, will not use a majority of the content oriented material they learn in
those courses once they enter the workforce (Czujko, 1997). The modern workface
requires individualdo use their knowledge to adapt to new situations, think critically in
unfamiliar circumstances, and independently learn new informéfioanig, 201). Asa
consequence, we must ask ourselves: what else should our students gain from their
coursework? The answer to this question is manifold; however one of the foci of physics
education, and science education in general, should be the engagement of students i
science practices (Pellegrino & Hilton, 2012). Science practices are activities that
scientists (in our case physicists) engage in when they construct and apply knowledge. In
other words, we need to immerse our students in the practice of doing phigsitshay
are learning physics (Etkina & Van Heuvelen, 2007). We hope that by doing this we will
be able to enhance their capacity to deal with new problems and think critically in any

situation.



In order to do this, we must first paint a picture of howgbeoeason in physics in
general and then work within this model to determine what exactly physicists do when
they encounter a situation in which they must think critically. We must capture the
substance of the problem solving strategies which guide #smmeng of physicists in
novel situations. This way we can better understand how physics experts solve problems
and help our students develop similar proficiencies. Analyzing how physicists critically
think in challenging situations and understanding thibought processes in these

moments from a fine grained perspective is the primary goal of my thesis.

|. Motivation

|.1 Resource Based Model of Cognition

To better facilitate student learning of physics and specifically of science
practices, we need tovastigatethe learningorocess in sufficient detail so that we can
provide causal explanations of the individual and contextual nature of learning (diSessa,
2006). The resourekased model of cognition, introduced by Hammer (2000) is a model
which can supprt such a detailed investigation into the learning process. This model
describes individual cognition as an in the moment, contextually dependent utilization
and combination of fine grained bits of
ideas thaexist at a larger grain size.

Developing this model into a tool that can be used by educators to help them
better understand ways they can improve instruction and encourage student learning of
physics requires a focused effort into answering the followirggstions:

1. What resources do students have available to them?



2. What patterns of resource activation can we identify? This includes
identifying the contextual dependency of resource activation as well as ways
in which resources may be combined.

3. What resoures and activation patterns are productive in specific contexts?

4. What makes certain resources more productive than others?

Previous work has begun to answer some of these questions in the context of
novice studies. Researchers have classified resourcesdentified how different
resources are used by students (diSessa, 1993; Hammer, 1994; Hammer, 1996; Hammer,
2000; Hammer & Elby, 2002; Lising & Elby; 2005). While these studies can answer the
first two questions by focusing on the reasoning of novicesthiind and fourth questions
cannot be answered deeply based exclusivel

Experts have amassed a great deal more content knowledge than novices and
notice aspects of a problem that novices do Boar{sford, Brown, & ©cking, 2000).
Confining studies to novice reasoning would miss the resources and patterns of resource
activation which cause these differences. In order to more completely answer the third
and fourth questions, we need to study the reasoning of exparnsausesourcéased
model of cognition.

Furthermore, we might not be able to find the answers to these questions easily by
using analysis techniques that have been developed within the resources framework.
Developed methods use the resources framewonkake extended qualitative arguments
for identifying a small number of resources (ex: Harrer, Flood, & Wittman; 2013) or
justifyingaresourcd ased i nterpretation of a single |

Louca et al., 2004). Discovering what resmes or reasoning patterns are consistently



productive and persist over extended sets of qualitative data requires using more
guantitative methods, such as the methods described by Chi (1997) for quantifying
gualitative data. These methods are less waletbped in the resources framework and
reliability measurements have achieved mixed results. Scherr and Hammer (2007) were
able to achieve 90% inteater agreement when using obvious behavioral criteria to code
for epistemic frames. However, when BingdaRedish (2009) similarly developed
criteria for identifying epistemic frames that were based on slightly less obvious
behaviors, interater agreement was only 70%. In order to make these methods

accessible, more work needs to be done to develop waghatfly coding data.

|.2 Personal Epistemology

The modern student preparing to enter the workforce faces a different challenge
than a student of past generations. With the incorporation of the internet into everyday
life and its power to provide a wealti information to users in the everyday activities,
the emphasis of education is changing. Workers are not simply prized for their capability
to possess large amounts of kiedge, but are expected to ma#tecisions with the
knowledge they have and acquirew knowledge on thewwn (Czujko, 1997; Koenig,
201 . Encouraging growth within these areas
personal epistemology, i.e. their beliefs concerning the structure of knowledge and the
processes that aid in theaattment of knowledge.

Developing our understanding of t he T
epistemology in learning physics has been the subject of many studies, all which indicate
that an advanced epistemology can encourage students to be moreipeoldarners.

Hammer (1994) wused a smal/l number of case



epistemological sophistication influences problem solving approaches and the acquisition
of new knowledge in physics. May and Etkina (2002) were |dikr #@ show that this
trend held quantitatively by developing m
sophistication and showing that this measure correlated with student learning gains.
Furthermore, Lising and Elby (2005) showed that there was alchok between a
studentdés epistemol ogi cal stance an& | ear |
Pintrich, 1997; diSessa, Elp§ Hammer, 2002 Louca et al., 2004; Elby & Hammer,
2010) all support the idea that if we address issues related to bmdiefsrning the
structure of knowledge and the processes that aid in the attainment of knowledge, our
students will be better equipped to tackle the real world problems of efficiently using the
knowledge they have and independently constructing new knosledg

A problem with many of these studies which investigate questions of personal
epistemological sophistication is that they define epistemological sophistication either
phenomenologically, based on student data, or through the use of theoretical asgument
The former leads to snapshots of students current epistemological state but does not
provi de dat a on t he evolution of epi ster
framework for describing personal epistemologies was built by analyzing student
interview daa during the course of one semester to determine different categories of
epistemological sophistication the students fell into. The other studies mentioned above
are all similarly driven by data collected from students over short periods of time. While
this type of analysis is insightful and gives educators an idea of what to look for and
expect in their cl assr ooms, there 1is evi

devel op over time (Perry, 1970) . The st uc



epst emol ogi es do not address the full exte
developed. The question still remains as to how we know what should count as a
sophisticated epistemology and whether or not there are epistemologies that will serve

our stulents better than the ones they are currently using.

|.3 Expert Epistemology

The correlation of | earning gains with
expert/novice dichotomy, and the confinement of epistemological studies to the student
realm poin to a need to investigate physics e
determine what aspects of their epistemology help them develop new knowledge
effectively and be successful in solving complex problems. If we were able to detail an
e X p er t mdogyeipwiowddtakkow us to determine what a sophisticated epistemology
in physics actually looks like and would allow us to find epistemological traits which we
might wish to foster in students in order to help them develop reasoning expertise.

Howeverst udi es performed to gain insight i
it clear that there is not enough evidence available in the literature on physics experts to
begin building a model of the epistemologies of physics experts. Aside from a general
lack o studies which explicitly look at the personal epistemologies of physics experts,
prior research fails to give us a clear model of expert cognition from which we can
extrapolate definitive conclusions about epistemology. Previous studies of physics
expers fall short in several areas.

First, some studies, examples include Chi et al. (1981) and Lin and Singh (2010),
study experts reasoning about problems with which they are fairly familiar. This is

problematic because, as originally described by Hatandraghki (1986) and further



developed by Schwartz, Bransford, and Se@805), expertise is more correctly
conceptualized as multidimensional and context dependent, where one dimension is
related to routine processes and another to novel experiencegesSdudh as those
described above only probe the dimension of expertise related to routine processes. If we
want to understand what aspects of a physi
successful in the process of development of new knowladden using this knowledge
productively in new situations (the scenario which most closely mimics the context which
students experience in a learning environment), then we need to begin to look at studies
which place experts in challenging, novel situasio

A second shortcoming of prior research is that studies that place experts in
contextually relevant conditions, such as Singh (2002) and Kohl and Finkelstein (2008),
do not provide the depth of analysis necessary to begin developinggrdined modl.

This is of no fault of the studies themselves because they were not attempting to develop
a finegrained model of expert epistemology and as a result the epistemological aspects
were not given a significantly detailed analysis. However, if we wantiiid & model

that is able to explain the complex processes of cognition and conceptual change this
level of detail is absolutely necessary (diSessa, 2006).

A third problem is that other analyses (Popper, 1959; Kuhn, 1970; Toulmin,
1972) focus on knowledgconstruction on a scale which is very broad by looking at how
physical theories emerge within a discipline. While these types of studies help us to
understand the epistemology of a discipline as a whole, the findings from these studies
may ormaynotbe i rectly applicable to Ain the mor

personal |l evel . Empirical studies of i ndi



moment which they are actively problem solving is necessary to either support or refute
the idea tht we can use broader scientific epistemologies as a substitute for the personal

epistemologies of practicing physicists.

ll. Study Overview and Research Questions

In order to more fully understand how expert physicists reason and construct new
knowledge,| conducted a study which analyzed expert problem solving from a fine
grained perspective. In this study, professional physicists were asked to solve novel,
challenging physics problems. The data for this study consisted of videotaped records of
the problen solving sessions. By developing methods to reliably analyze significant
moments during the problem solving process, | was able to gain insight into the reasoning
processes of expert physicists. Specific attention was allotted to understanding how
physicsts reason within the resourbased model of cognition and the function of
specific epistemological resources they were frequently using.

Through the presentation of the study in this dissertation, | will answer the
following questions:

1. Are there any paerns in the way that professional physicists activate and
combine different resources during critical moments of the problem solving
process?

2. Howdo t he patterns of resource activa
problem solving compare to the patteraf resource activation during pre
service physics teachersd problem sol v

3. How can we reliably identify epistemological resources?



4. What epistemological resources do professional physicists use when solving
challenging, novel problems? Are there cert@sources that experts tend to
use more often than others?

5. If there are resources that are used more frequently than others, how do the

experts use these resources to solve a challenging novel problem?

[1l. Dissertation Overview

This dissertation consstof a collection of three studies aimed at answering the
guestions presented above. Each study analyzes the resources used by physics experts as
they solve novel, challenging physics problems through a slightly different lens. In
chapter 2, | present austy where | have analyzed how the experts combine their intuitive
understanding of the physical world, their higher level conceptual physics knowledge,
and their epistemological resources during important moments during the problem
solving process. In chigr 3, | analyze these same important moments, establish criteria
for reliably identifying epistemological resources, and focus on identifying specific
epistemological resources that are used by the experts. By doing this, | determine which
resources aresed most frequently. In chapter 4, | build off the analysis in chapter 3 and
analyze how the experts utilize the most frequently used epistemological resource,
contrasting cases, in order to determine the function that this resource plays in the overall
problem solving process. Chapter 5 concludes the dissertation by looking at the
knowledge gained from all three studies as a whole and discussing how the findings of

these studies can be used to inform teaching practices.
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Chapter 2
OEUOEAEOOOG fResbulcEslWhile Sdlving 1

Novel Physics Problems

|. Introduction

There is a growing trendto examine student learning from a firgrained
perspective. Prior tdhis trend student reasoning was modeled asapplication of
theorylike cognitive structureso problem solving (Clement, 1982; McCloskey, 1983;
Hofer & Pintrich, 1997). However, evidence of inconsistent student reasoning patterns
(McDermott, 1984; Steinber§ Sabella, 1997Bao & Redish, 200pis at odds with a
theorylike model of cognition. Thee inconsistencieked to arguments against these
models (Smith, diSess& Roschelle, 1993)Alternative, finegrained explanations of
student reasoning were developed (diSessa, 1993; Hammer, 1996). The reasadce
model of cognition (Hammer, 2000) wagveloped to encompass many similar, fine
grained models of student reasonimbis modelsaysthat student reasoning results from
application of finegrained pieces of knowledge, called resourd@ssourcesare
cognitive structures which represatistrat knowledgean individualhas gained from
their experiencesThey can encompass different types of knowledge from intuitive

notions of how the physical world works (diSessa, 1993) to somewhat more complex
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pieces of knowledge about the physical world (Hanm2000) to knowledge about how
an individual ca develop an understanding of the physical world (Ham&e€eElby,
2002). More complex ideaare formedoy piecing together multiple resources. However,
the resources that an individual uses are determindtidogontext they find different
resourcesuseful in. Learning occurs as an individual makes connections between

resources andetermines which resources are appropriate in which contexts.

Developing the resourdeased model of cognitianto ausefultool for educators
requires answeringeveralquestionsFirst, we must know what resources students have
when they enter the classroom. These will be resources that edwzaterpect to see
students use in the classrooBducators can use these resoul®s® starting pointo
build from. Second, we must know if there are patterns in the ways that studentsruse the
resources. This will help educatdre aware of how studentsill use their resources and
will give educators the ability to anticipate studiezasoning processes. Third, we must
know if there are any resources or ways in which resources can be used that are more
effective at promoting understanding. Tkisowledge willprovide educators with a goal

to aim for when designing instruction.

Many studiesthatinvestigate student reasoning from a resoda@sed perspective
attempt to answer one or more of these questions in some form. One common trend
among resource based studies is that they use students as the subjects of study, with little
excepion (Kustuschet al., 2014 By studying only the reasoning of students, researchers
arelimited in the extent to which they can determuaeat resources are mosffective

and howresources can be usatbsteffectively. This is because students may naté
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developed the most effective resources and they may not useesaurces in the most

effective manner.

In order tocompletely identify effective resourcesdways of using resources,
we need to investigate how physics experts reaBomlo this,we conducted a study and
analyzedseveral groups of physics experts as they sohavel, challenging physics
problems.We focusedn analyzinghe types of resources that the physics expertd use
during moments when they make a conceptual breakthrougtviotse research
(Richards, 2013) hasnvestigated how preervice physics teachers construct new
knowledge while learning about the physics of solar cells. This reséarmt thatpre
service physics teachér's concept ual br eakt htheopuegehce ofar e
different types of resourcespecifically, a gorim, a highetlevel conceptual resource,
and an epistemological resourtethis study, we answer the following questions:
1. To what extent can we identify patterns in the types of resounegsphysics
experts use when making a conceptual breakthrough?
2. What similarities exist between the patterns of resources used by pre service

physics teachers during conceptual breakthroughs and the physics experts?

lI. Theoretical Background z Resources Framework

II.1Phenomenological Primitives (P -prims)

The resources framework @&fiknowledge in piec&smodel of cognition. One of
the first complete descriptions of such a model wesposedby A. diSessa (1993).

diSessa developed this model to desctiteeintuitive knowledgesystem ofindividuals

c
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related to the physical world and the mechanidras can change this knowledge system
Contrary t o Ami sconceptionso gay thatithe econc
fundament al el ement s o bystenmare largescalesr idedu @ | 6 s k
conceptions, diSessa proposed that knowledge about the physical world could be broken
down into pieces of knowledge that make up these iddas. ar gued t hat an i
knowledge could be broken down inpieces of knowddge that are se#fxplanatory
abstractions of real life experiencé@$ese pieces of knowledge are so small that duey

not require any justification and require little mental effort to utilize. The name he chose

for these pieces of knowledge wpkenomaological primitives or p-prims for short.

This name,phenomenological primitivegzomesfrom the fact that they are the most

basic, primitive pieces of knowledge that an individcehaccessat any given instance

They are developed by individuals unsciou$y to understand patterns they observe in

the physical world.

II.1.a Examples of P-prims

One example of a-prim from diSessa (1993) isupporting Supportingconveys
theideathat heavy objectisold smaller objectsip justby being strongeA person would
use this porim to help them make sensewhy books donot, wiywé | t hr
dondt make t abrlhavsabigairong mefson paa poddrup a small person
Another example from diSessa dying away Dying awayis an abstractiorabout
scenarios where some initial condition slowly fades away. The fading of a plucked guitar
string or the slowing of a car when the driver takes their foot off the gas pedal are

examples where an individual would use this resource. Both examples shopynims
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are pieces of knowledgbatare fairly basic and are useful for making sense of everyday

situations.

11.2 Physics Based Conceptual Resources

When D. Hammer (2000) developed the resotnased model of cognition, he
incorporated gprims into themodel. Hammer, like diSessa argued &knowledge in
pieces perspective. However, while diSessa focused on the rolgrohg Hammer
incorporated different types of knowledge elements into his model. A significant
difference between the two models wash a t Hammer 6s resour ce
cognition also focused on higher level pieces of knowledge about the physical world,
physics based conceptual resources, as well-pgns. He says that physics based
conceptual resources, in some cases, could be piggies of cognitive structure, like p
prims. However, in other cases, knowledge elements can have internal structure.
Knowledge elements can be distributed over several basic pieces of cognitive structure, a
structure which has been referred to by diSessl Sherin (1998) as a coordination class.
Sayre and Wittmann (2008) make the distinction between resources that have internal
structure which may be explored by an individual and resources that have external
structure that is no longer accessible to itidividual. They state that-prims are the
later type of resource. Drawing on an analogy which relates the resource based model of
cognition to computing, Hammer says thapnms are like the most basic pieces of
computer code and other, more distrilduteesources are more like elements of the
computer6s oper at i #hapedsoneEptualmesourtds eegrekaiierh y si ¢ s

level pieces of knowledge that an individual may use to help them understand phenomena
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in the physical worldLike p-prims, hey may be deriveds generalizations afommon

sense or they may be developed witiie context of a physics class.

II.2.a Examples of Physics Based Conceptual Resources

Sayre and Wittmann's (2008) analysis of intermediate level physics students'
choice @ coordinate systems provides two good examples of physics based conceptual
resources. In their study, they analyze two students' use of the respolaesand
cartesian resources for understanding the respective coordinate sy3tease resources
have a defining feature which we will use to differentiateoqims from higher level
resources. The resourpelar and cartesianare unlikely to be constructed by students
without some exposure to cartesian and polar coordinate systems in a cla§drepm.
incorporate some kind of physics based idea that is typically learned only through
exposure to physics instructioAnother example of a physics based resourderce as
a push.When a physics teachegpeatedlytalks about exerting a force on an object by
pushing it,a student could develop the resouforce as a push.Conversely, gprims,
such as dying away and supporting are intuitively develop®Hdile it is not a
requirement that all higher level conceptual resources be physics based, many are
developd and invoked in the context of learning in a physics classroom and therefore

will contain some sort of physics based idea.

11.2.b Motivation for Distinguishing Between P -prims and

Physics Based Conceptual Resources

Whil e Hammer ds or i gpiimsas$ a smxldss bf cancemtualu d e d

resourceswe believe that th@rimitive nature of gorims sets tha apart. Our motivation
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for this comes from a mechanism diSessa proposed, ddb&ibuted encodingThis
mechanism explains how the role and functidbmp-@rims change as expertise develops.
di Sessa explains that at first, an indiwvi
unstructured sets of-pr i ms . As an individual b the o me s
priority of some pprims becomes greatly ent@ed or reducedna contextf activation
may migrategxpandor contractdependingon the elements' new roles in the developing
physics knowledge systetn. ( di Sess a, 199 3 ,is mgans thathd ) Bas
individual will begin to learn what -prims are appropriate in different contexts.
However, diSessa expands on this. He explains that when expertise is develmjred, p
not only gain or lose priority in different situations, but thaurpns:
€ can no longer be sedfxplanatory but must defero tmuch more complex
knowledge structures, such as physics laws, for justificatigurin®s come to serve
weaker roles, as heuristic cues to more formal knowledge structures, or they serve as
analyses that do their work only in contexts that are much naoteydar than the
range of application of the general or universal laws of physics. | call this reuse and

integration of intuitive knowledge structures into the functional encodfirexpertise
distributed encodingdiSessa, 1993, p. 115)

Essentially, gorims are no longer the central element in the knowledge system. More
complex, higher level knowledge structures are centrplirRs are now associated with

these higher level knowledge structures. In the language of resources, an important aspect
of leaning is the interaction betweenppims and higher level conceptual resources.
Without this interaction, abstract principles would not be grounded in real world
experience captured bygrims. In order for a student to figure out when they should use

a cetain physics idea, they must be able to associate that idea w4thira.pldentifying

when distributed encoding is being developed requires differentiating between higher
level conceptual resources angbpms. It is for this reason that we refer tgopms and

higher level, physics based conceptual resources separately. From here on, when we say
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physics based resources, we will mean higher level conceptual resources that relate to
physics ideas and will saygrims when we wish to refer to the specialdabs of lower

level conceptual resources that have been discussed in detail by diSessa.

11.3 Epistemological Resources

When Hammer (2000) introduced the idea of conceptual resources, he also
introduced epistemological resources. While conceptual resouspes pieces of
knowl edge related to an individual s <conc:
epi stemol ogi cal resources ar e pieces of
understanding of the nature of physics knowledge and their understanding of how

knowledge about the physical world can be attained.

11.3.a Examples of Epistemological Resources

Hammer and Elby (2002) gave several examples of what epistemological
resources are. One example is the resokmosvledge as fabricated stuifhis resource
helps a person understand that new knowledge can be built from other pieces of
knowledge. A student might use this resource to understand how they can use their prior
physics knowledge to develop their own model of a phenomenon. Another example of an
epistanological resource isaccumulation. Accumulationr e f er s t o an i nd
knowledge related to gathering information. This resource may be activated when a
student decides that they Ajust dondt Kknow
their texbook to find an answerA third example of an epistemological resource is
supporting evidencé his resource may be activated to understand whwger needto

provide evidence if they want to prove that a criminal is guiltyese liree examples
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represent the broad nature of epistemological resources, covering different
epi stemol ogi cal categories. The first reso
the nature of knowledge. The second represents knowledge about an activity to help gain
new krowledge.The third represents knowledge related to how we know something is

true. These examples do not cover the entire scope of epistemological resources, but

represent how epistemological resources cover a range epistemological knowledge.

11.3.b Link Be tween Epistemological and Conceptual

Resources

While epistemological resources are different from physa&sed resources and
p-prims, they are not isolated. Epistemological resources play an important role
influencing how an individual usespims and coceptual resources when they try to
learn something new (Hammer et al., 2004). For example, Louca et al. (2004) analyzed
third grade students who were developing an explanation of why leaves change color.
When the teacher encouraged the students to user#dssurces for understanding
mechanistiexplanations rather thdaleologicale x pl anati ons the cont el
explanations changed. Furthermore, Lising
epistemology can cause them to create a memtaieb between formal and intuitive
reasoning. This prevents the student from using formal physics based conceptual
resources when they are reasoning intuitively arfatipps when they are reasoning
formally. Other studies (Hammer, 1994; M&yEtkina, 2002)have also shown a link

bet ween an individual 6s epistemology and |
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11.4 Example Interpretation of Student Reasoning Using

Resources

To see how these different types of resources can be used by students as they
reason about physics problemconsidering the following examplguestion and a
common student response

Q: In order for an object to move at constant velocity you must apply a constant
force. Do you agree or disagree? Explain.

A: | agree with the above statement. You can showighisie by thinking about
what happens when you apply a force to a box by pushing it across the floor. The
box only moves as long as the force is applied. Once you stop pushing the box,
the box slows down and eventually comes to a rest.

Rather than interpgting this answer as a whole umtlicative of a coherent, stable idea

that a student hasve can break their reasoning down into the resources that theyrused

the moment, irorder to construct this answétirst, they began their answer by saying

thatthey wantedtdis how this is true. o0 This statemer
using the epistemological resousgpporting evidenceSecond, they talk about exerting
aforceonaboiby pushing it across the sfbasedor . 0 F
resourcdorce as a pusko reason about how a force can be exerted on an object. Third,
they say that Athe box sl ows Thiwn iam de wivceea
they are using the resourdging awayto think about how the motionf ¢he object will

change once a force is no longer exerted on the obj#tte these are only some of the
resources that are being used by the student in this statement, this shows how @& student

reasoning can be broken down into pieces by using thareesoframework.
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1.5 Resource Activation Patterns

The links between -prims, physicdbased conceptual resources, and
epistemological resources suggest that they are interconnected in the learning process.
Previous research conducted by AJ Richards (@3 dart of his dissertation work found
that analyzing learning episodes in terms of all three of these types of resources leads to
interesting resultdn the study by Richards, a group of yservice physics teachers were
videotaped while they wetteaming aboutsolar cells. Richards identified moments when
students reasoned to a conceptual breakthrough and referred to these as critical moments
or critical events (Powell, Francisc&,Maher, 2003). Richards found that critical events
were much more likg than nonrcritical events to have at least one resource from each of
the three categories previously mentioned, i.grims, physics basedconceptual
resources, and epistemological resour&secifically, he found that 88% of critical
events showed edence of all three types of resources while only 24% ofaniical

events showed the same pattern.

lll. Study Description and Data Collection

In this study, we determine the robustness of the pattern found by RicBgrds
investigating its applicabilityacross contextswe will determine whether the pattern
Richards observed is evidence of a more general pattern of reasoringrtifact of the
study itself To do this, we videotape and analyze the reasoning of individuals
construcing knowledge througheasoning but we alter trentext We investigatehow

physics experts ewtruct knowledge while solving complex novghysicsproblems By



21

maintaining a focu®n knowledge construction through reasoning we are anglylae

same cognitive process whitbanging contextual variables.

[11.1 Participants

The data gathered to answer these questions were obtained by videotaping expert
problem solving sessions in full in order to accurately capture the complexity of their
reasoning during the sessions (Jordailenderson, 1995). During the problem solving
sessions, physics experts solved difficult, novel problems which are described below.
Before the experts were given either problem, they were asked to think aloud so we could
determine their thought procesg analyzing the verbal data (Ericsson & Simon, 1980).
After an introduction to the problem, the interviewers interacted with the experts
minimally to preserve the spontaneity of
study werephysics graduate wients who have advanced past their qualifier and physics
Ph.Ds The participating physicists were selected based on their response to an email
request asking for volunteers. They were not offered monetary compensation for their

participation in the studysix pairs of physists were videotaped in total.

[11.2 The Physics Problems

The pairs solved one of two problems. Three pairs solved a problem which
featured topics from optics while the other three pairs solved a problem about the physics
of solar celk. The three pairs who solved the solar cell problem were specifically
assigned to that problem because they had background knowledge of solar cells. By
having different groups solving different problems, we hoped to further investigate the

contextual apptability of the pattern found by Richards (2013).
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[11.2.a Puzzle Problems vs. Il -Structured Problems

In choosing the problems used, we wanted to make sure the experts experience
was similar to the experience of gervice teacher who participated imetstudy by
Richards (2013). We decided what aspects of thespger vi c e teachersbo
experience were contextually relevant based on a definition of problem solving expertise
given by Schwartz, Bresford, andSears (2005) and the distinction betweerzbe type
problems and ifstructured problems discussed by dkener (1983) and others
(Churchman1971; Mitroff & Sagasti, 19783 Expertise is a two dimensional construct.
One di mension is related to an exps®ytods a
extremely efficiently. The other dimension relates to their ability to learn and solve
problems by adapting to circumstances which they are not accustomed to. Kitchener
describes a complimentary view of problems. Puzzle type problems are problems that
have a distinct procedure and can be solved algorithmicalstriittured problems are
more open, require gathering data, developing and analyzing assumptions, and often do
not have a definitive answer. Since the-peevice teachers in the study by Ricds were
attempting to build new knowledge about solar cells, their success was dependent on their
ability to learn in new circumstances, not their ability to carry out procedural processes.
This situation favors ilktructured problems over puzzle typmblems. This meant we
needed to have our experts solve problems sufficiently difficult and complex so they
could not procedurally apply physics ideas and would be forced to use tiseiudiured

problem solving capabilities.
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[11.2.b The Light Cone Pro blem

To achieve this goal we utilized the following two problems. The first was an
optics problem described by Etkina, Planinsic, & Vollmer (2013). In this problefaaa
plastic container (shaped like a rectangular fish tank) of water mixed with éréps of
milk is set ona piece of white paper. When you shine a lasembi@to the water from
the top,a cone of lightoriginating at the bottom of the container clearly vsible in the
water. We asked the expettsexplain why this light coneccus. Solving this problem
requires recognizing that the paper beneath the container scatters light in all directions
and that the change in index of refraction upon entering the container causes the light
which has been scattered by the paper to bend towlaedsormal. The pairs that were
given this problem to solve spent approximately one hour working on this problem and

all were able to develop a satisfactory explanation for the phenomenon they observed.

[11.2.c The Solar Cell Problem

The solar cell probla was also described elsewhere by Jones et al. (201Be
first part ofthe problem, experts are given two graphs showlregoutput current of a
solar cell as portions of the cell are covered. Onelgedgows thecurrent as the cell is
cowered horizotally, the otherverticaly. We ask the expert® explain the shae of the
graphs. Once the experdgvebp an explanatin, they aregiven the secongart of the
problem. In this part, the experts have to predictctireent in two circuits, one with two
solar cells connected in seriges they have the same polarityd the other with the solar
cells connected in opposition. Theust predict the curremts the coverage of each solar

cell is varied. Once the experts develop a prediction, we show them dival a
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measurements. We ask the experts to restiberepancies between their prains and

the measurementsSol ving this problem correctly de
recognize that the solar cells have a unique geometry. They also must untbiératea

solar cell does not act as a simple voltage source. The pairs given this problem spent
about two hours working. While all groups could solve the first part of the problem, none

developed an answer which explained all aspects of the second patrt.

V. Data Analysis

Similar to the study by Richards (20138)e look for pprims, physicsresources,
and epistemological resources during critical momefsr primary goals for the
analysis are to: 1. Identify critical moments during the problem solvingoses.
Identify resources that the physicists were using in these moments. 3. Look for patterns in
the types of resources that were used in each critical moment. We will focus on how each
of these goals is achieved individually. By performing this anslya& hope to answer
three major questionsAre there similar resource activation patterns in-ganevice
physics teachers and physics experts during moments of conceptual breakthroughs? Are
the patterns of resource activation found restricted to spedfitexts?How can we

understand the significance of any patterns that we do find?

V.1 Critical Events

I\VV.1.a Establishing a Definition for Critical Events

To identify critical events, we first defined what it meant to make progress

through the problem. Wetarted from a definition in line with Powell, Fransisé,



25

Maherd6s (2003) idea of <critical events. A
breakthrough occurs, leading to reasoning which is different from reasoning prior to this
moment. A furtherstipulation we imposed is that breakthroughs should occur through
reasoning and not by chance or observation. At an early stage, before the definition of a
critical event was refined further, a small number of events were classified by a single
member of he research team. After this, three members of the team discussed the
classifications of these events. In this way, the following criteria for identifying critical
events were collaboratively developed (Jor8aklenderson, 1995). To determine when
critical moments occurred we first viewed the videos several times to identify the lines of
inquiry important for each group to solve their problem. This helped us refine our
understanding of the problem solving sessions (l&dtehrer, 2000). We decided that

for a moment to be critical, it must initiate, progress, or conclude a line of inquiry by
answering an important question about the problem. In this way, we identified parts of
the problem solving sessions to analyze further (Detrgl, 2010). Events werehosen

so they embodied a cohesive line of dialogue and captured a full exchange between the
problem solvers. On average, they were 110 words long. We analyzed these events to
determine what questions the problems solvers were answering in each evenkeOnce
identified these questions we analyzed both the question and transcript to determine if the
problem solvers were using reasoning to answer these questions, if the question was
important to an overall line of inquiry, and if the question was being pezbmr
answered, rather than remaining unresolved. If all these criteria were satisfied, then the

event was classified as critical. Otherwise, it was classified asntaral.
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After these criteria were established, we brought in an outside researcher to

determine whether these criteria were reliable.

I\VV.1.b Establishing Reliability of Critical Events

Using the guidelines above, a single researcher coded 146 critical events and 51
non-critical events. Afterwards, an outside researcher familiar with thlet Ilcone
problem but not involved in any other aspect of the study helped establish reliability for
the classificatiorof critical events. To do this, we provided the outside coder with the list
of questions which embodied the substance of each critieat.eVhe outside researcher
was asked determine whether or not answering each question would meet the above
criteria for a critical event. The outside researcher also had the text from the critical
events available to consult. After training the researche few example critical events,
the outside researcher independently classified 25% of the events. The primary coder and
the outside coder achieved an 82% agreement (k = 0.6) before discussion. After
discussion, the primary and secondary coder agredtieonlassification of 96% of the

sample events.

V.2 Coding Resources

We coded critical and necritical events for resources in order to determine
which resources the experts were using in each event. To establish reliability of coding
we developed thiollowing approach:

1. Describe the event withoekplicitly mentionng any resources.

2. ldentify keyelements of the dialogue in each event
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3. Determine if these elemerdaseevidence of knowledgactive in the reasoning
process
4. Break down the elementisat arepart of the reasoning procas$o the smallest
pieces of knowledgthe text shows evidence of.
5. Indicate what part of the text shethe clearest evidendbkat this piece of
knowledge is being used in the reasoning process.
o If uncertain whether thelis grong enough evidence that this piete
knowledge is beingsed in the reasoning process, consultélkearound
the event
6. Indicate whether piece ohkwledge is aprim, physics based conceptual
resource, or epistemological resource.
7. Classify these ices of knowledge based on previously identified resources in the
literature if possible.
8. I f strong enough evidence exists that
a commonly used name in the literature or has not been previously identified, give
it a tentative name.
9. Compile a running list of resources that have hdentified
10.Use this list as a reference &rhclassifying resourcés maintain consistency.
Once an initial list of resoues was compiledising the inductive method described
above we createddescriptionsfor each resource. Then we reanalyzepodion of the
critical events taleductivelyidentify resources using onthe listof resourceshat had
been generated inductively artde desaptions for ead resource Once this was

completed, the results of the deductive approach were compared to the initial inductive
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approach. If there was a mismatch between the two, the event was further analyzed to

resolve thanismatch by refining the description of the resource(s) in question.

I\VV.2.a Example of a Critical Event Coded for Resources

An example of how we coded a single critical event is presented Heladence
of resource activatiois indicated by differentolortextor highlighted textHighlighted
text is used when evidenoarfone resource overlaps with evidence for another resource.
Each piece of evidence is given a numibich corresponds to the list of resources on
the right Different colors are used to indicate different types of resourcestddtieP-
prim. Redtexti Physics Base@onceptual Resource. &m text, yellow highlighting

Epistemological Resource.
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Table 2.1Example of critical event coded for resources

C: YeahWhat this (1)diagramis ignoring though is what 1. Multiple

happens at the paper. Right?,3,4) Representations
2. Contasting Cases

R:Yeah. 3. Hypothetico

C: What happens when the laser hits the pa(@We d ddod d.ed.uct.ive Reasoning
wegetiwe donét get the exact {4 Limitationsof
6)Cause thatos wh adkatpeae, lwak ¢ Models

(7) Just sort of looking at wh¢8,9,10)i 5. Causal Reasoning
6. Somet hing
R: Yeah.Sonehow it spreads oi11) in a verywell defined Changing
way.( 12) Uhéin the paper. 7. Peer Cognitive
Awareness

C: Ok,so what is this paper doir{@3)? Beam hits it, the paper

. . . 8. Experimentation
I the paper is what? Opticaltpugh(14)? Is that a term we can

9. Inductive Reasoning

use? 10. Knowledge from
C and R: Haha. direct observation
11. Spreading
C: Why not? 12. Concentration and/o
R: | t duisror. (1B, 16) a Iocallzat.lor.1
13. Mechanistic
C: Thatoés true. 10611 point Reasoning
14. Roughness
R: Heheh. 15. Analogical
C: So the laser hits the paper and has tdifbesed(17) Reasoning
16. Mirrors

somewher e, r iggditargd8).ll mearhifaveg The o

paper is definitelyough(19). 17. Spreading

18. Scattering
19. Roughness

IVV.2.b Distinguishing Between P -prims and Higher Level,

Physics Based Conceptual Resources

While the distinction between epistemological resources and other types of
resource is more transparenthe distinction between-prims and physics specific
conceptual resources is not as transparent. However, it is the interplay betpre@s p

and more complex resources that is at the heart of developing expertise through
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distributedencoding. For this reason, we believe it is important to distinguish between p
prims and higher level conceptual physics resouMés.i | e we dondét argue
make the distinction between what a primitive resouscand whata higher level
resourceis based on the content of a single critical event, we do make the distinction
between resources which appear to have a more primitive substance and could be seen as
generally applicable in common everyday situations and resources which are more
closely inked to scenarios you would only encounter in a physics classroom or when
involved in some sort of physics problem solving.

In the exampleabovewe 6 ve i denti fied tshemecohn cnegpdtst
changing, spreading, concentration/localization, rougdsamirrors, and scatteringut
of these resources we classifieds o met hi ngos changi ng,
concentration/localizationand roughnessas pprims. These ideas represent resources
that have some kind of everyday applicabilMirrors andscatteringwere classified as
physics specific resources. While mirrors are present in everyday life, they take on a
special significance in the physics classroom. Specifically, their surface obeys the law of
reflection. From the di atl omyumi rbredro,r@® itthé&®s s
two experts had the physics specific nature of mirrors in mind when they said this. This is
especially evident Twihwegefitwlee yd osnaditd gfeWe t dcoen &
beam coming back, raeg htt Pat Ytolue cotudtde méd rsto @
an extension of the idea that the light is spreading out after it hits the paper. However,
this statement is used to further <clarify
and has to be diffusedsne wh er e, right?06 This is a gener

is doing. The statement néit scatters, 0 i :¢



sentence. It adds significance to this previous statement-bypressingit in more

precise, phys specific terminology.

To provide more insight into the types of resources that we classifypemg

and

physics

speci fic

conceptual

resources classified during coding of the light cone problem.

which resources were classified apnoms and which were classified as physics specific

31

this tabl

e

resour ces,

we 0\

resources. The distinction between physics specific resources and primitive resources is

pronounced in these tables.

Table 22 Resourcegoded as Brims and Physics Based Conceptual Resource

V.1 Resource Activation Patterns

P-Prims Physics Based Resources
Bending Losing "Halo Effect" Mirrors
Bouncing Matching Absorption Multiple Interfaces
Cancelling Maximum Angle - Cone Optical Interface
Cloudy More cause/moreffect | Angle of incidence Optical Medium
Concentration/localization Normal (perpendicular) | Angle of refraction Orthogonal
Cutoff Ohm's Pprim Brewster's Angle Particles
Effect Size- Greater Effects Parallel Color - white Powerful Light
Effect Size- Less Effect Reflections Critical Angle Ray diagram
Effect Size- No Effect Roughness Dependent Variables Refraction
Effect size- small Selection Dispersion Rotation
Entirety Sharpness Emission Scattering
Figural Primitive- Bottom Something's Changing | Independent Variables Snell's Law
Figural Primitive- External Something's Constant | Index of Refraction Specular Reflection
Figural Primitive- Internal Spherical Interference Spherical waves
Figural Primitive- Sideways Spreading Interference pattern  Total Internal Reflection
Figural Primitive- Top Thickness Law of Reflection Transmission
Limit Trapping Light as a wave
Linear

V. Findings

After we coded each event for resources, we looked at the critical eweht®R

critical events to see if there was g1m, physics based resource, and epistemological

resource in each event. First, we focused on the light cone problem. We found that 46/52,
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or 88%, of critical events had evidence of all three types of ressuHowever, when we
analyzed the nouaritical events, we found that only 27/51, or 53%, of all -oatical
events showed evidence of all three types of resources. 100% of all critical and non
critical events had evidence of epistemological resources.

We then focused on the solar cell problem. We found that 70/94, or 74%, of all
critical events showed evidence of all three types of resources. This was surprisingly
lower than previous results and prompted us to further investigate these critical events.
We found that the questions the experts were answering in these critical events were not
strictly related to the physics of the problem, but rather engineering or mathematical
issues. As a result, we grouped the critical events into two categories: ptrysoed

events and nephysics critical events.

V.1l.aPhysics and Non-Physics Critical Events

An example of each type of critical event is shown in T&B A critical event
was included in either group based on the questions the experts were déalinfjthe
guestion was related to the physics of the problem, it was a physics critical event. If it
was related to the mathematics, engineering, or some other aspect of the problem, it was a
nonphysics critical event. When we grouped the critical &vdike this we found that
62/74, or 84%, of physics critical events had all three types of resources and 6/20, or

30%, of norphysics critical events had all three types of resources.
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Table 2.3 Physics vs. nophysics critical events

Non-physics Physics

Question: How does the construction of the | Question: How do the individual

solar cell make the two situations described in junctions function differently in the two
the problem unique? situations and how does this explain the
difference in the obseed current vs.
coverage graphs?

D: And so, so, that would mean that as you bi A: Yeah. When you cover up, when you

the paper in from t hj|coverupone ofthe cells, that cellis now ju
covering them. |l i ke a chunk of sil
A: So that, yeah. D: Right, it become
D: And then as you bring in the paper from thi A: Big resistor.

sideé D: Resistor, yeah.

A: The long way. A: Yeah. So that és
D: Y o u 6 raetyally goweuirdy ergiré current down dot more. If we, when we

A: Individual cells. come in from the long side and just cover u
D: Yeah. Yeah. parts of each cel |,
A YeahéYeah. So, so|lnone of the cell s r
the two approaches i {justlike,um like, each of them is still

covering up like one cell at a time and on the | contributing something.
ot her side wedre cov/{D:Ok

cells. A: So the effectie resistance is less than if
we cover up one whole cell. Does that mak
sense?

V1. Discussion

V1.1 Resource Activation Patterns

The goal of this study was to determine if there were patterns in the way physics
experts used resources during conceptualkbdneaughs and compare these patterns to
those identified by Richards (2013). We will now discuss how we achieved these goals.
First, we identified that when solving the light cone problem, 88% of all critical events
showed evidence of aim, a conceptlaresource, and an epistemological resource.

Only 53% of norcritical events showed the same pattern. This means that a conceptual
breakthrough is more |ikely to ocecpugm when

physics based conceptual resourceqd apistemological resource. The percentage of
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critical events which had evidence of all three types of resources was comparable to the
percentage of critical events that had the same pattern in the study by Richards (2013).
Moreover, 100% of all criticalred noncritical events had evidence of an epistemological
resource. Earlier, we chose to distinguish between resources which appeared to be more
primitive and resources which appeared to be higher level, physics based conceptual
resourcesSince epistemolgical resources appear in every evahgre would be no
difference between critical and naontical evens without distinguishing between p
prims and physics based conceptual resouMéwether or not the distinction we made
between gprims and higher keel, physics based conceptual resources was artificial are
not, it allowed us to differentiate between critical and-ootical events. This suggests
that the distinction we have made is significant.

When wefirst analyzed the solar cell problem, we fouhat the thregesource
type pattern was not as strong. Only 74% of all critical events had evidence of all three
types of resources. We were able to regain the strength of this pattern by differentiating
between physics and ngnysics critical events. YWen we made this distinction 84% of
all physics critical events had evidence of the pattern, while only 30% opmgsics
critical events did. These percentages are similar to the percemiagentin critical
events and noaoritical events in the lighttone problem.We needed to makehd
distinction between physics and nphysics critical events order to regain the strength
of the pattern in this problenHowever, no noiphysics critical events appeared the
light cone problem oin the previous tsidy performed by Richards (2013). This is due to
the different nature of the solar cell problem. In the solar cell problem, the experts

devoted much time to understanding how the solar cell was constructed. Experts do not
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need to call on their physics kntedge to do this, but it is a very important part of the
problem. The light cone problem did not require an understanding of the experimental
setup that was removed from the physics of the problem. Additionally, the study
performed by Richards was carriedit during a concept construction lesson and not
independent problem solving sessions. It is likely that thespréce teachers taking part

in this study did not deal with as many Aplmysics critical events because the instruction
helped draw their ahtion from norphysics details.

Since there is evidence of all three types of resources in physics critical events but
not nonphysics critical events, this shows that there are different types of reasoning
during these moments. One interesting pattefmetp explain this is that out of the non
physics critical events that did not have evidence of all three types of resources, 10/12
had a pprim, but not a physics based resource. The higher level conceptual resources we
used to analyze these critical etgenwere physics based conceptual resources. If we
investigated other types of conceptual resources, like engineering or math, it is likely that
we would find evidence of a -prim, higher level conceptual resource, and
epistemological resource in these egeas well. This evidence of nguysics reasoning
patterns while solving a physics problem is indicative of the rfadited nature of

physics problem solving.

VI.2 Significance of the Pattern

So far we have shown that all three types of resources edebyphysics experts
during a large number of critical events, a pattern which is also evident-seiiee
teachers. We have also found that the strength of this pattern is determined by whether

we differentiate between-prims and physics specific @srce. What might be the
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significance of this pattern and the differentiation we are making betwpeimp and

higher level, physics based conceptual resources? Why is it important that experts use p
prims and higher level conceptual physics resourcenglucritical moments? To
understand the purpose of this pattern and

the critical event in Tabl2.1.

Water

Plastic

Paper

Figure 2.1 Initial diagram constructed by experts to represent the light maridem.

Prior to this <critical event, experts
diagram to help explain the light conéhe diagram they were drawing is shown in
Figure2.1. This diagram has several optical interfaces. At the interfaces ther&es eit
refraction or reflection of a single ray o
and the Law of Reflection when reflecting. At the start of the critical event, expert C
draws attention to the predictions of this diagram. He compares the tjpnesliof this
di agram with ROs previous observation, tha
not reflect perfectly and fAwe dondt get th
what they know about the light, that it spreads out but that it soes a weldefined

way to make the cone. C then thinks about what about the paper might make this happen.
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He mentions that the paper is rough. R comments that paper is not like a mirror. C
focuses on the diffuse, spread out nature of the light aftésitie paper and concludes
that the light must be scattering, rather than reflecting, off the paper.

In this passage, the experts make a decision about what physics related resources
to rely on as they continue with the problem. From the reflectionseinitgram which
obey the law of reflection, it appears that C and R are using physics resources related to
mirrors. This is confirmed when R brings up mirrors later in the passage. At the
beginning, C has activated several epistemological resources.igythese resources he
identifies that their model does not account for the observation that the beam does in fact
change. This causes theppm s o met hi n g 6ts become activatedgR then
specifies how the | aser beampoclandge s uwhken
indicates that he is using theppmspreading Lat er R comments t hat
mirror. o0 By using epistenmimesgmetahi ngé8suchkae
that is at odds with his physics resources relateddengtanding mirrors. This causes the
experts to question the validity of this resource and ultimately abandon it. Once they
guestion the applicability ofmirrors, C activates the epistemological resource
mechanistic reasonintp try to understand why theht spreads out. This causes him to
activate the gprim roughness Through the combination of thegsims roughnessand
spreading C activates the higher level physics resowtattering As the two continue
to solve the problem, they no longer model traper as a mirror, but include light
scattered in all directions from the paper. This indicates that from this point forward, they

no longer use the resouncerrors, but do use the resourseattering
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This is evidence of distributed encoding being zeitl in the moment to help the
experts make an active decision about which higher level physics resources they should
use to explain the problem at hand. As diSessa suggegted,ipms ar deuastict i ng a
cues to more formal knowledge structudes T hpams @re not sufficient justification
for an explanation, but help to identify which more formal knowledge structures are
appropriate in a given situation. In this situation, therims something changing,
spreading, and roughnesdl indicate that forral knowledge for understandimgirrors is
not appropriate, but that formal knowledge relateddatteringshould be used instead.
The experts appear to be using blended processing, combining their intuitive knowledge
with their more formal conceptual phgs knowledge, to make a decision about what
formal physics knowledge to use (Kuo et al., 20TB)e epistemological resources act as
contr ol mechani sms for f ocusi Apgmsanayebés att
activated. In this case, the epistengibal resources that were activated by consulting the
diagram encouraged activation of th@gims o me t h i n g @rd aatiiateom af then g
epistemological resourcmechanistic reasoningncouraged activation of theppim

roughness.

VI. Implications for Instruction

The link between 4prims, physics based conceptual resources, and
epistemological resources suggests that physics educators should design instruction so
that students have an opportunity to have all three types of resources activated at once.
This finding suggests that unless we give students the chance to reconcile how their

understanding of the world can be used to help them decide whatsouhesticated
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physics ideas they should be using, they will be less likely to make a conceptual
breakhroughon their ownIn order to do this, students must also be aware of the need to
reconcile their intuitive understanding of the world with more formal physics .ideas
Helping students develop such an awareness is not possible without focusing on
epistenological issues as a part of instruction (Elby, 2001). Therefore, effective
instruction must incorporate epistemological goklsithermore, the need to distinguish
between physics critical events and fpdtysics critical events and the fact that there may
be important nofphysics resources impligsatif we only focus orstudentsdeveloping

their physics resources, theyight be unable to become expert problem solvers because
they will lack the resources to help them solve probldmasrequirethe use oimathor
engineeringesources Therefore future work lies in the area of extending resource work

to mathematics and engineering.
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Chapter 3
What Epistemologic al Resources do Physics Experts

Use when Solving Novel Problems?

l. Introduction

The questiorof what constitutes physics expertise is one of the unresolved PER
problems (Maloney, 2011). While there have been studies of expert problem solving in
physics (Chi, 1981), in many of them experts solve introductory problems. Such tasks are
usually easy foexperts and although they can be used to study routine expertise, they
cannot capture the true nature of a physic
two di mensional mo d el i n which one di mensi
deal wih familiar situations, and the second dimension accounts for their ability to
consistently and effectively adapt to unfamiliar situations. This dimension is known as
adaptive expertise (Hatar® Inigaki, 1986; SchwartzBransford,& Sears, 2005). This
model helps us understand both why physicists are so good at solving traditional physics
problems and how they are able to carry out research and construct new knowledge.

To understand what aspects of a physics
or herto gather more knowledge and reach understanding from this knowledge, we need

to study experts in challenging, novel situations. While the most obvious way to study the
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cognitive processes of experts solving authentic problems vl observe them in

their own laboratories, we can also place experts in an educational laboratory and ask
them to tackle science problems purposefully designed to challenge them (Dunbar, 2000).
There have been several studies which do place physics experts in contextenadgtrel
challenging situations, such as Singh (206@hl and Finkelstein (2008), and Kustusch

et al. (2014).

In the study by Kohl and Finkelstein, physics graduate students were asked to
answer several freshman level physics questions, one of which tiast ahat made it
especially challenging and proved such, as only three out of five graduate students were
able to answer it correctly. However, the challenging problem for experts was not the
main focus of the study and the authors did not provide frthdeéetail of the problem
solving process but only presented a final analysis of the types of behavior the experts
were engaged in.

Il n Singhbdés study, physics faculty memb
intuitive introductory level physics problem. Thask proved to be challenging for
experts and none of them indicated that they knew what the answer should be offhand or
had solved a similar problem before. Many of them stated a first impression of the
problem that would lead them to an incorrect anstewever, the professors were only
asked to think about the problem they were given and were not required to provide a full
answer . Whi | e t he professorso I ni tial re.
manifests itself in the early stages of problem isgly this does not cover the entire

problem solving process and does not give us insight adaptive expertise.
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More recently, Kustusch et al. (2014) studied the reasoning of 10 faculty members
with backgrounds primarily in physics as they solved a chalgngiroblem in
thermodynamics. Only half of the experts were successful. Kustusch et al. focused on the
use of the mathematics of partial derivatives in thermodynamics. While such focused
analysis is important for understanding the contextual details ofgiysicists reason,
studies have shown that some aspects of expertise are domain general (Schunn &
Anderson, 1999). We believe that it is important to look for these-crdag, domain
general features of expert reasoning as well as domain specificeleaDoing so
requires a wider lensed analysis.

Previously, we have explored physics ex
different types of resources they used while solving challenging, novel experimental
physics problems. We found that when tpaysics experts made a conceptual
breakthrough, 88% of the time their reasoning contained evidence of three different types
of resources: yprims (diSessa, 1993), higher level physics based conceptual resources
(Hammer, 2000), and epistemological resosirfigammer& Elby, 2002). In this paper,
we continue to explore physics expertsd ad
different epistemological resources that experts use as they solve challenging physics
problems. To do this, we code transcrigié the problem solving sessions for
epistemological resources using a fgrained, resourcdsased frenework (Hammer,

2000; Hammer &Elby, 2002). The integrity of our results will depend on reliable coding
schemes for epistemological resources, an ifisatehas received little attention and is

relatively unexplored within the resources framework.
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Typically, data analysis using the resources framework involves extended
gualitative argumentation to justify the identification of a small number of resonirtes
analyzehow a small number of resources are influenced by contextual details. For
example, Harrer, Flood, and Wittmann (2013) dedicated an entire short paper to arguing
for three resources and a paper by Louca
epistemologically based intervention helps students transition from using teleological and
anthropomorphic resources to mechanistic resources. While these types of analyses are
important, they will not help us to reliably draw out patterns from large segsatifative
data. In order to identify reliable patterns, we must stray from extended qualitative
argumentation and develop a different method of data analysis relying on a more
guantitative approach.

This requires using methods similar to those descititye@hi (1997) for reliably
codifying and quantifying qualitative data. These methods have not been used often in the
resources framework and have been met with mixed success. Scherr and Hammer (2007)
developed codes for identifying epistemic frames ancevable to achieve 90% inter
rater agreement. However, the epistemic frames that they identified were strongly linked
to very obvious behavioral clusters such as focusing on a worksheet, discussing the
worksheet with a group, talking to the TA, and jokiAgother study performed by Bing
and Redish (2009) attempted to reliably i
epistemic frames were linked to less obvious behavioral cues related to making a
calculation, discussing similarity between mathematical qigysical arguments,
invoking authoritative rules, or searching for mathematical consistency. When attempting

to code these less obvious cues, Bing and Redish were only able to achieve 70%
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reliability and discuss how tshaehieving highzi nes
reliability difficult.

By codifying and examining specific epistemological resources that physics
experts use during key moments in the problem solving sessions, we answer the
following research questions:

1. How can we reliably identify fflerent epistemological resources over
large sets of qualitative data?

2. To what extent do physics experts rely on different epistemological
resources while solving novel, challenging physics problems?

3. What are the most commonly used epistemological ressRirce

ll. Theoretical Background

In this section we overview the resowtzased model of cognition and situate this

study within the framework.

1.1 The Resources Framework

The resources framework (Hammer, 2000) models cognition at a fine grained
levelandi s al i gned with a broader Aknowl edge i
this model, individuals form complex ideas by assembling sscale pieces of
knowledge, called resources nt o | ar ger scale ideas or o
framework, reearchers can better understand the contextual details of student reasoning
and identify pieces of knowledge that students use across contexts.

For example, when students reason about pushing a box along a floor at constant

velocity, they may think thathey should exert a constant force to maintain constant
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velocity. Rather than treating this constant force/constant velocity idea as a fundamental
knowledge element, we can consider the resources that the student might have used to
build this idea (Hamme,996). When a student thinks about an object moving across a
surface, they will remember many times when objects slide to a stop, activating the
resource Adying away. 0 Students could then
they need to continuallpush t he object, activating the

Finally, they might consider that if you push the box too hard or too soft the box will not

move at a constant velocity, activating a
Asomes$ hicnognést ant . 0 The student woul d t her
Amaintaining agency, 0 Aequilibrium, 6 and i

idea that constant velocity motion requires a constant force.

The Aresour ce o0 h afimingdeaturesrFast, a iesoyoe captarest , d
knowledge which an individual gains by abstracting common features from previous
experiences. An individual uses this knowledge when they try to understand new
experiences. Because resources capture knowledgbdb been gained by generalizing
prior experiences, a resource is not right or wrong, but is applicable or inapplicable in
different situations (Hammer, 2000).

A second feature of resources is that they can form larger cognitive structures
(diSessa, 198 diSessa & Sherin, 1998; Wittmann, 2006). Resources that are used
together become linked, or coordinated. The strengths of these connections can grow and
fade. As connections between resources grow stronger, resources become very strongly
linked so thatactivation of one resource guarantees activation of strongly linked

resources. A cluster of strongly linked resources acts as a single entity, called a
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coordination class, and is treated as a larger grained resource. For example, Wittmann
(2001) describestudents using a variety of resources to reason about the physics of
waves, such as Abouncingo and fAcancellingo
fastero or Aworking hardero to describe th
tofoomte coordination c¢class fAwaves as o0object
resources. Resources are not restricted to a particular cognitive grain size (Conlin, Gupta,
& Hammer, 2010). In some cases it is more productive to focus on specific resources tha
make up a coordination class while in others it may be more productive to think about the
coordination class as a whole.

A fourth feature of resources is that they are context dependent. While an
individual has resources at all times, the resourcesaar&ctively used to reason until the
i ndividual is in a context which activates
reasoning is also determined by the context they find resources relevant in, rather than
just the resources they have. A congarce is that even if an individual has all the
resources they need to understand a physics problem, they may not be successful at
solving the problem if they donoét t hink
applicable. One example, provided by Lgiand Elby (2004), is the case study of a
student Jan. When Jan is learning about the formation of shadows, she disregards
common sense explanations in favor of more technical sounding explanations. She
justifies this to her classmates, saying that sheyisg to make her explanations more
Aphyerniceanted. 6 I n this case, Jan thinks t

technical sounding resources are preferred over common sense resources.
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II.2 Epistemological Resources

The resources model also helpssearchers better understand the nature and
content of studentso epi stemol ogi cal kno
understand the nature of knowledge in physics and how to construct new knowledge in
physics. Epistemological knowledge answers questiike: how is physics knowledge
learned, where does physics knowledge come from, what is the structure of physics
knowledge, and what is the content of physics knowledge, among many others (Hammer,
1994). Early models of epistemological knowledge idesdifdevelopmental stages of
epi stemol ogi cal sophistication (Perry, 197
mod el (1997), di ssected an individual 6s ep
an individual could progress or regress along, aaglhe simplicity of knowledge and
justifications for Kknowi ng. These model s

knowledge as fully formed theories, indicative of monolithic, coherent cognitive

structures at odds with .a Aknowledge in pi
A fiknowl edge in pieceso epistemological
and El by (2002), building on the fundament

model of cognition that knowledge systems are made up ofgfmieed cognitive
structures. Inheir model, the smallest unit of epistemological knowledge is called an
epistemological resource, best described as an element of common sense with
epistemological implications. An example of an epistemological resource that Hammer
and EI by gidvgee iass fpkrnoopwalgeat ed stuff . o6 Thi s

situations where an individual receives knowledge from a source. Such situations occur
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when a teacher tells their students a definition, an individual gathers facts from a book, or
a parent tells child what time their grandparents will be visiting.

Each epistemological resource is neither right nor wrong, but appropriate or

i nappropriate depending on the context. Ci
would be inappropriate for a studento bel i eve they could full
Laws by Il istening to their teacher tal king
would be inappropriate. However, a student
consult their teacher or their tegtto k f or a definition. I n t
propagated stuffo is appropriate. Epi stem

specific resources should be used and what resources should be used together.

The epistemological resource framework has esgitlly predicted and explained
many aspects of student reasoning in the physics classroom and beyond. Hammer, Elby,
Scherr, and Redish (2004) used the epistemological resources framework to explain why
we seldom see successful knowledge transfer. LanmtgElby (2005) used the model to
show a <causal l'ink between a studentaos e
outcomes. Louca, Elby, Hammer, and Kagey (2004) demonstrated how teachers can use
t he model to positively henmnfole,uBing aned Reslishu d e n t
(2007) examined the type of resources st
Tuminaro and Redish (2007) showed how epistemological resources can produce student

behavioral patterns in the classroom.
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II.2.a Development in the Epi stemological Resource

Framework

Many of the accomplishments of the epistemological resource framework have
resulted from development of the details of the model itself. When Hammer et al. (2004)
developed an alternative explanation to classical transfey, did so by developing the
idea of epistemological framing. As explained by Hammer et al., epistemological framing
happens when a person is in a situation, like sitting in a classroom, and asks themself,
A Wh at epi stemol ogi cal sknovaltd dge? 0i sT hu s e fi sl
done explicitly, and often happens subconsciously. When a person asks themself this
guestion, epistemological resources are activated. What resources are activated depends
on what resources that person has found usefsimilar situations. These resources,
activated together, form connections. Over time, if someone encounters the same
situation repeatedly and activates the same resources consistently, the resources will form
strong connections and become a locally ceheepistemological frame. In this way,
Hammer et al. applied a general rule about resources, they activate in sets that can
become a resource itself when the connections are reinforced, to the epistemological
resources framework to develop epistemologitames. The epistemological frame
which students activate determines what activities they engage in during learning
opportunities.

Examples of epistemological frames were found by Scherr and Hammer (2007).
When they investigated the behavior of studémistroductory physics labs, they found
that students primarily switched between

a nTA frameo during t he | ab. These fr

a

a
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epistemologically significant behaviors. In the worksthigame the students focused on
their worksheets, interacted minimally with their peers, and did not show much evidence
of original thought. In the discussion frame students interacted with their peers, showed
evidence of original thought, and engagedniechanistic thinking. In the TA frame, the
students focused on the TA and listened to the TA or reiterated what they had discussed
as a group.

An individual develops expertise by constructing sophisticated networks of
epistemological resources, such asstgmic frames, and learning the contextual
appropriateness of specific resources. diSessa (1993) describes that expertise is attained
in a knowledge in pieces framework by reorganizing and prioritizing existing pieces of
intuitive knowledge and the conngxts between them. As these pieces of knowledge
form a more systematic, coherent knowledge system, more complex knowledge
structures emerge. He terms this integration of intuitive knowledge pieces into a more
compl ex system Adi st radrthfarin epistereinflaroed and gthed  Wh e
sophisticated networks of epistemological resources they achieve distributed encoding.
While much has been said about what expertise should look like, very few studies have
actually focused on analyzing experts fromeaaurce based framework and no studies
have been done that focus on the epistemological resources used by experts as they
construct new knowledge. Understanding what expertise is requires that we work to
identify these more sophisticated epistemologictvaeks and processes that experts use

to help them construct new knowledge.
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lll. Study Design

The study that we designed to investigate the epistemological resources physics
experts use was a laboratory type study in which we analyzed videotaped problem
solving sessions. During these sessions, -goalifying physics graduate students,
physics post docs, and physics professors served as experts and worked in pairs as they
solved one of two challenging, novel physics problems. In total, six pairs of £xpert
participated in this study and were divided evenly among the two physics problems. We
chose a small sample size to allow us to gain an in depth understanding of each problem
solving session (Cresswell, 2007). Since we were interested in the thougldspsooé
the physics experts, we instructed each pair of experts to think aloud so their thinking
would be more transparent (Ericsson & Simon, 1980). During problem solving sessions,
the interviewers took on a passive role, interjecting only to remindrtidgm solvers to
think aloud and answer clarifying questions. This was done to capture more natural
thought processes of the physics experts. Problems solvers were not informed if they had
come up with a sufficient answer, but instead were asked to cpmeétlu an answer
which they were satisfied with. After the experts were satisfied with or felt that they
could go no further, the interviewers asked clarifying questions. All problem solving

sessions were videotaped in full.

[11.1. lll -Structured vs. Puzzl e Problems

One aspect of the study that was very important was selecting proper problems for
the experts to solve. These problems needed to be designed so that the experts would

utilize their adaptive expertise to solve the problem, rather than theinecrpertise. It
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was important that the problem we gave our experts would be significantly challenging,
require the experts to develop an understanding of the problem they were solving, and
would not be solvable through the application of akethwn proedure. Essentially, we
wanted our experts to solve -dtructured problems and not puzzle type problems
(Churchman, 1971; Mitrof& Sagasti, 1973; Kithchener, 1983). While the distinction
between puzzles and -8tructured problems has been discussed inyn@aces, the
description we give most closely follows that as described by Kitchener.

Puzzles are problems for which there is a single solution that can be reached by
mechanical application of a deductive algorithm. To solve a puzzle a problem saser do
not need to gather additional data or make considerations about the applicability of data,
the validity of assumptions, or multiple ways to interpret data. Examples of puzzles are
number games, such as Sudoku and traditional physics textbook problntsrihbe
solved by algorithmic application of an equation. Becoming adept at solving puzzle
problems means becoming proficient at recognizing when algorithms apply and applying
them efficiently. These are the skills captured by routine expertise. Wiitierecy and
routine expertise are important, it was not what we wanted to focus on.

On the other hand, iétructured problems are problems for which a solution
cannot be immediately obtained. In some cases there is no one correct solution. The
solutionof an ill-structured problem may depend on varying ways to interpret available
data and assumptions that can be made. These problems require gathering, synthesizing,
and evaluating data while generating multiple different solutions and determining the
strengths and weaknesses of those solutionsstrlictured problems are more aligned

with research problems that practicing physicists deal with. Becoming adept at ill
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structured problems requires negotiating a myriad of higher level skills simultaneously.
The types of skills required to be successful at solvingtilictured problems overlap
with the skills captured by the adaptive dimension of expertise.

To make sure we chose-fltructured problems, we picked two problems which
were not immediately solvablby algorithmic means, required the experts to gather and
analyze data, and allowed the experts to analyze the data through several alternative
possible solution paths. During the problem solving sessions, we saw sufficient evidence

that the problems wedd picked met these criteria.

111.2 The Light Cone Problem

The first problem we chose was a #dligh
Vollmer, 2013). Since this problem is described in full elsewhere, we will only describe it
briefly here. In the light aoe problem, a clear container constructed of either plastic or
glass is placed on a white piece of paper. The container is filled with water mixed with a
few drops of mix. A green laser is shone into the water from above so that it strikes the
bottom of thke container. What you observe when you do this is a cone of laser light which
has a vertex at the point where the laser hits the bottom of the container. A picture of the
experiment is shown below in FiguBel. The task we give our experts is to develop a

explanation for their observations.
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Figure 3.1 A picture of the light cone experiment.

[11.3 The Solar Cell Problem

The second problem was about the physics of solar cells (Jones et al., 2013). The
problem was about identifying how a solar cell opesan a circuit and how the output of
a solar cell is dependent on illumination. We recruited physics experts with experience in
solar cell physics to solve this problem. The problem had two parts. At the start of the
problem solving session each pair ofperts was given a handout for part 1 which
explained an experiment and the measurements that were taken, shown to the left in
Figure 3.2. In this experiment, a rectangular solar cell was connected in series to an
ammeter and a resistor. A white light wasned on and brought near the solar cell so that
the solar cell was illuminated. The light was fixed in place and we recorded a current
measurement. We took a black piece of paper and began covering the solar cell. We first

covered the solar cell from theng side. When the solar cell was 25%, 50%, 75%, and
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100% covered we measured the current. We repeated the same steps but covered the solar

cell from the short side. When we had current measurements for the long side and the
short side, we plotted theragether on a graph. We asked the experts to explain why the
graphs (shown in Fige 3.2) looked the way that they did. We gave the experts the
equipment that we used to perform the experiment and told them that if they wanted any
other equipment they shaubsk us. If we had the equipment available, then we would
give it to them.

After the experts had developed an explanation for part 1 that they were satisfied
with, they were given another handout describing pags shown to the right in Figure
3.2. In part 2 the physics experts had to make predictions for another experiment and
explain the reasoning behind their predictions. In the first part of this experiment, two
solar cells were connected to each other in series so that the positive lead ofroreisola
was connected to the negative lead of the second solar cell and the positive lead of the
second solar cell was connected to an ammeter which was in series with a resistor that
was connected to the negative lead of the first solar cell. In this allafgur circuit
el ements were connected in series. Thi s
connection. The two solar cells were placed side by side and then illuminated with the
white light that was used in part 1. A black piece of paper was toseaver the solar
cells and generate the set of scamsmdepicted in the table in Figude. In the second
part of this experiment, the polarity of the second solar cell was reversed, such that the
negative lead of the first solar cell was now connetaettie negative lead of the second
solar cell and the positive leads were connected through the series connection which

incorporated the resistor and ammeter.

Th
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serieso connection. T h eto dgererate khe ga@aeg everingva s &

scenarios that were generated in the first
part 2 was to develop predictions for the current measured by the ammeter in each
covering scenario. After the experts developed predistand explained the rationale

behind each prediction, they were given the results of the experiment and asked to
reconcile any discrepancies between the results and their predictions. Once they
completed their reconciliations, the interviewers askedtipres to clarify anything that

was unclear.

Part 1 Part 2

We conducted two experiments with a solar cell. In both experiments
the solar cell was connected to a resistor (R = 75 Ohm) in series and
illuminated with a 150-W bulb. During the illumination we covered a
part of the cell: in the first experiment the cover was along the long
side, and in the second experiment it was along the short side. The

Predict the relative currents in the following two circuits and explain
how you made the predictions. In the first circuit the solar cells are
connected in series (+ of one cell to — of the other cell) and in the
second circuit they are connected in >>anti-series<< (+ of one cell to
the + of the other cell). In both cases we added a 75-Ohm resistor in

sketches below show how the cells were covered. series with the solar cells.

L

Covering the long side (left) and short side (right) of the solar cell.

The measurements below show how the current through the resistor
depends on the relative area of the solar cell covered by black paper.
Explain the shape of the graphs.

i
17 B
L] —m—Long Side
3 shortside
o -
L] o o4 06 08 1 12

(& covered)/[A Baminated)

Current (mA}

Ha=l==rE

Figure 3.2Handouts given to experts who solved the solar cell problem.

I\VV. Data Analysis

The major goal of our study was to ans

solving challenging problems that they have ver seen before?06 To a
with the data we gathered, we adopted a phenomenological approach (Moustakas, 1994;

Creswell, 2007). This is appropriate because we are essentially attempting to answer the
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guestion, AWhat deestiandmegnofoagarobluem t
epistemological resources perspective. To do this, we first engdugeinontilizationof

the data. This process has two parts, described below. First, we look through problem
solving sessions and pick oatoments when the experts make significant progress
towards developing an understanding of the problem. By analyzing the contents of these
moments, we can gain insight into the thought processes of the physics experts as they
build an understanding of ther o bl em. To deter mi ne what i s
thought processes during these moments, we broke down each moment and identified
clusters of meaning (Moustakas, 1994) within the transcript. We analyzed these clusters
using a resource based anayand identified epistemological resources used by the
physics experts. By looking for common epistemological resources across the different
groups of physicists we describe the essence of problem solving from an epistemological

resources perspective.

V.1 Critical Events

To begin the analysis process the videotapes were transcribed in full and the
problem solving sessions were watched repeatedly. This helped us develop a refined
description of what took place during eactoldem solving session (Lesh Eehrer,

2000). After we developed descriptions of the problem sessions, we narrowed the focus
of our analysis by identifying moments during the problem solving process which we felt
deserved deepervastigation (Lesh & ehrer, 2000; Powell, Francisco, Baher, 2003;

Derry et al., 2010). The moments that we chose most closely resemble the definition
given by Powel I, Franci sco, and Maher of

critical event is a moment during the problem solving session where themsobdévers



58

reason to a conceptual breakthrough. This leads to reasoning that differs from reasoning
prior to this moment. These critical moments exemplify a moment where the problem
solvers make significant progress towards developing a full understandiribe
problem.

By engaging in collaborative discussions during preliminary analysis of candidate
critical events we developed a shared set of criteria for determining if a portion of the text
should be classifieds a critical event (Jordan @enderson1995). First, a critical event
is a moment during the problem solving process when a breakthrough occurs, during
which time the problem solvers identify or answer important questions about the problem
for the first time. This criterion meant that critiealents captured moments when lines of
inquiry were either initiated or ended. Second, the breakthrough must happen through
reasoning. This means that breakthroughs which resulted from chance observations are
not considered critical moments. Finally, cati@vents are short pieces of the transcript
which concisely capture complete exchanges between problem solvers or reflections of
an individual. To identify critical events, one of the researchers, Darrick Jones, first
selected portions of the transcripat captured complete dialogue during which it seemed
important breakthroughs were occurring. Once these candidates were identified the same
researcher determined what question the problem solvers were answering during the
event. If the question was impant to developing a deeper understanding of the problem
at hand and would require reasoning to answer, then the event was deemed critical. Using
this process, 146 critical events were identified. In a similar ma&heron-critical

events were classified.
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I\VV.1.a Establishing Reliability of Critical Events

After events had been classified as either critical orardital events, an outside
researcher, familiar with the light cone problem but not involved in any other aspect of
the study, was brought in &stablish the reliability of the classifications. To do this, the
outside coder was provided with the list of questions which embodied the substance of
each critical event so that they could determine whether or not answering each question
would meet thebove criteria for a critical event. They were also given the text from the
critical events to consult when the questions were unclear. After training the researcher
on a few example critical events, the outside resegrindependently classified @bof
the events. The primary coder and the outside coder achieved an 82% agreement (k = 0.6)
before discussion. After discussion, the primary and secondary coder agreed on 96% of
the events. It was clear from the discussion that much of the disagreement @amose fr

situations where questions remained unresolved in the critical event.

I\VV.1.b Example of Critical vs. Non-Critical Event

To help show how we classified critical events, we present an example of a
critical event and a nearitical event in Table8.1. In the noncritical event, two of the
physics experts, C and R, are solving the light cone problem. Up to this point, C and R
had performed the light cone experiment themselves, performed slight variants of the
experiment, and observed the effects. At thimpoC and R noticed that there was a
small piece of cardboard under the white paper beneath the experiment. They decided to
see what happened when they performed the light cone experiment with the piece of

cardboard directly beneath the container instedhe white paper. Their primary
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observation during this event was that there was no light cone when the experiment was
performed without the white paper, there was only a specular reflection. During this
event they make observations and for the first ttagng the problem solving session
provide an answer to the question fAWhat i s
paper versus the cardboard?o

The critical event that we selected focuses on C and R later during problem
solving session. Prior to¢hexcerpt, C and R created a diagram to represent reflections of
the laser beam off the white paper beneath the container of water as if the paper were a
mirror. Just before the excerpt, R noticed
In this excerpt C realizes that their diagram fails to incorporate this and tries to explain
why paper might cause light to reflect differently than a mirror. This critical event
represents the first time where C and R an
paper to scatter |l ight in al/ directions?o

In the noncritical event, the primary breakthrough is attributed to C and R
answering fAwhat i s observed when the | ase
cardboard?0 This i s an i sgviog grogess becausenie n t [
provides the experts with a scenario duri
drawing comparisons between scenarios when
appear, the experts begin to develop ideas about the natheeaone. They answer this
guestion by performing experiments and noting observations that they made. There is no
evidence of reasoning. Even though this is a breakthrough, it is not a critical event
because the experts do not reason to this breakthrQagttrarily, when C and R answer

the question fAWhat mechani sm causes the pe
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ask themselves fAWhat happens when the | ase
beam spreads out, combine this observation withe i dea t hat the pafy
rough, 0o and are able to determine that the
that C and R make a breakthrough in this event through a line of reasoning and not just

observations defines this excerpt agitical event.

Table 3.1 Example Critical Event and Ne@ritical Event

Question being answered Question being answered

What is observed when the laser beam hits w| What mechanism causes the paper #itsc light
paper versus cardboard? in all directions?

Non-Critical Event Critical Event

R: So does it, d o vy o u| C: Yeah. What this diagram is ignoritigough is
shine it onto the paper? what happens at the paper. Right?

(C moves laser beam off of the paper) R: Yeah.

R: No. C: What happens when the laser hits the pa
C: No we do not. We d © dodwe geti we dondt g

R: You still get that kind of uh, specular beg same beam coming back
refl ect i lkmow.if ydu cah sae dhiat frorl you were trying to look at before, | think. Ju
where you are. Cause from certéilveah, uh, youl sort of lookng at what

definitely get a just a straight line reflection. R: Yeah. Somehow it spreads out in a very v
C: Oh yeah | see. | have to go on an angle. defined way. Uhéin th
R: But you donot g et | C: Ok, so what is this paper doing? Beam hitg
paper. the paper i$ the paper is what? Optically rougk

C: Yep. | agree. Ok. So off theaper we have th( Is that a term we can use?
weak specul ar refl ect|CandR: Haha.

laser beam onto the paper) C: Why not?

R: But | think you still get that on the paper tog R: | tadnsrorn ot

you hold it at an angle. C: Thatds true. I 61 1

C: Specular? Yeah. R: Heheh.

R: Yeah. C:. So the laser hits the paper and has to
di ffused somewher e, r

mean if wei The paper is definitely rough.

I\VV.2 Coding for Epistemological Resources

Once citical events were extracted from the text, we determined the content of
expertsd reasoning during criticalbasedvent s
perspective. This involved first inductively identifying potential resource candidates,

devel@ing criteria for reliably identifying the most common resource candidates, and
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finally deductively identifying resources using the criteria developed. To begin we
analyzed each critical event to determine the pieces of knowledge that were being used to
reason in each critical event, as has been done in other previous studies of a similar
nature (Richards, 2013). After discussing sample sets of data, the following method for
coding potential resources was established:

1. Describe the critical event without kiag explicit mention of any resources.

2. ldentify key components of the event.

3. Determine if these components have evidence of knowledge that is being used to
reason.

4. Break down individual components into the smallest pieces of knowledge for
which there is @idence.

5. Indicate where the text most clearly shows evidence of this piece of knowledge.

o If it is unclear that there is strong enough evidence of this piece of
knowledge being actively used, consult the text around the event.

6. Indicate if the piece of knowtge is a conceptual resource or epistemological
resource.

7. Classify resources by giving them names according to previously identified
resources in the literature if possible.

8. If there is strong evidence that a resource is being used, but there is no common
name in the literature or it has not been previously identified, give it a tentative
name and a working description.

9. Compile a running list of resources that have been identified in the critical events.

Use this list as a reference to maintain consistenc
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As we coded critical events, our understanding of various resources evolved. To maintain
consistency, we included working definitions of resources we had identified. These

definitions were refined as we coded critical events.

IVV.2.a Example of a CodedCritical Event

An example of a critical event coded for resources is shown in Bahlén this
excerpt, green text and yellow highlighting indicates evidence of an epistemological
resource, while red indicates a conceptual resource. Highlighting is tasstiow
evidence for multiple resources when the evidence overlaps. We present a more detailed
explanation for why we coded this example for certain resources in Appendix A.

Table 3.2 Example of critical event coded for resources

C: Yeah.What thisdiagran (1) is ignoring though is what 1. Multiple

happens at the paper. Rigli#?3,4) Representations

R: Yeah. 2. Contrastlpg Cases.
3. Hypotheticedeductive

C: What happens when the laser hits the pa@®e d ddod Reasoning
wegetiwe dondt get the exact g
B)Cause that 6s winé&aakatyztone, | tviekr e
(7) Just sort of looking at wh#8,9,10)i

Limitations of Models
Causal Reasoning

Somet hi ngo s
R: Yeah.Somehow it spreads o(it1) in a verywell defined way. Peer Cognitive

(12) Uhéin the paper. Awareness
Experimentation

Noohs

©

C: Ok,so what is this paper doir{3)? Beam hits it, the paper i

) _ : 9. Inductive Reasoning
I the paper is what? Opticalipugh(14)? Is that a term we can 10. Knowledge from diret
use? perception
C and R: Haha. 11. Spreading
C: Why not? 12. Congent'ration and/or
localization

R: |t Gisor.(15,16) a 13. Mechanistic Reasoning
C: Thatoés true. 1611 point |14 Roughness

15. Analogical Reasoning
R: Heheh. 16. Mirrors
C: So the laser hits the paper and has tdifiesed(17) 17. Spreading

somewher e, r isgditdar{d8).ll mearhifaes The o | 18. Scattering
paper is definitelyough(19). 19. Roughness
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Once all critical events were coded the way described above, we adopted a more
guantitative approach. Wgave each epistemological resource a code (Chi, 1997). In
total, 46 different epistemological resources were identified. To begin to determine
whether or not there were any patterns in the epistemological resources used by the
physics experts and focus amralysis, we counted the number of critical events in which
each epistemological resource was found. We found that while experts used a significant
number of epistemological resources, only 19 were found in at least 5% of all critical
events. While theswere only preliminary results, we elected to focus our analysis on

these 19 most common resources and analyze them in more detail.

I\VV.2.b Establishing Reliability and Recoding Most Common

Epistemological Resources

We developed criteria for reliably coditigese 19 most common epistemological
resourcesCritical events that showed evidence of a code were analyzed together in order
to determine what about a critical event classifieas a specificode. By doing thiswe
developedctriteriathatservel as giidelines to help codersliably classify a critical event
as showing evidence of a particular code. Once the criteria were developed, the primary
coder,Darrick Joneswho developed the criteria, and a secondary coder coded critical
events for reliabily. This served not only to help determine whether or not the criteria
were reliable, but also helped determine whether or not the criteria adequately captured
what the primary coder wanted. As a preliminary test of the criteria and to help train the
secondry coder, the primary and secondary coders coded 10% of all critical events for a

single code at a time. After, the coders compared answers and discussed their selections.
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Based on these discussions and the agreement between the two codmrdesherere

either refined or left as they werafter the criteria were refined, the coders individually
coded another 20% of all critical events for each resource. Once the 20% had been coded,
the coders discussed disagreements and made final alterations teetiie @niy if there

were systematic disagreemerReliability estélished in this way is showin Table3.3.

Table 3.3 Epistemological Resources Used by Physics
Experts and Accompanying Int®ater Reliability Statistics

Epistemological Resource Percen /| 2 KS

Adgreement Kappa
Analogical Reasoning 0.80 0.69
Attention to Novelty 0.77 0.59
Causal Reasoning 0.83 0.67
Consistency 0.77 0.57
Contrasting Cases 0.80 0.62
Deductive Reasoning 0.90 0.80
Experimentation 0.97 0.96
HypotheticeDeductive Reasung 0.83 0.77
Inductive Reasoning 0.77 0.65
Knowledge From Direct Observation 0.80 0.61
Limitations of Models 0.77 0.58
Mathematical Reasoning 0.83 0.67
Mechanistic Reasoning 0.87 0.73
Multiple Representations 0.87 0.76
Peer Cognitive Awareness 0.87 0.74
Personal Cognitive Awareness 0.80 0.60
Plausibility 0.93 0.92
Relative Value of Knowledge 0.90 0.87
Sense Making 0.83 0.68

V. Findings

After reliability was established, the primary codefcoeled all critical events
based on the criteria dewgled asdescribedin the previous section. Once all critical

events were coded, the resources were again counted so that we could determine the
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percentage of critical events each resource was foundh.results of the tally are
shown in the graph in Fige 3.3. Five epistemologicatesources were found in less than
20% of all critical events. Twepistemologicafesources were found in BD0% of all

critical events, 5 in 3@0%, 4 in 3845%, one in 5860%, and two in the 6@0% range.
Overall, the mostammonly usedpistemologicatesource, contrasting cases, was found

in 67% of all critical events, with causal reasoning coming in a close second ai\@&1%.
found that the epistemological resource that was used most commonly by physics experts
during thesec hal | engi ng, novel problem solving
resource. In a companion paper we will further analyze the details surrounding physics

expertsdé use of contrasting cases.



67

Epistemological Resource

Percentage of Critical Events

Relative Value of Knowledge——
Hypothetico-Deductive Reasoning——

Sense Making——31
Experimentation /1
Analogical Reasoning———————1

Attention to Novelty |

Knowledge From Direct Observatio

Inductive Reasoning

Plausibility |

Mathematical Reasonin

Mechanistic Reasonin

Limitations of Models |

Multiple Representation

Personal Cognitive Awarene

Peer Cognitive Awarenes:

Deductive Reasoning

Consistency

Causal Reasoning

Contrasting Cases

0

20 40 60

80

Figure 3.3 Bar graph showing the percentage of criticatrgs in which each of the 19
most common epistemological resources were found

VI. Common Epistemological Resources

In this section, we give detailed descriptions of the 6 most common codes (after

recoding) and the criteria we established for identifyihgm. These resources are

(starting with the most common):

contrasting cases, causal reasoning, consistency,

deductive reasoning, peer cognitive awareness, and personal cognitive awareness.

Descriptions and criteria for the other 13 codes can be foundpemdix B.
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V1.1 Contrasting Cases

We coded a critical event for evidence of contrasting cédsege found that
experts were drawing on the similarities and differences between two or more situations
and/or ideas. This resource borrows its name and caa fcom the successful
interventions developdaly Bransford and Schwartz (1999 order for a critical event to

be coded for evidence of contrasting cases it needed to sltify following criteria:

1. Either:
a. A primary caseand secondary casan be dentified.
b. A continuous set afasa can be identified.

2. Evidence that there s comparison between the primary and secondary cases.

Below is a critical event thatvas coded forcontrasting cases. In this critical event,
experts C and R are trying to soltree light cone problem. Prior to this event, C and R
have performed the light cone experiment on white paper, cardboard, a brown wooden
table, and a piece of plasti®hey noticed that there is a difference between these
situations and the light cone islg visibly present whe white paper is used. In this
critical event, C and R reflect on these experiments.

C: Ok. Ok, so reflected laser beam. So when it [the laser] hits the white paper
there should be more reflection, right?

R: Yeah.

C: Than if it wagust hitting the plastic or if it was just hitting the cardboard or the

table.

R: Yeah. Whi ch makes sense. I guess it¢

Thatos reflecting more.
C: So then is this cone, the cone is due primarily to the reflectedébkamm .

Evi dence of C and R wusing contrasting case:

when it [the |l aser] hits the white paper t
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hitting the plastic or if it was just hitting the cardboard or thddtl e . 6 I n t hi s s
first references a situation where the light cone experiment is performed on a white piece

of paper when he says, néit hits the white
later references the variations of the experimdntemmn he says fiéit was h
or i f It was just hitting the cardboard o
Bet ween these two statements he says, neét
indicating that he is drawing comparison betwan the two situations. Overall, C is

drawing a comparison, that there should be more reflection, between two groups of
situations, light shining off a white piece of paper and light shining off cardboard, plastic,

or the table. This comparison is the finahost important criterion that causes us to

classify this critical event as having evidence of contrasting cases.

V1.2 Causal Reasoning

Russ et al. (2008describe in detail a framework for identifying mechanistic
reasoning in student inquirin their framework, they differentiate mechanistic reasoning
from strictly causal reasoning. They describe causal reasoning as reasoning that identifies
the causal agents which lead to later events. Mechanistic reasoning is described as a
slightly more complex formfareasoning which not only looks at what is happening, but
how it is being brought about. Mechanistic reasoning descpitmeesses that link cause
and effect. Causal reasoning asly concerned with identifying causes and effects.
Several criteria were deloped to aid in the identification of critical events where causal
reasoning was present. These criteria were:

1. Identification of an agent(s) (object or phenomenon) responsible for the cause.

2. A phenomenon that is the effect.
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3. A consequential link betwedhe two OR that the two are not causally related.

4. Utterance containing the cause should have some kind of action word.
All four criteria need to be satisfied for an event to be cddedausal reasoning. Below
is an excerpt from a critical event where wentified causal reasoning. Prior to this
excerpt, P has been experimenting with a solar cell to deterhthevoltage of the solar
cell is linearly related to the area of the solar cell exposed. After P has taken some
measurement he says:

P: So, covang half of one cell is not equivalent to reducing its voltage by a half.
Il n this wutterance, Acovering half of one
voltage by halfo is the phenomenon that i
that these two are not causally telh when he says hat t he two are MfAnc
Finally, the cause contains t hAnewampledof Aicove

a critical event which makes use of mechanistic reasoning is shown in the appendix

V1.3 Consistency

Bing and Redish (2012) have identified two epistemic framesatkeanhportant in
the devel opment of expertise in physics.
allows peopleto make and support arguments by emphasizing the coleebatween
mat hemat i cal and physical reasoning, and
learnergto judge the arguments they make based on their mathematical consistency. Th
consistencycode is motivated by this work, but isa bit more general than dh
aforementioned frames and focuses on the broader theme of consigtieicbyunderlies

these frames. The criteria for this category are as follows.
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1. Identification of a model.
2. ldentification of a prediction based that model.
3. Either:
a. An expression that he predi cti on i s, i snodt,
observations or internal knowledge.
b. A second prediction basedh that model and a check for consistency

between the two.

OR

1. An observation.

2. A bid to align model with observation.

This code has two sets of criebecause it arose from the merging of two separate codes
from an earlier stage in the analysis. Either set needs to be satisfied in full for a critical
event to be codetbr consistency. Below is an example of an excerpt from a critical
event that we aied for consistency. In this critical event, experts C and R are working on
the light cone problem. C discusses an argument they made trying to explain the light

cone. R objects to this argument.

C: You have some point and enmiting shalpoi ng
directions to make this halo, right?

R: Mhmm.

C: But beyond this crit whatever, uh, if we say thisis the norfidl her eds som
critical angl e. So anything beyond that
back.

R: Right, butte angl edés very close to that you
almost parallel to thé

C: Oh! |1 see what youodre saying.

R: To the surface of the plastic. Which
C: So youdr e 9§ Xealh Vay vereclosedfehd is tthe citical

angle then you should see something like that
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R: Yeah.

C: That, that, and that. So we should b

R: We should still geit

C: Hemi sphere instead of a cone. Thatos
In this excerpt, C starts off by explaining the modelth ar e using. This s

have some pointéo and ends with AHAéthese w
prediction based off that mod el saying th
something coming off altmosptr emlarcdal Itehla.to tThhe
getting aéhemisphereédo C continues and acl

their observations when he completes his s

V1.4 Deductive Reasoning

Deductive reasoning is a form ofgic where one begins a line of reasoning from
an idea that acts as a premise and reasons logically from this premise to some sort of
conclusion. In order for a critical event to be coded for evidence of deductive reasoning,
we needed to be able to identé#ly of the following criteria in the critical event:

1. A statement based on prior knowledge that that acts as a premise.

2. A conclusion derived from that premise.

3. A linguistic link showing evidence that the conclusion is based on the

premise.

An example of arexcerpt of a critical event that was coded for deductive reasoning is
presented below. In this critical event, A and D are working towards solving the first part
of the solar cell problem. Previously, they have identified that the solar cells are
construted of several m junctions and that covering from one side of the solar cell

coverswhole p-n junctionsone at a timgwhile covering from the other side partially
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covers each junction simultaneously. They remembered that a covargdhgtion acts
as aresistor and are trying to use this information to help them understand the shape of

the graphs that they have been given.

A: Once we cover up that firstone-fp j uncti on] wedve 1introi
resistance.
D: Yeah.
A: So like a lot of the currean6és gonna di e right away. S
more 1Isnb6bt gonna make as big a differer

very sharply at the beginning but then flatten out a bit.

Il n this excerpt, A begi ns by thatffirattonefpyg hi s |
juncti on] webve introduced a huge series
conclusions: ifa | ot of currentds gonna di

gonna make as big a diff er e nbyave seethencdrvef i n al
drop very sharply at the beginning but fl a

with the phrases Aso | i kedo and Awhich is w

V.5 Personal Cognitive Awareness

An important aspect of developing expertise is learning to haaognitive. One
aspect of metacognition is an individual 6s
thought process. This code represents times where we found evidenceasiareaess
during critical events. In order for a critical event to begifesl as having evidence of
this code, it needed to satisfy the following criteria.

1. A statement made by an individual where they make reference to what they

are thinking (or not understanding) and explicitly reference the personal

nature of what they atéinking.
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In the critical event excerpt below, experts A and D have just begun working on the first
part of the solar cell problem. At this point, they have begun to look at the construction of
the solar cell. In this critical event, expert D explains Hwtypically pictures a solar

cell and questions whether or not that is appropriate for this problem.

D: (Grabs a solar cell) | mean, it looks like. h mm. l 6m trying to

cel | to see i f | can tel i whenwnoemally,ct | y i

when | try to think about a solar cell, | usually think aboutrajpnction.

A: Right.

D: But an entire, like an uh, like an actual unit is more than just engipction,

right?
Il n this excerpt, D s ay slar éelt, iwsually think aboutypt o t h
n junction. o This is a reference made by |
uses the first person pronoun Al o tells wus

thought process. As a result, we woutle this passage as having evidence of personal

cognitive awareness.

V.6 Peer Cognitive Awareness

An important aspect of working in a team is learning to work with others. To
capture this, we developed thiep eceorgni t i ve awar enesstital code.
event to be coded as having evidence of peer cognitive awareness, it needed to satisfy at
least one of the four following criteria.

1. Asking another person for clarification.
2. Asking for another personds input.
3. Making reference to something someoneeedaid and explicitly that they were

the one who said it.
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4. Trying to clarify or explain something for the other person when they indicate that
they are unsure.

Following is a critical evenive coded fopeer cognitive awareness. In this critical event,
expets C and R are nearing the end of the light cone problem. They have already
developed the correct soluti@amdthey are trying to perform any tests that would make
them confident of their answer. Previously, R had come up with a test. Rather than
shiningthe laser beam into the container from above, he tried shining it into the bottom at
parallel incidence to see if the laser beam was refracted into the water at the same angle
as the outside of the cone. Initially, C was unsure what R was doing, eveh Rdwayl
tried explaining it. In this critical event, C comes to understand what R was trying to

explain earlier.

C: | see what youdbre saying.
R: Yeah, this is still the same order ofiuh
C: Yeah. Youdre just not hahatpretymuche | i g
the only difference, right? Air, pl asti
the paper.
R: Youdbre just, youodore just not dispers
C: Yeah. Yeah. Yeah | s ee havpadidulargmmgle me an
which looks the exact same as the cone angle.
The event begins with C saying #dl see what
Rés idea when he says AYoubre just not hayv
with A&t sgpeu wimean. It doesnbét go past that
same as the cone angle. o This evidence 1is

having evidence of peer cognitive awareness under the third criteria.
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VI. Discussion

At the beginning of this paper, we set out to answer three research questions. In
this section, we will discuss how we answered each of thesstigns and the

significance othese answers.

VI.1 Reliability of Resource Coding

The first research question weoposed was: How can we reliably identify
different epistemological resources over large sets of qualitative bhata® study we
showed that we were able to reliably code large amounts of qualitative data for
epistemologicatesourcesBYy using the stepbelow we were able tdevelop and refine
criteria that enabled us to achieveledst 77% interater agreementand often much
higher, with an average intaater agreement of 84%or each of the 19 most common
epistemological resourceBhe procedureve used was:

1. We narrowed the range of our data set by identifying moments that we were
interested in analyzing.

2. We defined these critical moments, developed criteria for identifying thadh,
tested these criteria on@bof all events to determine thaely were reliable.

3. We performed a preliminary analysis of these moments by inductively searching
for resources using the steps described in se&idh2 and determining which
resources were most common at this preliminary stage.

4. In order to perform a mie rigorous and reliable analysis, we narrowed the focus

of our primary analysis to the 19 most common resources.
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5. We developed criteria fodeductivelyidentifying each specific resource in the
critical events. These criteria were developed in order tb bommunicate and
refine the principle ideas that were being used to code for these resources in the
preliminary analysis.

6. Using these criteria, two researchers, both familiar with the solar cell problem that
the experts had solved, codd@% of all critcal events for each resource
individually to train the secondary coder awétermine that our criteria were
reliable.

7. After separately coding the 10%, the two coders discussed their selections. If
agreement was poor or there was systematic disagreememntebethe two
coders, the codes were refined. Otherwise, they were left as is.

8. After the codes were refined, the coders individually coded another 20% of all

critical events to establish reliability for the new criteria.

V1.2 Variety of Epistemological Reso urces

The second research question we set out to answer was: To what extent do
physics experts rely on different epistemological resources while solving novel,
challenging physics problem#&#st, we found that experts rely on a variety of different
epistanological resourcesin this study, we identified 46 different epistemological
resources used by physics experts. This supports the idea that physics expertise is partly
achieved by building large amounts of domspecific knowledge (Chi, 2006). The
physcs experts have developed a broad range of epistemological knowledge over time

and this knowledge comes to bear when they solve challenging problems. Such a high
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number represents that a variety of epistemological knowledge is useful when solving
novel prlems.

Second, & found thatthe experts used some epistemologieaburces morthan
othersduring critical momentsf the problem solving procesSpecifically, 19 out of the
46 epistemological resources were found in 5% or more of the 146 criticaseltaing
preliminary coding. Further investigation showed that out of these 19 most common
resources usage varied greatiyhat does this variability represent? First, it represents a
measure of what reasoning processes are most likely to help a peedan an
breakthrough when solving a novel physics problem. Second, this variability represents
that certain resources have gained priority in the reasoning processes of physicists during
critical moments. Most likely, these resources have gained prioritgubecphysics

experts have found them useful in the astmmer et al., 2005).

V1.3 Contrasting Cases

The third research question wadVhat are the most commonly used
epistemological resourcesBy looking at the number of critical events that each
epistemdogical resource was identified in, we determined that the most commonly used
resource was contrasting cases. This may not be surprising since instruction which makes
use of contrasting cases has been successful (Bra&f@ahwartz, 199; Schwartz et
al.,, 201). Evidence of experts utilizing contrasting cases to construct knowledge in novel
situations is not confined to this study either. In a study performed by Wineburg (1998),
an expert historian reasoning outside his specific historical domain oftisepeas able
to develop a coherent wunder st andbysmnmginpf Abr

together an argument which cross referenced and compared several different documents.
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In another study by Samarpungavan, Westby, & Bodner (2006) expenisthievere
interviewed about how they deal with empirical anomalies that arise in their research.
They found that the expert chemists had developed multiple, triangulating tests that they
would carry out to better understand the anomaly and determinwafsithe source of
routine error or a new phenomendinwould appear that the use of contrasting cases to
better understand novel situations might not be specific to physics expertise but rather a
domain general element of expertise (Sch&minderson, 199).

Hammer and colleagues (2005) proposed a mechanism to explain why contrasting
cases are so useful for constructing new knowledge. They argue that the usefulness of
contrasting cases can be explained by examining the role contrasting cases play in
building more complex networks of resources. When observing phenomena, contrasting
cases help draw an i ndi yattensarlfdatsires aacrdse nt i o1
phenomena. The features that a person focuses on determine what resources they
associate withhte phenomena. Once this happdhsse resources become linked with
each other and the important features they observe, creating a network of resources which
becomes an individual 6s Thischechasigmahelpd explgn o f t
why our expets would rely on contrasting cases so heavily. Contrasting cases appear to
be a vital aspect ofletermining what resources should be associated with particular
phenomenomand thus constructiolf more complex knowledge structures novel
situations.

Similar explanations are also offered by variation théMgrton & Booth, 1997;

Marton & Tsui, 2004Ling, 2012. In this theory of learning, learning happens when an

individual is able to recognize aspectsagphenomenon that they were not previously
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able b. Learning is a process of discerningavbouta phenomenon seit apart from
other phenomena. These elements are known as critical aspects. The bestrasayotat
these <critical aspects is to introduce #dp
scenario, contrasting cases function to expose these patterns of vawdiicn lead to

the discernment necessary for learning.

VII. Implications for instruction

While physics experts use some epistemological resources much more often than
others, the problem solving process cannot be characterized by only one or two
epistemological resources. The physics experts relied on many epistemological resources
to solve the problems they were given. These resources were: analogical reasoning,
attention to neelty, causal reasoning, consistency, deductive reasoning, experimentation,
hypotheticedeductive reasoning, inductive reasoning, knowledge from direct
observation, limitations of models, mathematical reasoning, multiple representations,
personal cognitiveawareness, plausibility, relative value of knowledge, sense making,
and peer cognitive awareness. It would do our students a disservice if instruction was not
designed to develop all these epistemological resources. Instruction needs to focus on
developiry a multitude of epistemological resources.

However, it is clear that contrasting cases do play an important role and should be
emphasized. To help students become more ekkeytinstruction should develop and
encourage student s 06s. Inssuetorsocin do dhis tby assg the g C 8
cognitive apprenticeship model (Bar& Hay, 200). To start, teachers should model

contrasting cases, allowing students to see how contrasting cases are used effectively.
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Then, students should be given a chanceeteldp their use of contrasting cases through
scaffolded activities with preselected contrasting cases. Then, the scaffolding can be
removed and students will have the opportunity to construct their own contrasting cases.
Throughout this process, studemtsl need to reflect on how they use contrasting cases
(White & Frederickson, 1998).

Instructors and researchers also need to identify contrasting cases that are useful
for exposing important patterns. For example, contrasting motion diagrams of objects a
different velocities may help students understand what velocity measures and contrasting
diagrams of objects at different accelerations may help students understand what
acceleration measures. However, these contrasting cases might not help students
distinguish acceleration and velocity. Understanding how velocity and acceleration are
different may require showing a motion diagram with constant velocity alongside a
diagram with constant acceleration and explicitly discussing the similarities and
differenes between the two diagrams. The task of instructors would then be to find
appropriate contrasting cases to use (see Etkina, Van Heugel&entile, 2014 for

examples).
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Chapter 4
Using Variation Theory and the ISLE Cycle to Better
Understand PhysicsE@DAOOO86 50A 1T £ #I1

Cases

l. Introduction

Contrasting cases are simultaneous presentations of two or more different ideas,
phenomena, or objects, which are presented together to highlight their similarities or
differences. Many studies have demoatsld that integrating contrasting cases into
instructional materials leads to success. Schwartz and Bransford (1998) have shown that
showing contrasting cases before a lecture helped to better prepare students to learn from
lecture. Schwartz and colleagu@011) found that students who learned about ratios
using contrasting cases outperformed students who learned about ratios from direct forms
of instruction. In addition to the success of teaching strategies which make use of
contrasting cases, expertsalsse contrasting cases when solving novel problems. In a
study performed by Wineburg (1998), a history expert was asked to determine Abraham
Lincolnds views on slavery from a coll ecti
not an expert on Abrahamilncol nés vi ews of sl avery, he w

Lincolnodos Vi ews by analyzing the documen:
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statements made across documents. Samarpungavan, Westby, and Bodner (2006)
documented that chemist experts have is\bfferent mechanisms for dealing with data
anomalies in their labs that they use to better understand an anomaly.

Previously, webdbve shown that physics ex
solving novel physics problems. However, simply knowirgg ffhysicists use contrasting
cases isnb6t enough to inform the devel opme
how physics experts use contrasting cases so we can teach students to use them in similar
ways. To develop this knowledge, we furtherenvt i gat e physics e X |
contrasting cases by building an understanding of the function of contrasting cases,
starting with a fine grained look at moments when experts use contrasting cases during
problem solving sessions. In our study, we focutherfollowing questions:

1. Whendo physics experts use contrasting casakewsblvingnovel problems?

2. What are the purposes of the contrasting cases that expert physicists use?

3. What are the patterns in physics expert
4. How can wel i nk expertséo use of contrast.i

epistemological processes?

Il. Contrasting Cases and Variation Theory

II.1 Preparation for Future Learning

Many teaching method$o not meet traditional measures of sucq&s=stterman
& Sternberg, 199). Students appear to fail to transfer the knowledge they learn in class
to other similar tasksStudents have difficulty solving problems they have never seen

before even if the problemsre only slightly different from ones thegan solve. It
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appears he best efforts of teachers and researchers are failing. However, traditional
transfer goals and theaditional view of transfer have come under question (Brangford
Schwartz, 1999). Bransford and Schwartz argue that traditional transfer focuses on
expet-like goals where perfected finished products are the measure of success. They
argue that it is important to measure other types of learsirg)y as the development of
learning skills that help an individual adapt and learn in new situatioms more
modern model of transfer is called fdAprepar
main goal of an education is to help students develop skillabing them to learn
independentlyIn this model,successful transfehappenswhen an individualuses le

skills effectively to learnsomethingnew. In this model the educatanust identifythe
knowledge and skillshat will preparea student for future learning.o start identifying

these skillsweneed tadecidewhatconstitutes learning

[1.2 Variation Theory

Variation Theory (Martor& Booth, 1997; Martor& Tsui, 2004; ling, 2012) is
built from the assertion that l earning he
simultaneously and focally aware of other aspects or more aspects of a phenomenon than
waspg evi ous !l y t h&eBoathal®9%¥ 0p 142N antindividual to understand
a phenomenon, or object of learning, they migntify important aspects of that
phenomenon.This happens through a process calidcernment In this process,
important @rts of a phenomencare differentiatedrom the phenomenon as a whole.
Discernment cannot happewithout comparing the object of learning to other
phenomenaComparisons draw out differences between the object of learningthed

phenomean. This helpstsidents decidevhat parts of the object of learning they should
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focus on Aspects of a phenomenon which agstematicallydifferent from other
phenomena are called fAcritical aspects. o T
phenomenon is cald a #Acriti cal f e a.tlu vagation thdory,t h at
learning which aspects of a phenomenon are critical and which can be igharkdy
processcalled developing the relevance structure of a phenomenon. Once an individual

has determined whatarts of the object of learning are critical featurgsg/hepieces

these critical features together to build an understanding of the phenomenon as a whole.

l1l.2.a An Example of Variation Theory Applied to One

Dimensional Kinematics

These abstract ideas variation theoryequirean example. Take a look at Figure
4.1. This figure contains dot diagram of an objeanoving inone dimension. The dots
represent the position of an object atekcond intervals as it moves along a straight line
from left to fight. This diagram by itself does not haljpdents discern where thsiyould

focus their attention.

Figure 4.1 A dot diagram for an object moving at constant velocity.
Now consider Figure4.2. In this figure there are thre#ot diagrams. Each
diagram s slightly differentlin, the first two diagramghe space between the ddiffers.
This dimension of variatiorwould drawa s t ualtentioh € ghe distance between
dots. This represents how fast the object is moving and would help a student begin to

develop the concept of speed. In the language of variation theory, speed is identified as a
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critical aspect. The exaspacing of the dots each diagram would be the critical feature

for that diagram. The third diagram is different from the first twagdams because the
space between the dots increases as ti me
motion can be characterized by constant spaethe speed can change. eThisual

representation of the differenbelpsstudents construct the conceptoceleration.

Figure 4.2 Three different dot diagrams. The top depicts an object moving slowly at
constant velocity. The middle shows an object also moving at constant velocity, but
slower. The bottom shows an object moving with changing velocity.

111.3 Contrasting Cases

An individual 6s ability to identify and
what Bransfod and Schwartz (1999) argue ast the center of a pe
learning. However, Bransford and Schwartz discuss them unddffeseidt name,
contrasting cases. Contrasting cases are nothing more than different manifestations of a
similar object or phenomenon shown together with some aspset across the cases
Contrasting cases sa patterns of variation to draw out importaaspects of a
phenomenon. These ideas appear to complement those of variation theory.

If we want to prepare our physics students for future learning, then we need to

focus on developing studentsdé ability to wu
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contrasting cases are used best precedes our capability to achieve this goal. Therefore, we
must first develop an understanding of how contrasting cases are used in physics. In this
study, we do this by using variation theory to analyze how physics expsets u

contrasting cases as they solve novel physics problems. Then we search for patterns
across a multitude of contrasting cases to identify features which can be used as focal

points for instruction.

lll. Description of the Study

We asked 6 pairs of physiexperts to take part in advanced problem solving
sessions. Physics experts ranged in experience frorgpabtying Ph.D. candidates to
physics professors. The 6 pairs were split evenly across two different problems, a light
cone problemi(Et ki Wal | Peani 2913) rel ated
related to the physics of solar cells (Jones et al., 2013). The experts were split so that the
three pairs of experts who had experience with solid state physics and solar cell physics
solved the alar cell problem. Each pair was videotaped independently. Problem solving
sessions lasted from one to two hours. Afterwards, the videotapes they were transcribed

in full.

l1I.1 The Physics Problems

An important feature of this study was the selectionrobjgms that were given
to our experts. We did not want the experts to be able to recognize the problem and
remember a solution. We wanted them to construct a solution in the moment. To ensure
that we succeeded, we chose problems that were not puzzlprojgems, but were Hl

structured (Churchman, 1971; Mitroff & Sagasti, 1973; Kithchener, 1983), problems that
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did not have a clear cut, immediately accessible solution that could be obtained
algorithmically, required the experts to gather and analyze aatlrequired the experts

to make, develop, and evaluate multiple solutions. While we will not go into detail about
it here, we have shown elsewhere that the light cone problem and the solar cell problem

meet the criteria for Hstructured problems.

l11.1 .a The Light Cone Problem

The light cone is briefly described as follows. A clear plastic container, which is
open on top, is filled with water and placed on top of a white piece of paper. A few drops
of milk are mixed into the water. A green laser poigeshone from above the container
into the water and directed so that it strikes the white piece of paper beneath the
container. What then happens is that a green light cone forms in the water with the point
of the cone at the bottom of the containerslaswn in Figuret.3. For a more complete
description of the |light cone probl em, pl e
Experts who solved this problem were simply shown this experiment and then asked to

explain the cone.
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Figure 4.3 A picture ofthe light cone experiment.

[11.1.b The Solar Cell Problem

The second problem we gave our experts was a solar cell problem. The handout
which accompanied this problem is shown in Figure Fhe problem had two parts. In
the first part, the experts had tepéain data from the following experiment. A solar cell
was illuminated with a 158V bulb and connected in series to an ammeter and a resistor.
The experts were asked to explain current measurements that were taken as the solar cell
was covered with a blagiece of paper from the side and from the top, as shown in the
handout. In the second part of the experiment, the experts were asked to predict current
output when two solar cells were connected in series and covered with a black piece of
paper as showm the second handout in Figure44The experts were then asked to

predict the current when the same experiment was performed, but with the polarity of one
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of the solar cells reversed. The experts were shown actual measurements for this

experiment and askl to resolve discrepancies between their predictions and the results.

Part1

We conducted two experiments with a solar cell. In both experiments
the solar cell was connected to a resistor (R = 75 Ohm) in series and
illuminated with a 150-W bulb. During the illumination we covered a
part of the cell: in the first experiment the cover was along the long
side, and in the second experiment it was along the short side. The

Part2

Predict the relative currents in the following two circuits and explain
how you made the predictions. In the first circuit the solar cells are
connected in series (+ of one cell to — of the other cell) and in the
second circuit they are connected in >>anti-series<< (+ of one cell to
the + of the other cell). In both cases we added a 75-Ohm resistor in

sketches below show how the cells were covered. series with the solar cells.

L

Covering the long side (left) and short side (right) of the solar cell.

The measurements below show how the current through the resistor
depends on the relative area of the solar cell covered by black paper.
Explain the shape of the graphs.

14
17 B
L] —m—Long Side
3 shortside
o -

] LE] 04 . .1 1 12

s o6 [
(& covered)/[A Baminated)

Current {mA}

Ba=E"—E

Figure 4.4Handouts given to experts theilvedthe solar cell problem.
)68 OEUOEAO %@bAOOOS 50A T &£ #11C¢
Light Cone

To help provide insight intthow physics expertsise contrasting cas@s novel
situations, we will present an account of how experts C and R developed a solution to the
light cone problem. While there were six groups of experts that took part in this study, we
chose to present the problesalving session of experts C and R because their problem
solving sessioprovidedclear and concise arplesof patterns that we identified across
all the groups of experts. The general process that C and R followatkasdyg identical
to the process fatwedby all the groups who solved the light come problem. It started

with C and R making observations related to the light cone and continued with them
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making sense of thesbservationsand developing a preliminary model. Then they found
that thepredictons of theirmodeldid not match their observationhey modified their
model, developed a satisfactory explanation, and pedodrraxperimentsto gain
confidence in their model. The analysis of this process will be broken down into
segments of this procesDuring each segmenf the problem solving procesge will
highlight the significantfeaturesof C and B s b e Waere contrasting cases are
present we will explain how variation theory can help us understand the purpose of these

contrasting cases

I\VV.1 Making Initial Observations

The problem solving session began with an interviewer sho@iagd Rthe light
coneand asking them what they saw. Tleepertsidentified the cone and were told to
explain why this cone appears. The interviewer then I|b& experts to work
independently. C and R immediately begin diyservinghow the light cone changes
when the material underneath the container is changed. mbkg observations dhe
light cone phenomenon with white paper, a wooden table, and a piamrdifoard
underneath the container. They cow@uhat the cone changes when the material
underneath the container is changédey notice that while there is a cone with white
paper, there is no cone when the tabldirectly beneath the containeand hat there is a
weak cone when cardboard is used. Then they attempt to jilngtifyobservations

C: Ok. Ok, so reflected laser beam. So when it hits the white paper there should
be more reflection, right?

R: Yeah.

C: Than if it was just hitting the plastor if it was just hitting the cardboard or the
table.

R: Yeah. Which makes sense. I guess

Thatdos reflecting more.

t

(
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C: So then is this cone, the cone is du

In this quotethere isclear evidence that C and R arengscontrasting case€ and R are
varying the material beneath the contaiaednotingdifferences in the light cone across
these cases. To understand the purpose of this contrasting case, we first notice dhat C an
R payattention to the variant across the cases, the material beneath the container and look
for a reasomwhy this might cause the light cone to charigy coupling this focus on the
variant with the knowledge white paper should reflect mG@rend Rcorcludethat the
light coneis caused by the reflected laser beam.

It should be noted at this point that experts C and R weicpie in the fact that
other than a brief mention of the possibility that the light cone was due to interference,
they did not inestigate many possible solutions at the beginning stages of their inquiry.
Other groups of experts mentioned many other possibilities. What C and R have in
common with other groups is that thpsirticular contrasting case, where the material
beneath the g¢dainer acted as avariaatsod r ew ot her groupsdé atten
nature of the light cone. In this sense, the purpose of the this contrasting case was not just
to identify what might be causing the light cone, Etgt draw their attentiorto the
variantand thencau® them to search for a reasarhy this variation would cause the
light cone to change.

After realizing that the material beneath the contaima&s importantC and R
continue experimentingnd shire the laser beam into the coimer at many different

angles. This leads them to make another observation.

R: eThe fact that the angle of the con
incident angle of the laser] makes me think that it has something to do with the,
thei

C: Interfaces?
R: Yeah the interface since the
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C: é Interfaces arendét changingeéeOk so |

In this quotethe experts are contrasting thght coneas theangleof the laser beam
varies They notice that across the contrastirges, the light cone is invariaM/hen
theylook for another invariant to relate to the invariance of the light ,cirey decide

that the optical interfaces beneath the container act as that invariantomtiessting case
focuest h e e x p e r frombhe entiré appatatusoand light cone phenomenon as a
whole to the interfaces beneath the container.

By viewing the expertsodo activities thro
that different observations of the light cone phenomehelpedthe expertsidentify
patterns of variation and separate critical features from the whole object of learning. First,
they changd the material beneath the contaireend were able to identifythat the
material beneath the container wascréical aspectof the phenomenonThey also
realized that the white paper beneath the cand the interface the paper createas a
critical feature of the phenomenohhey experimented with the angle of the incident
laser beanand observedo variation in the light conérom this they concluded that the

incident angle of the laser bearmist a critical aspect of the light cone.

I\VV.2 Constructing an Initial Model

Once C and R agree that the interfaces are important btégig constructing a
model of thdight cone Themo d e | i's centered on the const
diagram A recreation of the initial diagram that C and R construct is shown in Figure
45. Such diagramsre often used wimetwo optically different materials come into
contact with each otheilhe diagram focuses othe interfaces at the bottom of the

container.The fact that these interfaces are the focal pwirgignificant because the
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expertshave just used contrasting cases itentify that these interfaceare a critical
feature of thdight cone.Contrasting cases haldthe expertsdentify critical features of

the phenomenowhich they uses the focal point of tiklemodel.

Water

Plastic
a

Paper

Figure 45 The diagram C and R construct as they begin to model the light cone
phenomenon. This diagram focusestbe optical interfaces at the bottom of the plastic
container, the wateplastic interface and the plaspaper interface. C and R have drawn

the laser beam incident on the wapdastic interface at the angie a specular reflection

off of the watesplastic interface, and the refracted beam as it travels through the plastic at
the anglea. C and R have yet to address how they should represent the laser beam after it
hits the paper.

V.3 Further Observations a nd Model Refinement

In their diagram C and R hav®oken the interface below the container it
interfaces a top interface and a bottom interface as shown in Fi§jr& hey have not
addressedavhether the top or bottom interfaceimsportant. Oncehey have constructed
the diagram shown in Figue5, this issue arises and the expeltgideto perform an
experimentto confirm their suspicion that the bottom interfaz@usesthe light cone
They first observe the light cone on the white paper and gloevly raisethe container
off the papeias shown in Figurd.6. By performing this experiment, the experts produce

contrasting casewhere the reflection off theop interface remais invariant, while the
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bottominterface variesTh ey n ot i ¢ eawdy it {the papen)ist the enore diffuse

t he c dmegdecide that

C: é reflection off the plastic seems m
R: Yeah. | think it just gives you that specular beam.
C: Yeah.

R: And then the, the paper is whates you that cone.

From this,we seethat the model hakelped thendevelopother contrasting cases that

they use to clarify the modeAgain, variation theory can offer insight into the functadn

these contrasting cas&¥hen a learnerecognizeshatparts of the object of learning are

more important than others, they are assigning those aspects rejdhapcaebuilding

the Arelevance structureo of the object of
parts of the object of learning, thap interface and théottominterface.By performing

the experiment described abottee experts notice that wang the bottom interfacdoes

influence the light cone and decide that twdtom interface is more relevanthis is
confirmed by the statement h at Aét he paper i's what gi v
determination of the relevance structure of the phenomenon helps again to focus their

attention and analysis on thettominterface.

y-[]-

Figure 4.6 A representation of the experiment carried out by Reterthine whether the
waterplastic interface or papglastic interface was causing the cone. In this experiment,

R observed the light cone phenomenon with the plastic container flush against the paper
and then made further observations as he slowly rdisedontainer off the paper. He
concluded that as the container was raised, the cone got more diffuse.
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After performing the experiment just discussBdshines the laser beam at just the

white piece of paper and says the following:

R:Isit, whenyoushim t he | i ght off just the paper
of f at a | ot of di fferent angl es. Li ke
spot.

However, this observation is not addressed further by either expert at thidnstead,
the expertdocusonc ompl et i ng the diagramds sphecul ar

progress that they have made on their diagram is shown in Figure

b

Water

Plastic |
a\

Paper

Figure 4.7 The diagram that is on the board when C and R decide that their diagram does
not incorporate what Ipgpens to the laser when it hits the paper. In this diagram, C and R
have added a specular reflection of the laser off the papstic interface and the
refracted laser beam that would result when the paper travelled from the plastic to the
water.

After garing at the diagram for a momen® comes back to the previous
statement made by R.

C. Yeah. What this diagram is ignoring though is what happens at the paper.

Right?
R: Yeah.
C: What happens when t heidowegeweh idtosmn O0tt h e
get the exact same beam coming back, roi

look at before, | think. Just sort of looking at what
R: Yeah. Somehow it spreads out in a ve
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What is interesting about ése two pasggsis that the comment R made the first
passagewas initially ignored However, when taken in context of the modile
commentgarners significant attentian the second passagafter this moment, C and R
spend a good deal of time trying to bettaderstand why the light appears as a diffuse
spot on the paper.

Again contrasting caseai d t he physi cWbBéesdé Creasominn
observati on, he does so immediately after
is what happens at the pagen this statementC is contrasting the modeif the light
conewith R6 s 0 b s &hrough tthis @antrast he identifies a mismatittie model
does not incorporate what happens at the pag@s mismatchgivespr i ori ty to
previous statemenin thefirst passagethe group is unsure whether or not this piece of
information is relevantdowever, whera contrasts identifiedin the second passaghis
observation gains relevance anidgdassornce ought
again idaetify areas where the model can be imprqowhis time by drawing attention to
differencesbetween the model and the phenomenon. Gmoaismatchis identified,
priority is given to observations that can help eliminate the mismatch.

Once C and R agree thie way the light comes off the paper is important, they
talk about howto incorporatethis into their model. R then mentions thaethh al o o f
Il i ght 0 obskreewhenytbeulaser beam hijgst the paper idifferent from the
overall light cone phenomen Instead he saysthath e si des of it HfdAar e
Immediately after, R proposes a mechanism to describe how the light can go from being
dispersed in all directions to a well defined caned makes two additions to their

diagram, shown in Fige4.8.
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R: So if itds coming off Butevdry dihee
thereds an interface hereé. So thereobs
angle or whatever where you have total internal reflection beyond a certain
angl®éa.m maybe, | dondt know, up to some
C: Beyond that angle itdés reflected and
R: Beyond that angle the light just, yeah.

C: Ok. That sounds pretty good actually.

R: Whereas close to normal incidence you getdbae coming off.

Another important aspect of learning, according to variation theory, is understanding how
several different critical features come togettogproducea wholephenomenonln this
segment R has identified one critical feature of the phenom the specific way that
light scatters off a piece of paper, andrigng to understand how that critical feature fits
into the whole light cone phenomenon. By contrasting a critical feature of the
phenomenon, the scattering of light in all directiongh the conical nature of the whole
phenomenonR recognizethattheir model is incompletelhis causes him to reason that
there must be another critical feature they have not identified which produces the well
defined nature of the light conkle promses that theew critical feature is a critical
angle at théottominterface. He piecetogether these two critical featuresdevelop a

model which carexplainthewhole light cone phenomenon.
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= Belowcritical
angle

_ | Beyondcritical
Plastic | <
a\! angle

Paper

Figure 4.8 This is the diagram that R uses to explaindrisical angle mechanism. He
draws the two bold light rays to emphasize the point that certain light rays beyond the
critical angle will be cutoff at the plastigater interface, while others will not be cutoff
and form the light cone.

I\VV.4 Ildentifying FI aws in the Model

C and R continue by discusg how to calculae the critical angle and start
constructing a new diagram and mathematical representation to go alorigendtiitical
angle modelntil R notices that something is wrong.the dialogue thdbllows C draws
a sketch recreated in Figu®.

R: Right. l 6m just trying to figiure out

C: Mhmm.

R: You should be able to get, um, light coming off in all directions still. Through

the water instead of just senspecific angle.

e

C: But beyond this crit whatever, uh, if we say this is the norid her eds som
critical angl e. So anything beyond that

back.

R: Right, but the angl e d omethmgcpminglofb se t o
almost parallel to thé

C: Oh'! | see what youbre saying.

R: To the surface of the plastic. Which

C: So youobr e 9§ Xeah Vay vereclosidfeht istthe critical

angle then you should see somethitkg lihat(at this point C draws the diagram

in Figure4.9 and points to the bolded line segmeints)

R: Yeah.
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C: That, that, and that. So we should b
R: We should still geit
C: Hemisphere instead of a cone.

Water
Plastic \V/
Paper
Figure 49 This is the diagranthat C draws on the board $ how t hat , i f R6

angle model were true, they would expect to see a hemisphere of light instead of a cone.
The bolded portion is what he draws as he emphasizes this point.

In this segmentthe expertsarecontrasting lieér model with the actual phenomenon they
observe. This is most evidemhen Csaysi He mi sphere instead of a
with his previous statement t hat Afangl ebs
coming off al most thbaraslurdlaceoofthehé pbast
seeing, 0 provides strong evidence that h e
model predictsas shown in Figurd.9, and what is actually observetie usesthis
comparison to identify what is different befen the two situationsnlthis casethe
contrasting case draaout the differences between predictions of the model and the
actual phenomenon. This allows the expertdgaoide if theirmodelshould be refined

After R identifies this contrast, C and R @n to alter their modeln this way, the

experts judge whether or not they have properly integrated all the critical features they

have identified into a wholenderstanding of the phenomenon
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I\VV.5 Building a New Model

After they realize their modes flawed, C and R remain silent for some time. R
breaks the silence saying, ADo we have to
between? . . |l 6m wondering, do you onl wntotheet <cer

pl astic to begposesagwmddé2 0 R t hen pr

R: €& you should be able to get, um, ver
in hereéif even the |light thatds comin
reflected up at an angle then this is the,ithe

C: The limit?

R: Thebi ggest angle that you can have goi
bent even further still into the water, but not as much as it was bent from air into

the plastic. So that still gives you some limiting angle through the water. So, so
that wtatmkioam s the air to plastic Sn
water.

C and R draw a new diagram and begin working out the detatd&f i deas wi t h
Law equationsThe finished diagrams and equations they have written on the board are
recreatedn Figure4.10. Similar to initial construction of the model, contrasting cases are

not directly preseni this quote However,contrasting cases were used to draw attention

to the deficiencies in the previous mad#l is precisely these deficiencies thare
addressed in thisewmodel. The contrasting cases iden&tl which critical aspect of the

mod el ( how t hoef fldi)g hnte egdeetds tfioc ulherdertebaikla e s s e d

wholeunderstanding of the phenomenon
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Figure 4.10This figure rereates diagrams and equations grouped together on the board

used by C and R to develop a new model explaining the light cone. The diagram on the

left shows how light scattered atanindtye gr ee angl e off the pape
when it entered theavt e r . The equations on the right
Law to predict the angle of the cone.

I\VV.6 Testing the New Model

Once C and R develop their new model, they come up with ways to determine if
their model I S accur &shewn infFigur&l10, theyucalaulatg S n e |
that the angle betwedhe edge of the cone and the bottom of the container should be 41
degrees. They check to see if this matches what they observe.

C: So is it about 41, 417? 41 degrees Wi
R: | 6 ms agyo nintabs 45i s h.

C: Haha.

R: Plus or minus ten degrees.

C: So our observation is roughly consistent

é

C: é | would I|ike to c mewaytomeasuicearglest | vy,
but itlooks, it looks really close.

They agree that the angle ofthecbtne o ks t he same as the angl e
Then, R has an idea for an experiment. A schematic of the experiment is shown in Figure
4.11. They carry out this experiment and C comments on it.

R: I was just thinki ng,mittodhe angleof shhthew t ha

light that comes up through the water?
e
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R: Cause even shining this through uh almost, almost parallel to the bottom of this
you get about a 45 degree beam through
C: Yeah. Youdre | usthesane wdy.dsvhatprgttytninck | i g
the only difference, right? Air, pl asti
the paper.

R: Youdre just, youodore just not disp
C: Yeah. Yeah. Yeah | see what you meanolteds n 6t go past th
which looks the exact same as the cone angle.

Container of Water— <€+ Refracted Laser Bean

U

Incident Laser Beam

Figure 4.11 This is a schematic representation of the experiment R ran to see if their
model was correct.

In both scenarios C and R contrése predictions of the modelwith observations that

they makeln the first case, they predict that the side of the cone should be elevated 41
degrees from the bottom of the container. Their observations verify this. In the second
case, they predict that if they hold the containethi@ air and shine a laser at nearly
parallel incidence towards the bottom of the container, then they should see the laser
beam pass through the container at some limited angle. Again their observations verify
this. By contrasting the predictions of thedel they have built with observations that
they make, C and R determine whether or not they have integrated the critical features of
the light cone phenomenon into a coherent whole understanding. In this case, they
observe a match, gain confidence in theodel, and do not attempt to identify any more

critical features. Shortly after this, the interview comes to an end.
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V. Identifying Patterns Across Groups of Physics Experts

In the analysis above, we showed that experts use contrasting cases in avariety
ways for a variety of reasons. This analysis will help us answer our first and second
research questions. However, the above analysis does not help us to answer our third and
fourth research questions. Answering these questions are important becesmse th
answers can provide us with generalized rules and processes that easily communicate the
main ideas of physics expertsdéd use of cont
us to develop instructional materials that make the varied uses of stograases
accessible to our students. Therefore, w e
of contrasting cases to develop generaliz
contrasting cases. To do this, we searched for patterns acrossz treugis of physics
experts by analyzing how each group used contrasting cases from the perspective of

scientific epistemology.

V.1 Critical Events

The first step in the analysis process was picking out important moments for
analysis. To do this, we wehthr ough t he transcript and i de
Acritical eventso during the problem sol vi
A critical event is a moment during the problem solving process where the experts make
a reasoned conceptuareakthrough. We characterized this breakthrough by relating it to
an important question about the problem the experts are trying to solve. During a critical
event, experts either propose an important question or answer an important question for

the fird time. These questions are not determined a priori, but by the content of the
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dialogue during a critical event. After a critical event, there is a notable change in the way
the experts discuss the problem. In all, 146 critical events were identifieccalCrit
moments tended to contain about 110 words of dialogue on average. This text was
selected to embody a clear coherent piece of dialogue.

To determine the reliability of the selection of critical events we also selected
noncritical events from the lighcone problem solving sessions. The number of non
critical events we selected was equivalent aoout 30% of all critical events.
Characteristic questions were developed for these-critcal events. An outside
researcher familiar with the light cone ptem but not involved in the study in any other
way was brought in to determine reliability. The outside researcher was given a list of the
guestions that characterized the critical and-critical events and allowed to consult the
text that accompaniettém to clarify any instances when the questions were unclear. The
outside researcher determined which of the questions would: 1) Require reasoning to
answer. 2) Result in a deeper understanding of the light cone phenomenon. The outside
researcher was trad on a list 06% of all critical events and an equivalent number of
noncritical events and then performed an &sal on a list that contained @b The
outside resear cher 6s -criicalleecnts was compared withr thet i ¢ a |
original sekction of critical and nowritical events. We achieved 82% agreement

between these selections before discussion and 96% agreement after discussion.

V.2 Analysis of Critical Events with Contrasting Cases

Once critical events were identified they were abde determine if they
contained evidence of contrasting cases. A critical event was coded positively when it

met the following criteria:
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1. Either:

a. A primary caseand secondary casan be identified.
b. A continuous set aase can be identified.

2. Evidence thathere isa comparison between the primary and secondary cases.
Using these criteria, we determined intater reliability in a similar manner to the
method used to determine reliability of critical events described above:rdider
agreement of the ding of contrasting cases was 80% (k = 0.62).

We then narrowed our analysis to only critical events with contrasting &éses.
looked over alltheseevents anddevelopedcategories based dmow the experts were
usingcontrasting cases during the criticakats.We developed guidelines that described
what criterianeeded to be satisfied in order to incliadeontrasting case ia particular
category. Because we believed that use of a contrasting case result from a
protracted process extdnd beyond he critical event, wealso analyzedhe context
around the critical eventBecauseof this, not all criteria needed to be explicitly
identified in the text of the critical event. Criteria could be met by analyzing the
surroundingext as well.

As we anayzed more critical eventswe refinedcategories and guidelines. This
was done when a contrasting casecaldbeher di
included in more than one categoAfter analyzing and reanalyzing the critical events,
we devéoped six different types of contrasting casémttcapturel the different ways
contrasting cases were used by experts. The categories, their selection criteria, and

examples are shown Trable4.1.
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Table 4.1 Types of Contrasting Cases with Explanatiéiiow Example Meets

Criteria

Criteria for Specific
Type of Contrasting
Case

Examples of a Contrasting Case
of that Type

Explanation of how the Example
Meets the Criteria

Contrasting Observed
Experiments
1. Observations related t
either:
a. Multiple cases o&
single phenomenon
b. Multiple different
phenomena
2. Pattern observed by
comparing phenomeng
3. Hypothesis developed
based on this pattern

P: (putds the cor
Yeah so therebs g
T: Ok, but now you take it off the
piece of paperé

P: Yeah, yah. (lifts slightly) But there
is still something there. (puts it on the
table) So, itds ¢
reflective thing. (Shines laser into
container) Yes? No?

T: ltds more | iKkpe
P: Yeah itodés not ,
I 't 6s s oahkas to dorwigh this}

this paper. | mean with the, this
medium. (moves container back onto
paper and shines laser into it) Yeah s
ok. So if there is a paper, there is a
cone. No paper, no cone.

The cone on the paper vs. the cone
other materials.

Thestrength of the cone changes
when the material beneath the
container changes.

The cone is dependent on the
reflective material below the
container.

Contrasting Hypotheses
1. Asingle experiment is
being discussed.

2. Two different
hypotheses.

3. Two different
predictions based on
those hypotheses.

D: (gets up and moves to the board)
But | still think if it [the cone] were, if
it were, like if it were a top, happening
T something happening at the top
surface to cause that, then it would,
(begins drawing on the baj it [the
light from the laser] would come in
like this and then it would start to
spread out up here. Instead of comin|
in here and then spreading out at the
bottom. (diagram of each scenario is
on the board)

1.

2.

3.

a.
b.

a.

b.

Laser light being shined into the
container creating a cone.
Hypotheses
The top interface causes the con
The bottom interface causes the
cone
Predictions
The vertex of the cone is at the tq
interface.
The vertex of the cone is at the
bottom interface.

Contrasting Assumptions

1. Asingle case is lieg
discussed.

2. Two different
assumptions.

3. Two different
predictions based on
these assumptions.

M: But the issue is that we could hav
this connection. (draws several voltag
sources and resistors in series on
board) Right? Then if the internal
voltage ofthis guy [the multimeter] is
much greater ther
whole sum.

P: Mhmm.

M: But this is a cheap voltmeter, so
maybe the resistance is not that muc|
greater than uh the sum of those guy

3.

a.

b.

Voltage of several voltage sources
and resistors in sedds being
measured by a multimeter.
Assumptions
Internal resistance of multimeter
not much greater than equivalent
resistance of the circuit.
Internal resistance of the
multimeter is much greater than
equivalent resistance of the circu
Predictions
Measurement not close to true
value.
Measurement close to true value
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Table 4.1 (continued)Types of Contrasting Cases with Explanation of How Exanr

Meets Criteria

Criteria for Specific
Type of Contrasting
Case

Examples of a Contrasting Case
of that Type

Explanation of how the Example
Meets the Criteria

Contrasting Testing

Experiments

1.

2.

A single clearly
identifiable model.

At least two distinct
situations (testing
experiments).
Predictions made for
distinct cases using thi
model.

P: So f orsefficeechforo r
individual cell is proportional to the
relative illuminated area. Right? So if
you cover it completely with the scree
it becomes a huge resistor and it
doesndét help at ¢
l'i ke this, (from
efficiency drops by 10% and 10% for
this guy, 10% for this guy. So overall,
a series connection would be a sum (¢
contribution from each one and it
would go down linearly for this case
(covered from the long side) and
somehow very rapidly for this one
(covered fran the short side).

1.

2.

3.

Solar cell is constructed of elementg
with an efficiency that is proportiona
to the relative illuminated area.
Testing Experiments
a. The solar cell is covered from thg
short side.
b. The solar cell is covered from the
long side.
Predictions
a. Areduction in current output that
is very rapid.
b. Areduction in current that is
linear

Contrasting Predictions

vs. Testing Experiments

1.

2.

3.

A model can be
identified

Prediction based on
the model

An outcome of the
experiment compared
to the prediction

Cilsee what youbre
R: Yeah, this is still the same order o
uht

C: Yeah. Youdre |
light scatter the same way. Is that
pretty much the only difference, right?
Air, plastic, wat
the reflection off the paper.
R:Youdre just, yol
dispersing the light like you do off the
paper.

C: Yeah. Yeah. Yeah | see what you
me an . It doesnot
angle which looks the exact same as
the cone angle.

Light scattered at all angles by the
white paper ath then refracted by the
water causes the cone.

Any light incident on the bottom of
the container at almost parallel
incidence should be refracted at the
same angle of the cone.

The angle of the laser light refracts ¢
looks to be the same as the cone.

Contrasting Assumptions

vs. Testing Experiments

1.

2.

A model can be
identified.
Assumption under
which the model can
be used to predict the
outcome of a testing
experiment

Fact about the testing
experiment is
compared to the

assumption.

R: Yeah, so there are auple of
interfaces.

C: Yeah.

R: Well there are two different
interfaces at the bottom cause it
reflects right off the surface of the
plastic. And then it can go through thq
plastici

C: And reflect back.

R: Reflect off the paper. Which make
me think ofinterference effects, but th
thickness would be way too big for

real wavelength based interference.

Thin film interference

For thin film interference to apply,
the thickness of the film needs to be
on the order of the magnitude of the
wavelength of light.

The interfaces involved in this
situation are too big for this
assumption to apply.
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V.2.aContrasting Observed Experiments

In this type of contrasting case, the experts compare observations to develop a
hypothesis. The three criteria that needed teatisfied for this category were as follows.
First, the experts discussed multiple different observations they made. Second, the
experts needed to discover a pattern based on these observations. Third, the experts
would develop a hypothesis to explain tpattern. In the example in Tabdel, the
experts observed variations of the light cone experiment by changing the material beneath
the container and discovered the pattern,
to develop the hypotlhe&si,s tféi tréesf | &lxd i v e,
that the light cone is dependent on the reflective material beneath the container. While we
expect the reasoning to proceed logically in the order that the criteria have been
presented, what someone sdp®es not directly mirror their reasoning. Therefore, we do

not expect to find these criteria in the same order we present them.

V.2.b Contrasting Hypotheses

Contrasting cases were coded as contrasting hypotheses when the physics experts
identified how diferent hypotheses would manifest themselves in the same situation. We
looked for the following criteria. First, the experts discussed a single experiment. Second,
the experts reasoned using two separate hypotheses. Third, they made different
predictions sing the different hypotheses. In the example above, experts B and D talk
about what happens in the light cone experiment when you shine the laser into the
container . B and DO6s hypotheses are that

happens at theotp o f t h esomething ehappelirfg et the top surface to cause
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thak o) and, conversely, that the light cone is caused by something at the bottom interface
(Ahésomet hingds happening in here (points t
t h a.fThe @Xperts make two distinct predictions. First, if the light cone were caused by
the top interface, the |light coneds vertex
cone were caused by the bottom ithetatonf ac e,

interface.

V.2.cContrasting Assumptions

In this type of contrasting case, experts analyzed how different assumptions
would affect their predictions. Each contrasting case in this category met the following
criteria. First, the experts discudsenly a single situation. Second, they mentioned two
different assumptions they could make for that situation. Third, they made separate
predictions for each assumption. In the example above, experts M and P are solving the
solar cell problem and discusgi a circuit consisting of resistors and voltage sources
connected in series. As M and P talk about this circuit, they discuss measuring the
potential difference across the circuit using a multimeter. They note two assumptions
they could make. They can asse that the multimeter has an internal resistance much
greater than the circuit. In this case, they predict that the measured potential difference
would be close to the actual potential difference. Conversely, they could assume that the
multimeter has amternal resistance that is not much greater than the circuit. In that case,

they predict they would not measure the true value of the potential difference.
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V.2.d Contrasting Testing Experiments

In this category the expertsused contrasting cases t@ompae different
experiments tay coulduseto test a hypothesiall contrasting cases in this category met
the following criteria. Firstthe experts used a single model or hypothesise&son.
Second, theyliscussed two different experimeni&hird, they sed their hypotheses to
make predictions for each experiment. In the critical event above, expert P is discussing
the solar cell problem and has modeled the solar cell as a series of current generating
elements with efficiencies proportional to the illuaiied area. P uses this model to make
two different predictions for two different experiments. P says that if the solar cell is
covered from the short side, whole elements will be covered causing them to act as big
resistors. P predicts that this will cawseapid reduction in current as you cover the solar
cell this way. P also talks about covering the solar cell from the long side. In this case, the
individual elements are partially covered, causing their efficiency to drop by the
percentage of the solaell that is covered. P predicts that for this experiment the current

would be reduced linearly as the solar cell is covered.

V.2.e Contrasting Predictions vs. Testing Experiments

In this category of contrasting cases, experts compare a prediction tkeeypnhde
with the results of a testing experiment. Contrasting cases that fell into this category met
the following three criteria. First, we were able to identify a hypothesis that the experts
were working with. Because these types of contrasting cases bé#ppen after our
experts have developed their hypotheses and because our critical events capture such a

short period of time, sometimes clear evidence of the hypothesis must be inferred from
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the context surrounding the critical event. Second, the expereded to make a
prediction based on this hypothesis. Third, they needed to compare this prediction with

the results of an experiment. In the example in the table, C and R have previously
developed the hypothesis that the light cone is formed when #iered laser beam
transitions from air to plastic and eventually water. As this happens the light moves from

a region with a lower index of refraction to a region with a higher index of refraction
causing the light which was originally scattered at 90reks) to bend towards the

nor mal . C and R donét directly say that t|
clear from the context. Al most i mmedi ately
we show that therebs thelmg® thdt coméstup thraughtthee an
water?0 Roés prediction is that there shoul
container. C and R test this prediction by shining a laser at almost parallel incidence into

the bottom of the container. Thepmpare their prediction with the outcome of this
experiment noting, Al't doesnbét go past tha

the cone angl e. 0

V.2.f Contrasting Assumptions vs. Testing Experiments

In this category, experts consider how tkswuanptions they are making match up
with the testing experiments that they are running. For this category, the experts first need
to discuss some kind of hypothesis or model. Second, they discuss an assumption under
which the hypthesis is valid. Third, #y male a comparison between the assumption
and the experiment. In the example above, C and R are considering whether or not they
can use a thin film interference model to reason about the light cone experiment. For thin

film interference, there is the assption that the optical layers are the same order of
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magnitude thickness as the wavelength of the light. C and R comment that in this case,
the assumption does not match the experimental setup because the thickness of the

container is too big.

V.3 Comparing Usage ofDifferent Types of Contrasting

Casss

To determine if the experts used different types of contrasting cases more
frequently than others, we tallied the fraction of contrasting case critical events that were
coded for a particular type of condtang case. The results of this tally are shown in the
graph in Figure4.12. We found that Contrasting Observational Experiments in 16% of
the contrasting case critical events, Contrasting Hypotheses in 7%, Contrasting
Assumptions in 4%, Contrasting TegtiExperiments in 28%, Contrasting Predictions vs.
Testing Experiments in 26%, and Contrasting Assumptions vs. Testing Experiments in

16% of all contrasting case critical events.
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Fraction of Contrasting Case Critical Events for Each Type

Observational Experiments |

Hypotheses
Assumptions

Testing Experiments |

Predictions vs Testing Experiments |

Assumptions vs. Testing Experiment

0 0.05 0.1 0.15 0.2 0.25 0.3
Fraction of Critical Events

(*2)

Figure 4.12 A graph showing the fraction of critical events that were cofbed
contrasting cases that corresponded to a particular type of contrasting case.

VI. Discussion

At the beginning of the paper we set out to answer four research questions. In this

section, we will discuss how we answered each of these questions.

V1.1 Use of Contrasting Cases throughout the Problem

Solving Process

Our first research question was: When do physics experts use contrasting cases
while solving novel problems7Through the above analysis of the problem solving
session of C and R, it is clear tlwntrasting cases are a driving factor behind the initial
observations that the experts make, the process of initially constructing a oficael

phenomenon, making further observations to refine the model, identifying problems with
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the model, further maa building, and the final testing of a model to ensure that it

represents the phenomenon as desired.

V1.2 Purpose of Contrasting Cases

The second research question we set out to answer was: What are the purposes of
the contrasting cases that expert ptigss use?To answer this question, we used
variation theory and analyzed the function of contrasting cases at different points during
the problem solving process. We found the following. During initial observations,
contrasting cases drew out patterns/afiation that the experts used to identify critical
features of the light cone. The experts constructed a model of the light cone with the
critical features at the focal point. The experts continually contrasted the model that they
were building to the Ipenomenon itself during several stages of the problem solving
process. During refinement of the initial model, these contrasts confirmed and clarified
previously identified critical features of the phenomenon. The contrasts also drew
expert s 6 aaditibnalrctiticabfeaturesoof the phenomenon. In this sense, the
experts used contrasting cases to determine which features of the phenomenon were more
relevant. When experts found that a feature was more relevant they analyzed it in more
detail in the nodel. Finally, once the experts figured out which parts of the phenomenon
were important, they built a coherent explanation of the whole phenomenon by
integrating these features. Contrasts between predictions based on this explanation and
observations ofite phenomenon allowed the experts to determine if they had correctly
identified the parts and constructed them into a whole model properly. When the experts
identified a contrast between observations and predictions, the experts refined the critical

featues that were creating this contrast. After the experts constructed a new explanation
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in this way, they made predictions based on this model once again and contrasted these
predictions with observations. Since the experts were unable to identify a contrast

between the predictions and observations, they gained confidence in their model.

V1.3 Contrasting Cases Types

The third research question we set out to answer was: What apattems in
physics expertsod inomeriobnsweothidquestos, tve idegtified a s e s ?
critical events during the problem solving process. We analyzed critical events and
categorized critical events that contained contrasting cases based on the objects that were
being contrasted. We found that the objects beingrastitig were epistemologically
significant. The types of contrasting cases we identified were: contrasting observational
experiments, contrasting hypotheses, contrasting assumptions, contrasting testing
experiments, contrasting predictions vs. testing Bxpnts, and contrasting assumptions
vs. testing experiment8y analyzing how frequently each of these contrasting cases
occurred, we found most critical events could be categorized by four of the six types of
contrasting cases. These four were contrgstibservational experiments, contrasting
testing experiments, contrasting predictions vs. testing experiments, and contrasting
assumptions vs. testing experiments. It appears that these four contrasting cases may be
more important to the overall problemhgng process of physics experts than the other

two types.

V1.4 Contrasting Cases and the ISLE Cycle

The fourth and final research question we wanted to answerHeag:.can we

l ink expertsdéd use of contrasting ®ases to
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understand the specific role that these contrasting cases play in the inquiry processes of
physics experts requires that we look at processes through which knowledge is
constructed in science or scientific epistemology. Many philosophers of sciemee ha
struggled with identifying a clear cut s
consensus as to whether or not there is any specific process that is carsummtific
inquiry (Etkina & Van Heuvelen, 2007 However, by evaluating research telhto the
history of physics, the philosophy of science, and the nature of science, it is possible to
find several crossutting features which most would agree are at the heart of scientific
inquiry: empirical evidence, inductive, hypothetideductive ad analogical reasoning,
coherence of ideas, the testability ofade and collegiality (Etkina &an Heuvelen,
2007). Etkina and Van Heuvelen proposed a learning cycle model to incorporate these
elements into student learning of physitise(ISLE cycle).In the ISLE cycle students
develop new ideas working together and progressing from observing simple experiments,
to identifying patterns, to devising causal or mechanistic explanations for those patters
and finally testing those explanations experimentdllye experimental testing involves
designing a new experiment, making predictions of its outcome based on different
explanations, conducting the experiment and comparing the outcome to the predictions.
The above elements form the elements of the cyclerépeat many times for different
concepts that the students have to construct. It appears that our findings of contrasting
cases show that we can map steps of exper
different elements of the cycle or contrastshef different aspects of the same element.

Our finding is in agreement with the work of Poklin€knculaet al. (2015 who

used the ISLE framework to analyze what experts do when they solve the light cone
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problem. They found that physicists do engage atgsses that resemble the steps of the
ISLE cycle and their sequence roughly resembles the sequence of the steps proposed by
the cycle (although it is much more complicated). The difference betwdestiety and

the current study is that they used théESramework to design their coding scheme.

We, on the contrary, we interested in epistemological resources that experts used. It
appears that while we were not using ISLE framework to analyze how experts solved two
experimental problems, the crucial mlents of the cycle appeared through the coding of

the contrasting cases.

Qur previous analysis of C and RO6s prob
can help to shed light on the apparent relationship between contrasting cases and the
ISLE cycle. Inthe analysis, we described how C and R used contrasting cases to identify
patterns of variation and that these patterns helped identify focal points, or critical
features, for the groupbés model of the |ig
in observational experiments are critical. Without them, the experts would be unable to
identify patterns. Contrasting hypotheses, while not prevalent in C and R, was used by
other groups of experts to compare potential identifications of critical aspectsitcal
features. Contrasting hypotheses allowed experts to consider the effect different critical
features would have on the phenomenon and determine which seemed most probable.
Contrasting testing experiments plays a similar role. The experts, hadntfied a
potential critical feature of the phenomenon, discuss how that feature would manifest
itself in different scenarios. This can either serve the purpose of determining whether or
not the critical feature seems reasonable based on its presliotiggroduce predictions

for different experiments that can later be performed to test the validity of this critical
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feature. Contrasting assumptions help the experts to determine if there are any non
critical features that might influence the predictitimsir model makes.

After the experts developed their model, they continually checked to see if their
model was correct by contrasting the predictions and assumptions of their model against
the actual phenomenon itself, embodying both the importancetifgtexperiments and
the analysis of any assumptions in the ISLE cycle. According to variation theory, at this
stage the experts were developing an understanding of the parts of the phenomenon the
phenomenon and how those parts fit into a coherent wholer&sting predictions and
assumptions of the model that the experts were building with the phenomenon itself in
the form of testing experiments and assumption analysis allows the experts to determine
whether or not the experts are building a model whictuiately represents reality.
Without these contrasts, experts would never be able to determine if the models they

were building were accurate.

VII. Implications for Instruction

The evidence from the expertsd problem
contrasting cases in multiple ways. One implication this has for instruction is that
students need have an opportunity to use contrasting cases in ways similar to that of
experts. Simply having students contrast observations is not enough to have them develo
more sophisticated epistemological processes that rely on other types of contrasting
cases. To be able to help students develop the multitude of contrasting cases they will
need, students first need to develop an understanding of scientific hypotheses,

predictions, assumptions, and experiments so that they can contrast these entities. In other
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words, students need to develop an understanding of the epistemology of science. One
way to do this is to engage students in the ISLE cyEleoughout the ISLE cYe,

students are given the opportunity to perform observation experiments, develop
hypotheses, analyze assumptions, and develop testing experiments. Giving our students
these opportunitiewill emphasie the roleof theseepistemologicakntities play in the
learningprocessWhi | e it i's unclear whether or not
develops as a result of their use of processes similar to that represented in the ISLE cycle

or whether use of processes d$anio the ISLE cycle develops from a tacit understanding

of the importance of contrasting cases, it is clear that the ISLE cycle and contrasting

cases are connected. The direction of this connection is the subject for future studies.
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Chapter 5

Summary

In this final section, | will revisit each study, show how the results of each study
helped me answer the questions that were proposed in the introduction, discuss
implications for instructions, talk about new questions that have arisen from the résults o

these studies, and end with concluding remarks.

|. Resource Activation Patterns during Conceptual

Breakthroughs

The first research question wa#re there any patterns in the way that
professional physicists activate and combine different resourcaegyduritical moments
of the problem solving process?

Answeringthis question required that | first address the more preliminary issue of
reliably identifying instances during which critical moments occur. To do this |
developed criteria that needed to betrim order for a passage of text that was picked out
of the transcript to be coded as critical, i.e. showing evidence of a conceptual
breakthrough. The criteria were as follows:

1 A conceptual breakthrough should happen through reasoning and not just

throuch observations.
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1 A critical moment shoulgropose oranswer a question that advances the
experts understanding of the problem.
In order to test these criteria I:

1 Pickedpassages of text that captured full exchanges between experts.

1 Identifiedthe questionghat the experts were answering during these passages.

1 Askedanother researcher to determine whether or not the selected passages

met the above criteria.
In this way | was able to establish an iatater agreement of 82% before discussion and
96% afterdiscussion. Once | established that my criteria for critical events were reliable,
| was able to proceed with identification of critical events.

To determine whether or not the experts were using resources during critical
events in any particular way, Ilokk e down the expertsd reason
that the experts were using, and classified these resourcesiassphigher level physics
based resources, and epistemological resources. By analyzing critical events for the light
cone problem, | fond that critical events were much more likely to have all three
different types of resources than nenitical events. Specifically, we found that 88% of
all critical events had all three types of resources while only 53% otritical events
showed thesame pattern. Moreover, | found that all events had evidence of
epistemological resources. When | analyzed critical events for the solar cell problem in
the same way, | found that only 74% of critical events had all three types of resources.
This promptedne to take a deeper look at the critical events. | found that by classifying
critical events based on the types of questions that the experts were answering, | could

pick out physics critical events and nmphysics critical events. When | grouped the
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everts in this way, | found that 84% of physics critical events showed evidence of all
three types of resources, while only 30% of 4piwysics critical events did.

By comparingthese percentages to the patterns found by Richards (2013) in a
similar investigabn of problem solving by prservice physics teachers, | was able to
answer the second research question: How do the patterns of resource activation during
professional physicistsd problem solving c
duringpreser vi ce physics teachersdé problem sol
of resource activation were similar to those of-geevice teachers when only physics
related conceptual breakt hroughs -seriice exper
teachergdid not have to deal with ngohysics questions because their experience was
more structured, as they learned about solar cells in the context of a lesson taught by
Richards.

To try tounderstand the significance of this pattern, | investigated the caritant
critical event in detail. | found evidence that epistemological resources helped focus the
expertso6 att e ngdriinso These primp aeretthierc usdd dorjustify higher
level conceptual physics resources (diSessa, 1993), apparently glehéin intuitive

and formal knowledge to build a deeper understanding of the problem (Kuo et al., 2013).

ll. Reliably Identifying Epistemological Resources

To gain a deeper understanding of exper
| investigated theepistemological resources they used during critical moments. In order
to ensure the integrity of our analysis, | first had to answer our third research question:

How can we reliably identify epistemological resources?
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In order to do this | developed tif@lowing process. First, | coded critical events
for resources. | performed a preliminary analysis by looking at individual epistemological
resources and determining the fraction of critical events in which each epistemological
resource was found. To naw the focus, enabling me to continue with a more rigorous
analysis, | selected resources that were found in at least 5% of all critical events. This
narrowed my analysis to the 19 most common epistemological resources. For each
resource, | looked at alhé critical events that a resource was in and identified common
features across the critical events for that resource. | used the common features to
develop criteria for deductively identifying these resources. Together with another
researcher we used tleesriteria to code 10% of all critical events for a single resource,
discussed our choices, and refined the criteria based on discussions. We then coded
another 20% of critical events to determine the reliability of the refined criteria. The
process was peated for each of the 19 resources. In this way, we developed reliable
criteria for each of the 19 most common epistemological resources. The least reliable of
these criteria resulted in a 77% intater agreement, while many others were higher. On

averge, the criteria produced coding that resulted in 84%-nater agreement.

lll. Epistemological Resources of Physics Experts

After establishing reliable criteria for identifying epistemological resources, |
could move on to answering our fourth reseagimestion: What epistemological
resources do professional physicists use when solving challenging, novel problems? Are

there certain resources that experts tend to use more often than others?
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In the previous preliminary analysis of critical events, éniified 46 different
epistemological resources that the experts used. Out of these 46, 19 epistemological
resources were found in at least 5% of all critical events during preliminary analysis.

These epistemological resources were

1 Analogical reasoning 1 Knowledge from direct observation
1 Attention to novelty 9 Limitations of models
1 Causal reasoning 1 Mathematical reasoning
1 Consistency 1 Mechanistic Reasoning
1 Contrasting Cases 1 Multiple representations
1 Deductive reasoning 1 Peer cognitive awareness
1 Experimentation 1 Personal cognitive awareness
1 Hypotheticedeductive 1 Plausibility
reasoning 1 Relative value of knowledge
1 Inductive reasoning 1 Sense making

To determine if the experts used any of these resources more often than others |
recoded all critical events using the inefd criteria | developed for deductively
identifying the individual epistemological resources. This allowed me to figure out how
often the experts used each epistemological resource by finding the fraction of critical
events each resource was coded ifiound that different resources were used with
varying frequency. All recoded resources were found in greater than 20% of all critical
events, but three resources, contrasting cases, causal reasoning, and consistency, were
found in greater than 50% of allitical events. Contrasting cases was the most frequently

used epistemological resource, found in 67% of all critical events.
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I\VV. Importance of Contrasting Cases used by Physics

Experts

After establishing that contrasting cases was the epistemologicalrcesthat
experts used most during critical moment s,
contrasting cases in order to answer the fifth research qudstibare are resources that
are used more frequently than others, how do the experts useréisesirces to develop
an understanding of the problem they are solving? | answered this question by first
conducting an in depth analysis to determine how a single group, C and R solving the
light cone problem, used contrasting cases and then | lookedtterns across all groups
of expertsd use of contrasting cases durin

Toadintheanal ysis of C and RO6s problem sol
of contrasting cases using variation theda(ton & Booth,1997; Marton &Tsui, 2004,

Ling, 2012) | found that experts C and R used contrasting cases throughout the problem
solving process when they were making observations, building models, and refining and
testing models. Variation theory helped to understand the role that ¢mwggraases

played during these phases of problem solving. As the experts made observations,
contrasting cases helped draw their attention to important critical aspects of the
phenomenon and helped them to determine whether or not these aspects were relevan
Once the experts began to identify relevant critical features of the phenomenon, they built
models to represent the phenomenon. Critical features, identified through contrasting
cases, were at the focal points of these models. As the experts builtribesks they

contrasted the models with the actual phenomenon they were trying to explain. These

contrasts helped the experts make sure that they properly identified and represented
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critical features in their model and helped the experts discover nevakféatures that
needed to be incorporated into their model to fully represent the phenomenon.
| complemented the analysisf C and RO6s wuse of contras

patterns across all groups. | found that it was possible to categorize férerdifvays
that experts used contrasting cases during critical moments by focusing on different
elements of scientific epistemology that were being contrasted. | identified the following
types of contrasting cases:

1 Contrastingpbservational experiments

1 Contrastinghypotheses

1 Contrastingassumptions

1 Contrastingesting experiments

1 Contrastingpredictions vs. testing experiments

1 Contrastingassumptions vs. testing experiments.
Thesedifferent types of contrasting cases match the el&snainthe ISLE cycldEtkina
& Van Heuvelen, 2007), one of the approaches to learning physics that focuses on
science practices. Out of the different types of contrasting cases, experts used contrasting
hypotheses and contrasting assumptions relatively infrequently, whitghbetypes of

contrasting cases accounted for 89% of contrasting cases.

V. Implications for Instruction

From ny research findings it is possible to draw the following conclusions about

implications for instruction.
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First, the finding that pprims, higherlevel physics based resources, and
epistemological resources are all interconnected during critical moments means that we
need to give students a chance to reconcile their intuitive knowledge with the more
formal knowledge that they are learning abouplirysics class. If they are not given this
opportunity, they will be less likely to make a conceptual breakthrough. Encouraging this
reconciliation requires instructional interventions designed specifically with an emphasis
on epistemological goals (Elby0@1).

Second, as experfsequently use a variety of epistemological resources during
critical moments, we must design instruction with the development of a multitude of
epistemological resources in mind. Physics problem solving requires many different
toadls. If a student lacks the required tool for a particular part of a problem, she/he will be
unable to make any progress. While experts do use a variety of epistemological
resources, there are some that they used more frequently than others. Instruatdrs sho
place added emphasis on these most frequently used resources, especially contrasting
cases and design lessons to help students develop their use of contrasting cases.

Third, studentsshould be taught to use contrasting cases in the different ways
similar to the ones that experts follow. This work is not the first to point to the
importance of contrasting cases. Several instructional methods thatntsa&sting cases
(Bransford & Schwartz, 1998 Schwartz et al.2011) have focused on the use of
contrasing observations. Our analysis shows that physics experts use contrasting cases
not only when they are making observations, but also when they are building and testing
models of phenomena. Instruction needs to focus on all types of contrasting cases in

order to help students become more exfikel Different types of contrasting cases rely
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on a studentodés ability to develop hypothes
develop observational and testing experiments. Fostering these abilities aalmided
by teaching students physics through the ISLE cycle (Efkivan Heuvelen, 2007) and

emphasizing the role that these entities play during the learning process.

VI. Future Research Directions

The three studies have helped me answer many impaestions about how
expert physicists deal with novel, challenging problems and direct our attention to future
possible research questions.

Now that we know that expert physicists
be characterized by-prims, higherlevel physics based resources, and epistemological
resources, we need to figure out how to encourage students to reason this way. Doing so
will require answering the following questions: How often do students reason using p
prims, higher level physics be$ resources, and epistemological resources
simultaneously? What are the necessary features of instruction that promotes
reconciliation of intuitive knowledge with formal knowledge while utilizing
epistemological resources?

The importance of certain epistelogical resources and the variety of resources
that expert physicists use lead us to ask the following questions. How can we create
instruction that effectively emphasizes and develops the multitude of epistemological
resources that expert physicistsu3ée importance of contrasting cases itself means that
this resource deserves much future attent.i

contrasting cases and should look to answer the following questions. Under what
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conditions will students use cmasting cases spontaneously? To what extent do they
spontaneously use contrasting cases in the way that expert physicists use contrasting
cases? What conditions promote productive use of contrasting cases? What conditions
promote unproductive use of comdting cases? What are the necessary features of
instruction that will help students develop their ability to use contrasting cases and other

important epistemological resources?

VII. Concluding Remarks: Contributions to the PER field

In this dissertation have used the resourbased model of cognition to conduct
several studies which investigate how expert physicists construct new knowledge. My
dissertation contains the following original contributions to the field of Physics Education
Research (PER):

1 In order to conduct my studies, | developed two ways of establishing
reliability:
o Established a way to reliably identify critical moments, or reasoned
conceptual breakthroughs.
o Established a way to reliably code for epistemological resources.
1 By looking at gveral different types of resources, | was able to &ind
resourcebased pattern in expert reasoning that was not known before.
1 By analyzing how gprims, physics based resources, and epistemological
resources were being used during one of these criticalants, | showed

that epistemological resources act as a control mechanism while the
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experts reconcile intuitive and formal physics knowledge to make a
conceptual breakthrough.

1 I identified epistemological resources that experts commonly use during
critical moments.

1 | found that experts used different epistemological resources with varying
frequency, with contrasting cases being the resource that the experts used
most often.

1 Using variation theory, | was able to show that contrasting cases played
varied rdes during the observing, model building, and model testing
phases of the problem solving process.

1 By looking at contrasting cases used by all groups of experts, | was able to
show that t he expertso contrasts
epistemologyperspective.

These studies enabled us to discover some of the ways in which physics experts excel at
solving novel, challenging physics probleroffered many insights that can be used to
improve physics instruction, and helped to uncover important guedtiat will need to

be answered in the future.
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Appendix A: Rational e for Coding of Critical Event

Below we present our ratiorealor coding the critical evenresented irsection
3.IV.2.a. The goal of this presentation is to help the reader undergtangasoning we
used when we coded parti ci paFst weprovidether anc e

context surrounding this critical event. Then, we explain how we coded each resource.

Table A.1 Example of critical event coded for resources

C: Yeah.What thisdiagram(1) is ignoring though is what 1. Multiple Representation

happens at the paper. Rig#?3,4) 2. Contrasting Cases
R: Yeah. 3. Hypothgtlcedeductlve
Reasoning

C: What happens when the laser hits the pa®®/e d © n
dowegei we dondt get the exacHt
right?(6)Cause t hat 0 dryingiv adk atyperaue, | Somet hingés
think. (7) Just sort of looking at wh#8,9,10)i Peer Coghnitive

R: Yeah.Somehow it spreads o(it1) in a verywell defined Awareness

way.(12) Uhéin the paper. Experimentation
Inductive Reasoning

. Knowledge from direct
observation

Limitations of Models
Causal Reasoning

No oA

© ®

C: Ok,so what s this paper doir(@3)? Beam hits it, the pape| ;
is1 the paper is what®@pticallyrough(14)? Is that a term we

can use? 11. Spreading

C and R: Haha. 12. Concentration and/or
localization

C: Why not? 13. Mechanistic Reasoning

R: | t uisror.(15,16) a 14. Roughness

C: Thatoés true. 1611 point |15 Analogical Reasoning

16. Mirrors
R: Heheh. 17. Spreading
C: So the laser hits the paper and has toifiesed(17) 18. Scattering

somewher e, r i sgetets@8). 1l mearhifaveg The( 19 Roughness
paper is definitelyough(19).
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A.1 Context Surrounding Critical Event

Prior to the above critical event, C and && made several observations of the
light cone using different materials beneath the container of water. From these
observations, they have concluded that the light cone phenomenon is related to the
interface beneath the container. This prompts them moscod r u c t a Snell 0s
diagram focusing on what happens to the laser beam at each optical interface at the
bottom of the container. The diagram that they have drawn and discuss in this critical

event is shown in Figure.A

Water

Plastic i
1 a‘ :

Figure A.1 The diagranthat experts C and R have drawn on the board at the start of the
critical event.

Shortly before the critical event, R has performed an obsemzhtexperiment
thatthe expertsdiscuss during the critical event. In this experiment, R removed the white

piece of paper from underneath the container and shined the laser beam directly at it. This

l ed R to wherrwey dieine the | ight off | usHi

reflecting off at a | ot of diff eaddressedangl e

further, but it becomes a focal point of this critical event.
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A.2 Rational e for Coding of Individual Resources

Below we explain our rationafor the coding of each individual resource. We

discuss our coding in the same order that the resoueeslisted in the critical event.

1. The first resource we coded for was multiple representatidfes.coded for
multiple representations because the experts wesasoning using the diagram
shown in Figure AlL.

2. Thesecondresource that we coded for was costireg cases. In this event, C is
discussingthe diagram of the light cone Figure Al. He also discusseR 6 s
previousobservation that when the laser beam hits the paper it spreadsisus
wh at he is referring to whtgingthleokaays,
b e f o rHisécomparison between the two is evident when he says that the
di agram ignores what happens when the |
get the exact same beam coming back. .. o0

3. Thethird resource that we coded for was hypothetleductive reasoning. In our
criteria for hypotheticadeductive reasoning, we said that four things should be
identified: an observation, a hypothesis, a prediction based on that hypothesis, and
a conclusion aboutow the observation relates to the prediction. In this critical
event, the observat i on previowsobselvaion thati ng d
when the laser beam hits paper, it spreads out. The hypothesis being analyzed is
the hypothesis implicit in thdiagram that C and R have constructed: when light
scatters off paper, it reflects as though it were scattering off a mirror. The
prediction is manifested in the diagram where C and R have drawn the laser beam

so that the angle of reflection of the lasearneoff the paper is the same as the
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angle of incidence. C ompares ROs observatiofmtto th
ARét hey dondét get t he s aleenakeatBisstaterhbeata m ¢ o
to justify his conclusion that the diagram, and hence their gifed] is ignoring

what happens when the laser hits the paper.

. Thefourth resource we coded for was the limitations of models. In this case, the

model is the diagrarm Figure Al. In this diagramthe laser beam follows the

law of reflection at every omtal interface. C states that there is a mismatch
between this model and the phenomeraom suggest that the model needs

modi fication when he says the fAdiagram

. In this event C and R discusgat happens when the lasbeam hits the paper

(the cause)The effectist h at Afét hey dondt get t he s
backéo It i's clear that tbhesest @miwamenent
the effectis an answer to the questiofi,Wh a t happens when the
paper ?0 The fact that he says the | ase
criterion for causal reasoning.

. When C and R say that they fAédondt get
itdéds <cl ear t hat they are refssmeonwi ng t
changing. Thi s caused us to code for
changing.

. The seventh resource we coded for was peer cognitive awareness. In this critical
event, C explicitly mentions makes referencRt6 s pr evi ous observa
. WhenCbrngs up the fact that they Aédonot

backéo and | ater says to R Aéthatds wh:
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think, o he is explicitly addressing the
did. This satisfies the seadmriterion for experimentation.

9. The ninth resource we coded in this cr.i
previous observation that the laser appears to reflect off the paper at lots of
different anglesis the observational premise that C referenaben he says
ACause thatods what you were trying to
shows that he uses this observation to
get the same | aser beam coming backeéo
happens wherhe laser hits the paper.

100.C6s reference to what R was Atrying to
referencingthe experiment R personally performed to gather knowledge caused
us to code this event for knowledge from direct observation.

11lWe codepdkcRd&d cation that when the | aser
spreads outéo as evidence that he was u
related to things spreading out.

122R6s further specification-dtehiathetdkaevalas e
somewhat contrary to his previous statement about the laser spreatlinge
coded this statement as showing evidence that the phenomenon of spreading was
somehow concentrated or localized.

13When C asks fAiso what i s t hearshfggaper doin
process which links the cause (the laser beam hitting the paper) and the effect
(that the laser beam does not come back exactly the same) that he has previously

identified. Through the discussion after this question he develops an argument
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which links this cause and effect through ghecess ofcattering off the rough
paper, showing evidence of mechanistic reasoning.

14We coded Cb6s direct attention to the po
that some conceptual resources related roughnese being used.

15.1n this critical event C is reasoning about the properties of paper. As he is doing
s o, R reminds him that paper #@Ais not a
target and the mirror 1is t heopeatesot o0g. RO
mirrors should not be transferred to paper.

16.We coded the utterance of the word mirror as evidence that R was using resources
for understanding mirrors and specifically surfaces which obey the law of
reflection. While just the utterance of thi®rd itself may not be sufficient
evidence to support this, there are several other factors that contribute to this
coding. First, the diagrai Figure Al shows scattering which obeys the law of
reflection. Furthermore, the dialogue before this stateswgyors that the
experts are reasoning using the physics specific resources related to mirrors. This
i s most cl ear whiedoweetswea tdeosn,6 tfi Wee td ot nhéet e
beam coming back, right?59

177C6s attention t o tewascddedas urther evidentewftle o f
experts using resources related to spreading.

18Whi | e @éndi ésittatsecatterso could be viewed
using resources related to spreading, we coded this as evidence of the more
physics specifiphenomenon of scattering. We coded it this way because C uses

the statement that the laser beam scatters as clarification to his previous statement.
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The statement that the | ight Ahas to be
aboutwhatthelightidoi ng whil e Ait scatterso adds
this idea in a physics specific way.

19.Again, we coded Cb6s direct attention to

evidence that some conceptual resources retatedighness were being used.
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Appendix B: Additional Epistemological Resources

B.1 Multiple Representations

Using multiple representations basically means using some means of
representation otheéhan verbal representation. Different types of representations include
mathematical equians, graphs, sketches, and diagrams. Reasoning through multiple
representations is a tool that not only helps students learn a subject better, but different
representations have also helped further advance the scientific community (Van
Heuvelen, 1991; Vamleuvelen &Zou, 2001; Etkna & Van Heuvelen, 2007). To be
coded as having evidence of multiple representations, the critical event only needed to
satisfy the single following criteria:

1. Evidence of some type of representation of information that is mbialve
communication (such as a diagram, graph, or mathematical equation) being
used or discussed in some way.

Below is a critical event which was coded for multiple representations. In this critical
event, experts S and P are discussing their predictideitedeto the second part of the
solar cell problem. Prior to this, they had developed predictions for almost all of the
different coverage scenarios, but were unsure about their prediction for the scenario
where the solar cells are connected in oppos{i@oni-series) with one of the solar cells
completely covered, while the other is completely uncovered. Previously, they believed
that it should be similar to the case where the solar cells are connected in series and

covered the same way. However, aftenticonstruct a circuit diagram, they remembered
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that the equivalent circuit for a solar cell incorporates a diode. In this critical event, P
states that he believes this should change their prediction.
S: ... I think in this case (series) these two (oneeed and one uncovered) will
be the same with these two (asdries case).
P: Thatodés what | thought.
S: Yeah.
P: But from the electric equivalent <cir
S: A diode? Where?
P: If you represent the solar cell with an equivalentudiiic
S: A what?
P

: You have a current source. Well, this is just an electrical diagram. The diode
and the shunt resistor

The alternative representation being used in this critical event is a circuit diagram and
most specifically, the equivalent circuépresentation of a solar cell. This is most clearly

evidence by Pds statement where he describ

B.2 Limitations of Models

Building models is an important part of inquiry in physics research and physics
instruction (Etkina, Warren, 8Gentile, 2006). One important aspect of model building is
understanding that models are only representations of reality and therefore have
limitations which put bounds on their applicability. In order for a critical event to be
codedbr evidence of the resource Alimitation
both of the following criteria:

1. A model.
2. Some statement that references a mismatch between the model and the current
situation. This can be:
a. A statement that the model is popriate for this situation.

b. A statement that the model is only an approximation of the situation.
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c. A statement that the model needs modification to match the current
situation.

The critical event below shows an instance where A and D show evidence of
understanding the limitations of models. In this critical event, A and D are working on
the second part of the solar cell problem. Previously, to better understand the situation, A
and D have drawn a circuit diagram on the board, which they have been ustagdn
about the problem. In this diagram, the solar cells are represented with a circle with an
arrow inside, representing a constant current generator. In the critical event, A and D

make some suggestions of how they can improve this representation.

D:Hmm. But i f itéds, if 1tdés actually a
looks like that? (adds a resistor in parallel to the current generator)
A: Yeah and therebdés a diode in there so
D: Yeah. Therre6s a diode in th
Atthe beginningpf t he event, D identifies the mode
cell é6 The Aito being referred to in this
board. This becomes more transparent when

makea change to the circuit diagram. This entire first statement serves to satisfy element
c of the second criteria. From this statement it is clear that the model of a constant current
generator that A and D have been using needs modification if it canaddiggepresent

a solar cell. The modifications that A and D propose are adding both a resistor and a

diode to the circuit element.

B.3 Mechanistic Reasoning

As described before, a framework for analyzing mechanistic reasoning has been

describd in detailby Russ et al. (2008A key addition to the reasoning process which
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differentiates mechanistic reasoning from strictly causal reasoning is the inclusion of a
process that can link cause and effect phenomenon. We have included that as our primary
criteriafor identifying mechanistic reasoning. In order for a critical event to be coded as
evidence of mechanistic reasoning, all three of the following criteria needed to be
satisfied.

1. Aninitial phenomenon.

2. A final phenomenon.

3. A process linking the initial anfihal phenomenon
The following critical event shows an example of an instance where experts S and P used
mechanistic reasoning. In this critical event, experts S and P are developing explanations
which can explain the shape of the graphs in the firstgbdhe solar cell problem.

P: é And then you start covering, so wh

way? (Cover the solar cell from the | on

exactly like this, but it seems from the graph that once you gohdtggestures

as if coming in from the short side), you effectively disable certain tiny cells,

which are in series, which kind of become huge resistors for the total current.

S: Yeah. Mhmm.

P: So you would expect that for this ki

S: YeahThe resistor$

P: Youbre gonna have everything. 11 umi

S: Mhmm.

P: And then you just block some part and make it very resistive and you see a fast

decay. And in the second case you go like this (gestures as if coniiog the

long side). And uh the arrangement is so that they still get, each one is still getting
some light.

Il n the <critical event , P6s explanation of
would lead to a fast decay is the example of mechaniasoning in this critical event.

The initial phenomenon <criteria is satisf]
gestures as if he is covering the solar cell from the top side. The final phenomenon is that

Ayou see aAproaess thatdoeides & linlobetween these two is givenP
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whenhesays fionce you go | i ke that, you effecti

in series, which kind of become hugssistors for the total curreat.

B.4 Mathematical Reasoning

Mathematics plays very important role in physics. As a result, we looked to
identify instances when the experts were using some kind of mathematical reasoning
during a critical event. There were several different things the experts could do that
would cause us to code thatical event as having evidence of mathematical reasoning.

If an event was coded as having evidence of mathematical reasoning, it satisfied at least
one of the following criteria:

1. Talking about a mathematical equation.

2. Manipulating an equation

3. Using agraph

4. Discussing a mathematical relationship between variables

5. Discussing the mathematical form of a relationship
An excerpt taken from a critical event which was coded as having evidence of
mathematical reasoning is shown below. In this critical eexperts S and P are
working on the first part of the solar cell problem. P has previously remarked that the
solar cells must be wired so that the individual elements within the solar cell are in series,
but did not elaborate. The critical event beginghvid asking P to explain how he knows
that the elements in the solar cell must be in series.

D: So how do you know that theydre conn

P: Well from the graph because in the series connection in ordgotoshould

see this kind of connectio So for each one its efficiency for individual cell is
proportional to the relative illuminated area. Right? So if you cover it completely
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with the screen it becomes a huge resi
cover it like this, [from the log side, partially covering each] its efficiency drops

by 10% and 10% for this guy, 10% for this guy. So overall, a series connection
would be a sum of contribution from each one and it would go down linearly for

this case [from the long side, each parjialbvered] and somehow very rapidly

for this one [from the short side, entire cells fully covered].

In this critical event, P very clearly satisfies two of the criteria for mathematical
reasoning. First, P immediately references the graph as the sounceidéa that the
individual elements are in series. Later, P elaborates by describing a model which he is
using to reason and then is able to develop a mathematical form for the current graph

based on his model, satisfying the fifth criteria for mathesabhteasoning as well.

B.5 Plausibility

Coming to a correct solution to a problem often relies on first brainstorming
possible solutions and then coming up with some way to test the correctness of these
potential solutions to find out which works besteTiirst part of this relies on resources
for developing many plausible ideas without knowing whether or not these ideas are
correct. The plausibility code was developed to determine how often experts came up
with ideas and acknowledged that these ideasmoaye completely correct. In order to
be classified as having evidence of the plausibility code, both of the following criteria
needed to be satisfied.

1. Discussion of an idea/model/hypothesis.

2. An individual making an explicit indication that they have matde a finite

decision about whether the idea is right or wrong.
The critical event below is an example of an instance when experts were proposing a

plausible explanation. In this critical event, experts B and D are working on solving the

S
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light cone prol@m. Expert B explains an idea about how the light could deviate from a
specular reflection.

B: Well, so, | mean, this has a naaro thickness right? The bottom, the plastic

container.

D: Yeah.

B: So it could be some sort of internal,iuBo we have manynany reflections

and transmissions going through that.

D: Uh huh.

B: Right? So like, it enters via the top surface and then kind of bounces around
inside the small plastic container and then it could come out at different angles.

In this critical event, Bdi scusses his model starting wi
refl ectionséo and ending with Aéand then i
satisfies the first of the two criteria. B
beédo Thi plicitiacgknowledgement by expert B that he is not certain whether or
not this idea is correct. Therefore, the statement satisfies the second criteria. With both

criteria satisfied, this event can be coded as having evidence of plausibility.

B.6 Inductive R easoning

Inductive reasoning is a form of logic which individuals use when they draw
conclusions based on observations that they make. An individual reasoning inductively
would begin a line of reasoning with observations acting as premises and then develop
conclusions from these premises. Using observations as a starting point is one of the
primary differences between inductive and deductive reasoning. Another important
difference between inductive and deductive reasoning is that the conclusions of @eductiv
reasoning will always be true as long as the premises are true and the individual uses
proper logic to reach the conclusion. When reasoning inductively, it is possible to reach

incorrect conclusions even if your premises are true as a result of an @nprop
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generalization. When we coded a critical event for inductive reasoning all of the
following criteria needed to be identified:

1. A statement based on observations that acts as a premise.

2. A conclusion derived from that premise.

3. A linguistic link showing ewulence that the conclusion is based on the

premise.

In the excerpt below, all three of these criteria were satisfied. This critical event finds
experts C and R at an early stage in their efforts to understand the light cone
phenomenon. Up to this point, thbéave not identified a possible locale to focus their
attention. Just prior to this critical event, they have just observed the light cone at many
different angles of incidence of the laser beam. In this critical event, they discuss how
observations thahey have made of the light cone at many different angles of incidence
of the laser beam lead them to propose a possible locale.

R: € The fact t hat the angle of t he coc

angles of the laser] makes me think that it [tiglitl cone] has something to do

with the, the

C: Interfaces?
R: Yeah the interface since the

C: I nterfaces 1 snd6t changing. I nterface
R: Mhmm.
Rés first statement, that the fiangl @ of th

as the premise in this line of inductive reasoning. The conclusion that C and R both reach
is that the interfaces play some part in the overall phenomenon, evidenced by the
agreement they reach in the middle of the passage. Finally, R links thesethmhevi

phrase AThe fact thatémakes me think thate
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B.7 Knowledge from Direct Observation

While more complex epistemological resources, such as inductive and
hypotheticedeductive reasoning processes can be used by experts while solving novel
physics problms, it is also possible that they make use of simpler processes as
epistemological resources as well. Knowledge from direct observation is one such simple
resource that is likely available from an early age to young children as a way of
understanding howraindividual can come to know something (Hamm&eElby, 2002).

The following criteria were developed to capture moments when individuals appeared to
make an effort to gain knowledge through observing a phenomenon directly, convey
knowledge through showingomeone else directly, or show some evidence that they

believed observing a phenomenon directly was important. For this code, only one of the
following criteria needed to be satisfied in order for the passage to be coded as having

evidence of knowledge fro direct observation.

1]

1. A reference to seeingod something happ

2. A reference to Al ooko at the experi men

3. Evidence of prolonged eye contact with the experiment as a statement about
the experiment is being made related to observations.

4. Reference to data that has been gathered or an experiment that has been
performed and the fact that it was personally gathered and observed by the
participants

The following piece of dialogue is a critical event that was coded as having evidence of

knowledge from direct observation. In this critical event, experts B and D are working

towards solving the | ight cone probl em. Pr
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brainstorming possible causes for the light cone, with D writing ideas on the oloided

B was continually experimenting. The critical event begins with B stating that he believes
the |ight coneds shape is unaffected by hi
does so by directly showing him.

: Because | 6m epengenae gfthe dcomersltea@es an 1 nd

: (sits down and focuses on experiment
he conebs shape?

B: Yeah so see, watch this, right. (begins shining the laser into the water,
scanning through various angles) The cone is muckmwidyht, than the incident

and reflected angle.

D: Ok.

B: Right. But then if we do this way, I

B
D
t

There are several parts of this critical event which show evidence of knowledge from

direct observation. The first, mostcleaut pi ece of evidence I s W
so see, watch this, right. o B then proceed
this statement, B specifically says to D i

the majority of the critial event, B and D are both making eye contact with the
experiment while talking about the observations they are making. As a note, B simply
could have told D that when he changed the angle of the laser beam the cone did not
change, but felt that it woulde more convincing if he were to actually show this to D

first hand.

B.8 Attention to Novelty

One aspect of expertise is the ability perceive important elements of a scenario
that novices do not (deGot, 1965; Bransford et al2000). For example, expearhess
players are able to identify tactically significant positions of chess pieces much more

effectively than novicesQhase &Simon, 1973). As a consequence of this, we were
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interested in identifying when experts made mention of something catching their
attention. We found that this happened three different ways which we incorporated into
our criteria for this resource. The criteria were that a critical event should show evidence
of:

1. Discussion of some intuitive expectation not being met.

2. Explicitly mentioning that something is interesting.

3. ldentifying that something is confusing.
A critical event need not satisfy all three of these criteria, but rather only needed to
satisfy one of the above criteria to be coded as having evidence of the attentiortio nove
resource. Below, we present a critical event where we found evidence of the experts
paying attention to novelty. Prior to the critical event, A and D were trying to gain a
better understanding of how the solar cell used in the first part of the slarablem
was constructed. In the critical event, D notices that it appears like a metal strip connects

both the negative and positive terminals within the solar cell and A and D discuss this.

D: l 6m just, | 6m j ust a |ke thetohes [metaln f us e
strips] on top go everywhere. Like it goes, | mean, to the positive and negative
terminals.

A: Well it must, this must be insulated here, there must not be a connection there.

D: Hmm. Cause it | ooks | i kbeth dof thhaamégpe a h i
everywhere. No, no. Thatdos this guy.
that looks like metal to me.

A: It does |l ook | i ke metal, but it cano

those things in electrical contact with eacheoth

Both the first and the third criteria are met in this critical event. First, D explicitly states,
Aldm just a little confused about why it |
use of the word confusing in this utterance shows clear evideat&e finds something
confusing. Furthermore, it is clear from

have those things in electrical contact wi
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that positive and negative terminals of a circuit elememiulsh not be electrically
connected. A makes this statement in respo
be interpreted as him voicing concern that this expectation, that positive and negative

terminals not be connected, is not being met.

B.9 Analogical Reasoning

Analogical reasoning is an important tool for both scientists (Hesse, 1966;
Hoffmann, 1980; Dunbar, 199%nd educators (Glynn, Law, & Gibson, 1994; Glynn,
Duit, & Thiele, 1995). As defined by Glynn, Duit, and Thiele, an analogy is a way of
transferring ideas about something you are familiar with, an analog, to something you are
unfamiliar with, the target. A comparison between the two, called mapping, allows an
individual to draw out common features between the analog and the target. \6kiag lo
for evidence of analogical reasoning, we looked for evidence of all three of these
features, an analog, a target, and some form of mapping between the two. Specifically,
the criteria we established that must be satisfied for a critical event todeel
analogical reasoning are:

1. Can identify a physical scenario or object that serves as the analog

2. Can identify a physical scenario or object that serves as the. target

3. Presence of a phrase that links the two in such a way that meaning is

transferredrom source to target without saying that the target literally is the
source. The phrase can also be negative and link thentsoch a way that

meaning canndte transferred.
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For a critical event to be coded as having evidence of analogical reasohthgeealof

the above criteria must be m8elow is an excerpt from a critical event that was coded
as showing evidence of analogical reasoning. In this critical event, two experts, A and D,
are working on the first part of the solar cell problem. At gomt they are discussing

their understanding of what happens when you cover the solar cell from the long side.

D: So, youor e, you assume that current
decrease the area youdre going to decre
A:lInt hat situation, yeah. Because then it
this way and wedre effecting all t he ce¢e

the cell smaller.

In this critical event, A shows evidence of analogical reasoning. Firstikeeabout the

situation that theydre discussing, fnéwedre
equally. o This situation serves as the t
under stand. The wutter ance, heamlagkn thigcrittah e c el
event and the phrase fithen ités basically

B.10 Experimentation

Experimentation is an important part of any scientific endeavor. In order to
determine whether or not experimentatisds important during critical events, the
following criteria were developed to evidence of experimentation. For a critical event to
be coded for experimentation, it did not need to satisfy all of the following criteria, but

did need to satisfy at least@n

1. Actually carrying out an experiment
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2. Directly talking about a hypothesis that waspportedor disproven by
performing some experiment or the results from personally doing an
experiment.

3. Discussing a new potential experiment that they could do andyboweould
test your hypothesis from the experiment with intent or evidence of taking

data.

The following excerpt was coded for evidence of experimentation. In this excerpt, M and
P were working on the second half of the solar cell problem. They had mivinade
predictions for the different arrangements and coverings for two solar cells connected
together. They had been shown the actual measurements for the various scenarios and
were trying to figure out why there were discrepancies between their pyediend the
measurements they had been shown. In the critical event below, they are trying to figure
out a way to better understand the solar cells they are working with.
M: Uh, my concern is that if we do this experiment right? With all internal and
extanal resistances given, can we detect how the voltage for a single cell depends
on uh this coverage sideways? Uh, so, can we please turn on the light? (Begins
setting up some of the equi pment) Just

with, right? Ok so tis is voltage. (performs initial side to side experiment) It
changes.

In this critical event, M proposes and performs an experiment. In this experiment, a solar
cell is connected to a voltmeter and the potential difference across the solar cell is
observedas the solar cell is covered from the side at various covering percentages. In the
video, it is also very clear that M actually performs the experiment. This satisfies the first

criteria for coding a critical event as having evidence of experimentation.
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B.11 Sense Making

Another important aspect of metacognition is sense makimgh is in turnan
important part of building a solid understanding of a topic. As a result, we wanted to look
for moments where the experts identified whether or not an idgawéee discussing
made sense or not. To identify these moments we used the following criteria:

1. Discussion about some idea/model/hypothesis.

2. A statement related to whether or not that idea/model/hypothesis does,

doesndt, or should somehow make sense

The except from the critical event below was coded as showing evidence of sense
making. In this critical event, experts A and D are trying to solve part 1 of the solar cell
problem. Theydébve previously identifited tha
During this excerpt, A an® notice that there is a silver strip which appears to run from
the positive terminal on the solar cell, across the tops of all the elements within the solar
cell, and connestto the negative terminal of the solar cell. Thiegn discuss this.

D: |l 6m just, l 6m just a Ilittle confusedc

everywhere. Like it goes, | mean, to the positive and negative terminals.
A: Well it must, this must be insulated here, there must not be a connectien the

D: Hmm. Cause it |l ooks | ike theéyeah i
everywher e. No, no. That s this guy.
that looks like metal to me.

A: I't does | ook | i ke met al theyowmouldhavée cané
those things in electrical contact with each other.

D: No it doesndét make sense, but 1 6m ju
it?

The excerpt starts with D stating the model that he has inferred from his observations of
the solar celwhen he says, néit |l ooks | i ke the o
goeséto the positive and negative terminal

satisfies the first criteria for this code. At the end of the excerpt, D addresses whether or
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nothef eel s this model makes sense when he st
just wondering, how can we make sense of i
code.

B.12 Hypothetico -Deductive Reasoning

Hypotheticedeductive reasoning is a reaswy process at the heart of many
scientific discoveries, including Galil eobd
By analyzing Galileobds report of his disc

identify some key f emng process whghfibthet hypGilaetico | e 0 6 s

deductive reasoning process. Lawson descr.i
process as:
A( 1) making a puzzling observation, (2

formulating one or more hypotheses, (4) gstnhypothesis and an imagined test

to generate expected results/predictions, (5) making actual observations and
comparing them with the expected observations, and (6) drawing conclusions as

to the extent to which the initial hypotheses have or have rmnbe support ed
(Lawson, p. 9, 2002)

To determine whether or not a critical event shows evidence of hypotdeticwtive
reasoning, we have condensed and adapted t
that must all be identified:

1. An observation that iseing discussed.

2. A hypothesis under analysis.

3. A prediction based on that hypothesis.

4. A conclusion about how the observations relate to that prediction.
Below is an example of an excerpt from a critical event that shows evidence of

hypotheticedeductive rasoning. Prior to this critical event, C and R have been
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developing a model to explain the light cone using a critical angle argumeit.idéee
was that after light is scattered off the paper andnters the container, the transition
from one optical radium to another upon entering into the water would cause certain
incident rays which were beyond the critical angle to be cutoff and would-eoteethe
water. In this critical event, R objects to this model.
R: Right. I 6 m | us tumtbecgusethe wayove detithisupg e o ut
C: Mhmm.

R: You should be able to get, um, light coming off in all directions still. Through
the water instead of just some specific angle.

e
C: You have some point and itodosalgoing
directions to make this halo, right?

R: Mhmm.

C: But beyond this crit whatever, uh, if we say this is the norfidl her eds som
critical angl e. So anything beyond that
back.

R: Right, b u tclose to ¢hat o ghbutd@at something coming off
almost parallel to thé

C: Oh! 1 see what youodre saying.

R: To the surface of the plastic. Which
C: So youdr e $ Xeah Vay vergeclosedfehd is the critical
angle hen you should see something like that

R: Yeah.

C: That, that, and that. So we should b
R: We should still geit

C: Hemisphere instead of a cone. Thatoés

In the excerpt, the light cone itself is the observation that satitsfesfirst criteria. While

this goes wunmentioned for most of the exce

getting aéhemi sphere instead of a cone. 0 T
when he says, Néethereds bemendrithiatalyoan gvl
t hese wil/l just get refl ected back. o6 The g

should get something coming off al most par
immediately followed withi Whi ch wedér ® @dTbi sseeiangment i d

predictions do not match the observations.
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B.13 Relative Value of Knowledge

One way in which experts are different from novices is that they have
Aconditionali zedo t HeGlaser, 8992y Bransfaey &, 2Q0@H.i mo n ,
This means that they not only have accumulated a vast storage of knowledge, but also
that they have an understanding of the contexts in which their knowledge is appropriate.
They understand that different pieces of their knowledge are veluabdifferent
situations. In this study, we attempted to identify moments where this conditionalization
of knowledge was addressed explicitly by the experts as it related to the value of a certain
idea when solving the problem at hand. We decided tleafiolftowing criteria should be
to identified to classyf a moment under this category:

1. Discussion of an idea/model/hypothesis.

2. An individual making some comment about the importance or usefulness of

that idea.
The following excerpt is taken from a criticavent that was coded for evidence of the
relative value of knowledge. Prior to this critical event, experts M and P were trying to
address discrepancies between their mo d e |
problem and the results to the expemin@s it had been presented to them by the
intervi ewer s. | mmedi ately prior, theyobve i
cells as current sources. In this critical event, they make a comment about the usefulness
of this idea.

M: € So wheats aywiung i s that, uh, Il &6m not

current sources connected in series. The current source is nothing but the voltage

source with a very large internal resistance. Roughly speaking. Uh if you want to
maintain current, rigf

E: Mhmm, mhmm.
M: The internal resistance much greater than the load.
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E: Circuit, right.

M: So I dm not sure that this is a const
I n this critical event, M begins by discus
surces connected in series.o This is the i
After discussing this idea for a bit, he s
that this is a constructi vhne tahpaptr ohaecbhs inno tt h

that treating a solar cell as a current source is productive satisfies the second criteria for

this code.
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