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Abstract

This paper presents a theoretical model of thegwe® by which students construct and
elaborate explanations of a scientific phenomersamgwisual representations. The model
describes progress in the underlying conceptuagases evident in the students’
explanations as a reorganization of fine-grainealkadgeelements based on the Knowledge
in Pieces perspective (diSessa, 1993). Pairs déntg, aged 10-14 years, engaged in
activities that required them to generate and eltbwisual representations to explain
scientific phenomena. The core case study invodvpdir of 11-year-olds (fifth graders) who
generated visual representations to explain thegshaf the moon and collaboratively
elaborated and improved their representations gpleations. The model describes the
process of developing explanations as consistintgitions of temporarily stable stages,
interpreted as temporary plateaus of coherencepiidgression from one temporary coherent
structure to the next is described as the increBResolutiorand/or the increase &fangeof
coherence underlying the explanati®esolution and Range are two newly defined
theoretical constructs of the model. The model antofor the continuity in the students’
developing understandirfigbm a rough intuitive to a more advanced undedstagjand

highlights the productive nature of their intuitikeowledge resources.
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This paper proposes a theoretical model of thega®by which students construct
and elaborate explanations of a scientific phenamnday generating visual representations
and reasoning with them. The working assumptidhas explanations are external
manifestations of the current state of understagydind, therefore, changes in explanation
provide cogent data on changes in underlying canedipation. The theoretical model
intends to account for the real-time generatioaxgflanations and their progression from
primitive to advanced, and to describe the con@mtynamics underlying this process.

To introduce the main issues set out in this pddeegin by illustrating briefly the
conceptual phenomena accounted for by this moakhaghlighting two focal questions
relevant to this investigation.

During the research sessions students were agldrdw visual representations (a
diagram, detailed drawing, sketch) explaining thages of the moon. The students produce
drawings and then use them to explain the phenom&nothers, and in so doing, they rely
on their knowledge resources. It may be assumédhbatudents had knowledge resources
from a variety of sources. For example, they knemething about the moon’s appearance at
night and during the daytime based on direct pexisoipservations. Because basic science is
part of the Israeli curriculum, they probably atsmuired some factual knowledge about the
moon’s revolution around the Earth and the Eantbtation on its axis. They might also have
incidental knowledge, such as the memory of a pacitu a science book they enjoyed.
However, when asked to explain the phases of thenmmtall the students’ relevant
knowledge resources are activated. Some are igmorgidhply not elicited even though there
may be evidence, from other contexts, that thesavledge resources exist. Some knowledge
resources may be more important to the studentdtieers. In any case, the students draw on

available knowledge resources to produce explamatioat, perhaps for the moment, feel
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satisfying to them. The first focal question isréfere:How do we capture, in a realistically

complex form, the conceptual structure behind sttgl@xplanations?

The students in my research sessions worked ra.paitially, they worked alone on
generating a personal explanation and drawing.rl btsked them to discuss their drawings
and explanations together and then develop shepdgentations and explanations. |, as the
researcher and the session instructor, occasiostaihpped in to challenge the students’
explanations, to ask questions, and to initiateudisions on various points. This process
involved students in providing a series of explaet in which they changed and refined
their reasoning. Observing students during thisgse, the general impression was that each
explanation felt satisfactory at the time and b@ttan previous ones. The second focal
guestion therefore i$iow do we describe the conceptual dynamic behiagtbgression of
explanations?

The model developed here seeks to provide helpfiubcessarily incomplete,
responses to the two focal questions outlined abdavibe next section, | use the two focal
guestions to help highlight and position the redlean science and mathematics education

relevant to the current investigation.

BACKGROUND

1. How Do We Capture, in a Realistic Complex Faim,Conceptual Structure
Behind Students’ Explanations?

The first question concerns the conceptual straataderlying students’ intuitive
explanations and the way conceptual resourcesuget &nd used in these explanations. The
fundamental constituents and attributes of studenttgtive knowledge are central issues in

conceptual change research (e.g., Carey, 1988; N¥&ISessian, 1989; Strike & Posner,
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1990; Vosniadou & Brewer, 1992; Wiser, 1988; arffedisa, 1993). Conceptual change
research is commonly divided into two theoretiaaispectives: “knowledge-as-theory” and
“knowledge-as-elements” (Ozdemir & Clark, 2007) ntdvledge-as-theory” generally
describes intuitive knowledge as coherent, systienatid even theory-like; the “knowledge-
as-elements” perspective sees intuitive knowledgdi\gerse, fragmented, and of limited
coherence.

In general, “knowledge-as-theory” perspectivesiartipat learners have well
developed coherent structures grounded in persigtgalogical and epistemological
commitments (Posner, Strike, Hewson & Gertzog, 1$8&ke & Posner, 1990; Carey, 1985;
Vosniadou & Brewer, 1992; Vosniadou, VamvakoussEopeliti, 2008). These structures
are unconsciously developed as a result of dafye&nces and have the explanatory power
to make consistent predictions and explanationssaalifferent domains.

According to the “knowledge-as-elements” perspegtstudents’ understanding
consists of collections of multiple quasi-indepemdsgements. DiSessa’s “knowledge in
pieces” (KiP) theory (diSessa, 1993) is the leadkmpwledge-as-elements” account and has
been extended by other researchers (e.g., Sheakpiski, & Lee, 2012; Hammer, Elby,
Scherr, & Redish, 2005; Parnafes, 2007; Wagner6 2@0key commitment of KiP’s
epistemological view is the claim that the intugti;onceptual structure of the student is a
complex system. Different KiP theories describe plax conceptual ecologies (diSessa,
2002) with a wide diversity of fine-grain “pieced hese intuitive knowledge pieces are
context sensitive so that focusing attention ofedtint aspects, questions, and settings of a
given scientific phenomenon can cue different meafeknowledge and hence different
explanations.

The present research seeks to contribute to theeptual change literature and in

particular to extend the knowledge-as-elements ) liéPspective. It examines the
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progression of students’ explanations in a way thatures the complexity and diversity of
the knowledge resources on which the students drel\provides a detailed description of

the changes in knowledge resources populatingdhstaiction of an explanation.

2. How do we Describe the Conceptual Dynamic Unyilgglthe Progression of
Explanations?

This question concerns the dynamics and changée iconceptual system that lead
to shifts and progress in explanations, from aipres/satisfying explanation, to another,
even better explanation. In addition to the quastibthe nature of intuitive knowledge
discussed previously, conceptual change reseasoleabhmines the process of development
from a naive understanding to a more advancedtf@amderstanding (recent perspectives
are presented in tHaternational Handbook of Research on Conceptuargje Vosniadou,
2008). How does intuitive knowledge change and ldgvimto normative knowledge? How
does an advanced explanation develop from a lassadd or primitive explanation?

Generally speaking, proponents of the “knowledgi¢h@ory” perspective argue that
students’ relatively coherent knowledge structunay be subject to radical change through
various mechanisms, some of which require the ceph&nt of prior conceptions. For
example, corresponding to Kuhn's (1962) notionashdigms shifts, Posner, Strike, Hewson
and Gertzog (1982) and later Strike and PosnerQj19eggest that a new conception can
replace an existing one if the new one is intédligj plausible, and fruitful. Carey’s (1985)
concept of radical restructuring, defined as a @semf abandoning an old conception and
replacing it with a new one, aligns with this view.

Consistent with the “knowledge-as-theory” perspecis the view that students’
knowledge consists of conceptions, some of whiehnapng. Pfundt and Duit (2009)
reviewed over 8000 studies, most of which charasdrstudents’ knowledge as involving

incorrect conceptions of mathematical and sciengifinciples. Conceptions (and
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misconceptions or intuitive conceptions) are thdugdtas robust, intact elements of cognition
that demonstrate resistance to instruction andigirahe process of conceptual change often
become replaced by more normative conceptions.

The “knowledge-in-pieces” perspective views cotigapdevelopment differently.
Learning is conceived as the reorganization armbrgextualization of the pieces of a
student’s conceptual repertoire. The pieces thamsealre potentially productive building
blocks out of which new knowledge can be constdi¢Bmith, diSessa & Roschelle, 1993),
and thus in general, are not replaced.

KiP researchers often investigate learning andnasgisms of learning with reference
to small time-scales and multiple stages (e.g.&fasn 2007; I1zsak, 2005; Wagner, 2006).
Hammer, Elby, Scherr and Redish (2005), for exang&inguish a manifold ontology from
a unitary ontology. A unitary ontology takes aruitive conception or misconception as a
cognitive unit and investigates what happens fchanged, replaced, etc.) A manifold
ontology, on the other hand, might accept someception-level” description of knowledge,
but might also decompose a conception and andigzergganization of its fine-grained
components and how they are reassembled as a cha@aeaed understanding.

The model presented here seeks to describe tleepmal dynamic underlying the
progression from less to more complex explanatifsog) naive to more normative
understandings. It was developed in dialogue viighKiP general framework and, again,
seeks to extend that framework by developing a rdetailed schematization of the
generation and elaboration of explanations, esjhetiese using visual representations.

The two focal questions that frame this inquiryl wontinue to serve as the backdrop

for this investigation and | return to them throaghthe study.
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DEVELOPING EXPLANATIONS, DEVELOPING UNDERSTANDING - A
THEORETICAL MODEL
Overview

The theoretical model described in the paperagtioduct of fine tuning multiple
iterations of development and application of neotietical constructs to the data corpus.
The model describes the underlying conceptual dynafithe development of explanations
as a progression of temporary coherent structdrastivated knowledge elements. A student
trying to understand a phenomenon goes throughtibeis of explanations, with temporarily
stable stages of comfort and satisfaction in betw@&his comfort is interpreted, within the
model, as a temporary plateau of coherence. Thgrgssion from one temporary plateau of
coherence to the next (judged-to-be-better) isasttarized by an increase in tResolution
and in theRangeof coherence underlying the explanations. Follgwga detailed
description of the main features of this modelalamr temporary coherence, the
epistemological status of knowledge pieces, typdsmiowledge pieces, and tiesolution

andRangeof coherence.

An Explanation as Local Coherence

A student’s (temporary) explanation is viewedhis tmodel as a collection of
activated knowledge pieces that the student fé@eisgether, and hence the explanation feels
sensible and satisfying. Versions of this viewsupported by other theorists. The
Node/Mode framework (Sherin, Krakowski, & Lee, 2D#&as developed to study a very
similar phenomenology to the current study, nantedyconstruction of scientific
explanations by students during clinical interviessnong other matters, this framework
examines the question of student convergence anfispexplanations. The framework
conceptualizes student reasoning as drawing oroskt®wledge pieces called Nodes. These

nodes produce temporary explanatory structurese@iynamic Mental Constructs
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(DMCs), which represent the underlying concepttraictures of a student’s explanation.
Their analysis showed that when explaining the@esaand climate, students assembled
different DMCs into different explanations, shiffibetween explanations from one moment
to the next. One of the principles related to thesgion of “convergence,” namely why
students’ explanations consolidate around a spddMC, is that students feel the
explanation should be consistent with all the kndaats.

Thagard (2007) elaborated the idea of consistencpherence and modeled a way to
weigh and judge the quality of scientific explanas. He defined coherence as “a relation
among mental representations, including sentehkeepliopositions and also word-like
concepts and picture-like images. Coherence islaagkelation among a whole set of
representations, but arises from relations of aaes and incoherence between pairs of
representations” (p. 29). Thagard (2000, 2007) gsep a computational and naturalistic
account of coherence. He maintains that mentalexiésican cohere (fit together) or incohere
(resist fitting together), and that the problentofierence consists of dividing a set of
elements into accepted and rejected sets in aledyrtaximally satisfies multiple
constraints.

Thagard is mainly concerned with scientific knosige and not with students’
explanatory resources, which is the particular $ogfuthe present model. Focusing on
scientific knowledge rather than on individual’sokviedge entails an important difference
between Thagard’s perspective and the current muitlekegard to the activation of
knowledge and its availability. Thagard’s computaél model suggests looking for an
optimal set of cohering elements from among thevait knowledge elements, claiming that
maximizing coherence is a matter‘ohaximizing satisfaction of a set of positive and
negative constraints” (Thagard, 2000, p.15). Theetit model, as well as that of Sherin et al.

2012), suggests that knowledge pieces are cuedriigxt and are not “available” at all
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times. Hence, some knowledge pieces are cued pgdfis context and setting and form a
temporary coherence, while other, different knowkegieces, are cued as the activity
unfolds, because of different contextual cues anch fa different temporary coherence.

Despite the differences, Sherin et al. (2012) sagthat the idea of coherence as an
underlying relation against which explanations lbanudged may be relevant to students’
developing explanations.

The terms “coherence” and “consistency” are atge concepts of the “knowledge-
as-theory” view where knowledge structures are idemed stable across various contexts
and situations. In contrast, the consistency ahe@m@nce of knowledge pieces in the present
model resembles what Hammer et al. (2005) ternaxhlicoherence.” Local coherence
means that the activation of knowledge pieces anddtion of specific coherences are
context sensitive. In one particular situation @erknowledge pieces may be cued and
activated and a specific local coherence formddwamoments later, triggered by a different
context (e.g., a different question, a drawing shgva different representation), another
explanation may be constructed based on a difféoeat coherence. Sherin et al. (2012)
developed a similar notion within an interview aaxtt A DMC is a temporary conceptual
structure underlying an explanation that may extwbnsistency within its nodes but which

may shift to a different DMC as the interview urnfsl

Epistemological Status of Knowledge Pieces

Susan Haack (1993) argues that not all knowletlgaents make an equal
contribution to the justification of beliefs andattsense experiences deserve a special, if not
completely privileged, role. Personal experiené@sexample, are often taken to be
irrefutable.

More generally, Sherin et al. (2012) note thatlstus may rely on certain

explanations if they attach a high degree of imgare and reliability to particular, even
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idiosyncratic, knowledge pieces, and may make figdin explanation that incorporates or is
consistent with that knowledge piece a priority.

Kapon and diSessa (in revision), studying studee&soning induced by
instructional analogical sequences, follow on tbgam of priority in the knowledge-in-
pieces model (diSessa, 1993). They claim that egpilens are accepted or rejected on the
basis of an individual’s prioritized conviction a@rning the knowledge pieces that are
invoked. Thus, knowledge pieces that are felt tod¢ain are said to have high priority, and
those that are plausible but not indubitable aseidieed as having low priority. They
distinguish between intrinsic priority and contedtpriority. The former is the degree of
inherent confidence in a certain knowledge piend,the latter is the degree of confidence in
the applicability of the knowledge piece in theskgnt context.

In line with these arguments, the current modelvgi the stability and persistence of
an explanation as determined to a great extertidogpistemological status that the student
implicitly attaches to some of its components. Masance in epistemological status implies
that when constructing explanations students megepee higher-status knowledge pieces as
incontrovertible, and make other pieces fit in whlbm—or if this cannot be done, exclude

them.

Knowledge Pieces Underlying the Explanations

In order to track the organization and reorgaroradf a student’s explanations, the
explanations need to be decomposed into fine-gilaefements—pieces of knowledge.
Knowledge pieces may be classified into differeategories to capture their different
properties within the dynamic interaction. Drawingm the larger literature on cognitive
structures, the categories of knowledge pieces imse¢tle model | develop here are:
propositions, general schema, mental models, amiarienages (see the Appendixjhe list

is not meant to be exhaustive or exclusive buttional: These are the categories of
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knowledge pieces that capture much of the conckegyumamics involved in the case study in
guestion of students’ reasoning about the phastseahoon.

Propositions Propositions are knowledge elements in the fdroeclarative
sentences, which claim that a given state of affigitrue. The content of propositional
knowledge can be acquired in several ways:

» Learned facts — Facts can be learned at schoa, Ifioks, through interactions with
adults, siblings, or friends, and from any otheiorgce that the learner considers
reliable. For example: “The moon orbits the Eanti30 days,” “Light travels in
straight lines.”

* Incidental personal knowledge — Some propositisadased on personal incidents.
For example, a student who used to phone her grathémin America knew that
“When it is day in Israel, it is night in the U.S.”

» Direct personal experience — These are proposibased on direct sensory
experiences involving aspects of the phenomenaneXample, students provided
statements based on their own direct experiendégre are days when the moon can
also be seen during the day,” “The shape of themub@anges gradually.”

General schemasCommonsense knowledge is usually construed asllasgeneral
schemas—general abstractions that provide a sémssvahings in the world work. One
subset of the general schemas identified and edédxbin the present study is diSessa’s
phenomenological primitives or p-prims (1993). By are taken to be simple generalized
abstractions generated from students’ experiendepplied to a wid®angeof phenomena.
A prototypical example is the “Ohm’s p-prim,” whiskates that more effort begets more
results and that resistance to effort begets Emdts. The Ohm'’s p-prim applies to many
different circumstances, including moving objeqsghing harder causes greater speed) and

personal psychology (if you make efforts in yowdsés you will gain higher grades).
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Some of the general schemas identified in the al@ar may well be p-prims, but
some of them are not. For example, when a studé&sithat the moon is illuminated in a
specific way because the sun shines on the moohgdintdl its surface, | would suggest he is
relying on a general schemaltd@iminating (how a source of light illuminates the surface of
an object)llluminating does not have critical characteristics of a p-ptmparticular, p-
prims are non-propositional and self-explanatongmsthing happens because “that’s the
way things are.”llluminating on the other hand refers to a spectrum of gekemkledge
claims students make about light—they make gestarssow how the light travels and
illuminates an object, they explain that light &ts/in straight lines, and that it can reach only
some parts of an object and not others. In any, chseacterizing general schemas as p-
prims or non p-prims is not an objective of thisdst, and it is not necessary for utilizing the
model to trace the evolution of explanations. Whatportant is to identify that a
knowledge piece of a distinct and recurrent gersgrattural form is invoked at a particular
moment and shapes students’ thinking. Therefarkpbse to use the less specific category—
general schema—that includes p-prims as well aar gibneral abstractions, which capture
the salient aspects of the relevant patterns afghb

Mental models In cognitive science much has been written abwerital models
(e.g., Gentner & Stevens, 1983; Johnson-Laird, 1983he current theoretical model, a
mental model has a specific, limited meaning. Miemiadels are mental representations of
real or imaginary situations that show analog priog® (e.g., properties of a visual
presentation) and also are “runnable,” that isy tten be the basis of an internal simulation
that predicts future states. Mental models candostcucted from perceptions, the
imagination, or understanding a discourse (Cral3). Figure 1 represents simple visual
representations generated by students that funaionental models. Although the

illustrations are static, they typically refer tgndmic systems capable of assuming different
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states and arrangements. In the current theoraticdel, general schemas are usually applied
together with mental models to produce inferenEes. example, the general schema of
llluminating can be applied to the mental model of the moorbg around the Earth to infer

how the sun illuminates the moon at different pointthe moon'’s orbit.

\/7

> ()3
K
r@

Figure 1 - Examples of visual representations shgwbome of the mental models used in the anal@sighe

right: "A certain constellation of the sun-Earth-anowhile the moon is observed by a person standing

different locations on Earth," and, on the lefth€Tmoon orbits the Earth.”

Mental images Mental images are static mental representatibnsab or imaginary
experiences of perceiving an object when the oligaubt actually present to the senses.
Students may recall specific drawings they have ¢&ech as textbook drawings), or objects
they have seen (the moon, as seen last night).dVliemages are quite similar to mental
models, but convey useful static information withthe need for runnability. A summary of

all knowledge pieces used in the current analgsavailable in the Appendix.

External Resources: Visual Representations

An important external resource is physical drawirgrawings work like mental
models but operate in cases that are too complmatge all the details internally.
Additionally, drawings are conversational objeatsuad which students can negotiate
meanings. In cases where drawings provide the arahor for an explanatory activity, they
may play a significant role in shaping the concaptlynamics of that activity: Once a
drawing is constructed it becomes part of the cptuz dynamics; students refer to aspects

of the drawing, gesture on it, draw attention sodiétails, and so forth.
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Increasing the Resolution and/or Range of an Exgtian

The present model attempts to describe the deveppai student understanding about the
phases of the moon using visual representatiorsiwb main constructs for describing this
development are thiResolutiomrandRangeof the explanation (diSessa, personal
communication). The progression from Explanatiom (the judged-to-be-better) Explanation
Il is regarded as increasing tResolutionof, and/or widening thRangeof, the local
coherence underlying the explanation.

Resolution.Resolutiorrefers to the level of detail of information in explanation.
Students’ applications of general schemas to membalels typically involve variable levels
of Resolution For example, a careless and casual applicatiangeheral schema to a
specific mental model may lead to imprecise infeesnwhile a more attentive-to-detail, and
careful application may lead to more accurate erfees.

The following example from Gale, a fourth gradedsint” will help to demonstrate

the construct oResolution

Example: Resolution of Explanation - What CausesStason$sale was asked to
explain why there are seasons—why is it cold interiand warm in summer? Gale was
silent for a few moments and then said she just'dichow and had no idea. But suddenly
she exclaimed, “AH!! 'VE GOT IT!” and drew an giise with one side closer to the sun and
another side farther from the sun (FiguEgr@r! Reference source not found). She then

explained: “When the sun is far away it is cold] avhen it is near it is warm.”
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Figure 2 — Gale explains the seasons

This example demonstrates the potential for imipigpan explanation by increasing
Resolution Gale’s explanation is common among children dsageadults. In this
explanation a few knowledge pieces were cued:

* Proposition (based on common knowledge and dirgmtrégence)it is cold in winter
and warm in summer

* General schem&loser/Farther(closer is stronger, farther is weaker);

* Mental model (enhanced by drawinghe Earth moves in an elliptical orbit around
the sun

This explanation seems to cohere and all the piess fit together. However, the
pieces fit together only at a IoResolution The Earth is considered to be a point in spaat th
orbits the sun, ignoring the fact that it rotatesrg day, and that different countries have
different locations on it. If a mental model abthe rotation of the Earth, as well as the effect
of the sun on different countries facing the sumensonsidered, Gale could have said that:
When the sun is far away it is cold in all courdriand when it is near it is warm in all
countries. For whatever reason, however, she daasse that level dResolutionn this
specific explanation. If she had, it might havedccagpotentially conflicting) proposition
about different seasons occurring in different tacn Earth, leading to the need to adjust

the explanation.
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Range.An explanation’®Rangerefers to the extent or scope of the contextsttieat
explanation coverd better explanation should account for as mamgecds as appropriate.
The same example of Gale explaining the causesasiosis will also help to demonstrate the

construct oRange

Example: Range of Explanation - What Causes thed®saConsider again the
explanation, given by Gale: “When the sun is faagvt is cold, and when it is near it is
warm.” When additional contexts are consideredraawl knowledge pieces are cued the
collection of knowledge pieces might no longetdigether. Gale seems to consider in her
explanation only the context of one specific coyifprobably the one she lives in). She does
not consider other countries, and in fact, she do¢scknowledge that there are different
countries and any variation in seasons they magréxce. She may or may not know that
there are countries in which the seasons are depbsin what she experiences in her
country. Even if she does know this factual infotiora (either from experience or other
indirect means) this piece of knowledge may noaveglable to her at this time. This piece
can be introduced by an instructor or by a peergkample, by mentioning a trip to South
America, where the seasons are just the oppositdaf we experience) and challenge the
coherence of the lowdRangeexplanation. Her explanation would not be coheasyimore
if she considers that the northern and southerridpdrares have opposite seasons. This
would be a widening of thRangeof explanation—from considering the context of one
specific county, to considering many different coias.

Comparison with Thagard’s (2000, 2007) model gflamatory coherence is helpful
to clarify these two constructs. Thagard arguet gbntific theories could progressively
approximate truth if they increased their explanatmherence by “broadening” and

“deepening.” Broadening refers to a theory’s apiit explain more phenomena and new
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facts. Deepening a theory involves investigatirgl#tyers of causal mechanisms that explain
why the theory works.

Thagard’s “broadening” seems a close approximdbdhe current “increasing
Range’ However, the current “increasiriResolutiofi does not correspond to his
“deepening.” | did not find clear instances of “deaing” in the data, perhaps because my
concern is with the progressive explanations ofngpstudents and not the paradigm shifts
that are the main focus of Thagard’s work. On tteeohand, Thagard does not include the
complementary idea of increasiRgsolution It is possible that scientists do always aim to
account for all the detail available in current@dbstions or conceptualizations. In any case,

in the data corpus analyzed here, increaBiegolutiondoes seem to play a critical role.

Summary of the Model

The model relates to the two focal questions. Mamheanced explanations, | am
claiming, are characterized by a higRasolutionand/or a wideRangeof coherence
underlying the explanation. With regard to thetficzal question-How do we capture, in a
realistically complex form, the conceptual struetlrehind students’ explanationsthe
model suggests that a student’s explanation is asetpof diverse types of knowledge
pieces (propositions, general schemas, mental moaed mental images) that satisfy the
student (i.e., they form a temporary coherent stineg. The set of these activated knowledge
pieces comprises an explanation with a speBi&solutiorandRangeof coherence. With
regard to the second focal questiodew do we Describe the Conceptual Dynamic
Underlying the Progression of Explanationsthe-model suggests an underlying conceptual
dynamic of the development of explanations as gnession of temporary coherent
structures of activated knowledge pieces, whereasra advanced explanation has a higher

Resolutionand/or a wideRangeof coherence.
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UNDERSTANDING THE PHASES OF THE MOON

The normative scientific explanation for the plsaskthe moon involves a
combination of factors including:

1) Moon illumination (in a heliocentric frame of reégrce): The half-moon facing the
sun is illuminated while the other half is darkdie 3, left).

2) Moon visibility from Earth (in a geocentric framéreference): The half-moon facing
the Earth is visible from Earth and the other &alot. In Figure 3 (center) the dashed
line shows the visible and invisible parts of theam as seen from Earth.

Figure 3 (right) shows the combination of modaniination and moon

visibility from Earth and how the illuminated pastseen from Earth.

“\?:T_:_ ril
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Figure 3 — What causes the moon'’s phases?

As the moon orbits the Earth it changes positiigure 4, inner circle of moons).
This change in position is insignificant comparedhe vast distance between the moon and
the sun (for space limitations the scale in tharkgs distorted), therefore the moon is
illuminated similarly regardless of its positiorhd dashed lines indicate the half of the moon
that is visible from Earth and the half that isigible. The visible half contains sections of
both the illuminated half and dark half of the moAn observer viewing the moon from
Earth will therefore see different shapes of them(@-igure 4, outer, numbered circle).

When the moon is in position 5, it is an intemggitase because many people assume

the Earth blocks the light from the moon (we wdkshis case in the analysis). In fact, the
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moon’s orbit around the Earth forms a plane thabigjue to the plane formed by the three
bodies: sun, Earth and moon. According to this ggoynthe Earth usually doesn’t block the

light from the moon (only on some occasions, whamar eclipse occurs).

Figure 4 - Phases of the moon

As an instructional topic, the phases of the mbas attributes that make it an
appealing choice for this research. Students hbaserged the moon’s phases personally
(direct experience), and many fifth and sixth gradeave had some formal or informal
science instruction related to the phases of thenmNonetheless, despite the familiarity, it is
challenging for most children and adults to expthie phases of the moon adequately. First,
a detailed examination of the moon can be morecrdathen only noting variance in shapes.
For example, Plummer (2009) studied children ifedént age groups (Grades 1, 3, and 8)
and their knowledge about apparent celestial mptiatuding the moon’s apparent motion.
She studied whether students notice the visikalitthe moon during daytime, the path of the
moon, its rising and setting point and so fortlurRiner discovered a greater accuracy and
nuanced knowledge of apparent aspects of the moooti®n and appearance with increasing

grade.
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The greater challenge for older students as vgedidlts is explaining the causes of
changing appearance of the moon. Students’ diffesilinderstanding the phases have been
extensively researched, and it is well documerttatigtudents provide all kinds of
explanations for them (e.g., Sadler, 1987; Baxi®89; Barnett & Morran, 2002; Hansen &
Barnett, 2004; Kavanagh, Agan & Sneider, 20D%indle, Atwood & Christopher, 2002,
2007, Hans, Kali & Yair, 2009).

Alternative explanations documented in the litgr@tinclude the following:

* Moon phases are caused by clouds covering patteohoon (Baxter, 1989).

* Moon phases are caused by the Earth casting awhadthe moon (Baxter, 1989).

* Moon phases are caused by planets casting a stadtdve moon (Baxter, 1989).

* Moon phases are caused by the viewer’s locatioBasth; people in different
geographic locations see different moon phase(®:;H992; Trundle, Atwood &
Christopher, 2007).

These alternative explanations, which are somstitaled conceptions, are regarded
as fairly robust, difficult to change through teig) and persistent, often to adulthood
(Barnett & Morran, 2002; Baxter, 198%rundle, Atwood & Christopher, 2002; 2007
A fair amount of the research literature on the me@hases involves classifying student
conceptions, analyzing patterns of statementsvatig instructional interventions, and
examining differences in understanding for différage groups. A common practice for
studying trends of development is to develop cddestudents’ conceptual understanding,
and then categorize students’ responses base@ aypth of understanding the codes
collectively reflect (e.g., Callison & Wright, 199Barnett & Morran, 2002; Trundle, Atwood
& Christopher 2002, 2007). The coding approacHtsnouseful for determining the
effectiveness of different instructional intervemts, though it stops short of describing

changes occurring as student understanding develops

DEVELOPING EXPLANATIONS AND DEVELOPING UNDERSTANDING, ACCEPTED , Cé&l 20



Bearing this in mind, the present research prapaseodel with a finer grained
description of the structure of knowledge and targes. The model suggests an explanation
for why alternative conceptions seem robust, afet®f way of helping students reach a

more scientific understanding of scientific phenome

METHOD

Data Collection

The present research is based on observing gatadents age 10-14 (Grades 4-8)
who generated representations while trying to ex@ad understand various scientific
phenomena, such as the phases of the moon, siakdhfioating objects, light and shadow,
photosynthesis, air pressure, and energy transtamnsa Seven studies were conducted on
the phases of the moon with pairs of studentsl(©dta pairs of students). An in-depth
analysis of one of those studies is reported asa study in this paper.

The instructional design of these sessions catbst four parts:

* Introductory activity — a brief (5-10 min) interwiewith the pair about the phases of
the moon, the monthly cycle of the moon phaseslaadelationship between the
moon, Earth, and sun, including their rotationgtaeir axes and orbits. The interview
usually ended with soliciting the students’ explames regarding the causes of the
moon phases.

* Individual representation — each student drew eesgmtation (diagram or sketch)
explaining the phases of the moon.

» Collaborative representation — the two studentsestieir representations with one
another and explain the moon phases to each atirey the representations. They
then negotiate and co-construct a shared, condamrguasentation. This component

usually lasts 30-45 minutes.
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* Representation for presentation — the studentsupsatia PowerPoint presentation of
the phases aimed at explaining the phases to offi@ssstage sometimes involved a
separate session a few weeks later.

There were several reasons to use pairs of stidensgt, it was essential to establish
a relaxed atmosphere in order to promote meaningfatiuctive discussion. Second,
students who work together express their thougttisally with no need for prompting.
Third, interaction in pairs advances the developgméexplanations since, in some cases at
least, students challenge each other and ask quagstbout their partner’s explanation. The
concept of students working in pairs added thelehgé of a more complex analysis, which
considers each student’s conceptual understandish¢h@ interaction between the pair.

During the sessions, my role as a researchersaad astructor, included:

1. Facilitation — structuring sessions by introducgagh component; inviting the
students to perform the task; clarifying and elakiog where needed.

2. Intervention — while students performed the task,(drawing explanations,
explaining to each other, constructing a sharedbegtion, etc.), efforts were made to
minimize my intervention. Still, interventions weneeded on several occasions, and
involved two types: 1. Research interventions —iAglstudents to clarify meanings
in order to prompt explicit claims and reasonsléber analysis. 2. Instructional
interventions - instructional moves of the sorirastructor would make to enhance
students’ understanding, support their progresshallenge their understanding if
they seemed entrenched in a partial understan@imgse interventions generally
involved asking questions and conducting brief laltscussions.

Sessions were videotaped and digitized for anafysisstudent representations were

collected and scanned. Of the multiple studies gotadl with pairs of students for this
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research, one study was selected as a case studigrhonstrating the application of the

theoretical model.

Participants

The two participants in the case study were RogeNatalie, two 11 years old (fifth
grade students). They were recruited from a puwimentary school, and volunteered to
participate in the research. They were both const® be good students. Rose and Natalie
were good friends and used to working togetheryMnere both very articulate and felt
comfortable jointly discussing topics while listegiand arguing points. Both were familiar
with the term “phases of the moon” but could natikif and when they studied it formally.
Both recalled that the Earth takes one day to x&voh its axis, that the moon revolves
around the Earth, and that the Earth revolves artls sun. When asked at the beginning of
the session if they knew what caused the moon’sgshaneither could provide the normative

scientific explanation.

Data Analysis

The data analysis follows the methodology of “kneage analysis” (diSessa, 1993).
Knowledge analysis is the joint study of the fomad @ontent of knowledge for the purpose
of characterizing the architecture of knowledge ho@ knowledge changes. The main
purpose is to generate and improve theories coimgel@arning by studying the form,
content, and development of knowledge in a specditext in fine-grained detail, producing
a moment-by-moment explanatory account of learnigng these lines, the theoretical
model presented in this paper was developed irr dodmodel the fine-grain processes of
knowledge reorganization and to highlight the issoleconcern discussed above. The
knowledge categories and knowledge pieces usdwipresent analysis are summarized in

the Appendix.
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The model presented here was developed througbrative process involving
phases of negotiation and application of the emgjtheoretical model on datasets from
multiple studies. The following analysis applies #volving model to data from one case

study.

A CASE STUDY — ROSE AND NATALIE EXPLAIN THE PHASES OF THE MOON

When the session began Rose and Natalie eachdiidrant non-normative
explanation of the phenomenon. When the sessioedeth@ girls had developed a shared,
sophisticated explanation closely resembling thenative explanation. The next section
examines the students’ course in developing thgitamation, detailing their reasoning and
use of representations in this development, usiadgheoretical model described above. The
analysis consists of six episodes, selected froonparts of the session—producing the
individual representation, and producing a serfetiaborative representations:

Episode 1 - An initial explanation by each studaithe phases of the moon
Episode 2 - Each student considered and challeingegartner’s explanation
Episode 3 - The students tried to integrate bagir #xplanations

Episode 4 - Instructor’s intervention aiming atajegResolution

Episode 5 - Constructing a new explanation

Episode 6 - Increasing titangeandResolutionof the explanation.

Episode 1 — An Initial Explanation by Each Studgfithe Phases of the Moon
Initially, the students each produced a representaxplaining the phases of the
moon. On completing their drawings, each studerst asked to explain the phases of the

moon while referring to her representation. | fagsamine Natalie’s explanation.

DEVELOPING EXPLANATIONS AND DEVELOPING UNDERSTANDING, ACCEPTED , Cé&l 24



Natalie’s Representation and Explanation
Natalie drew a sequence of representations (Figuoé the moon-Earth-sun, slightly
adjusting the position of the moon and the surarhepiece of the sequence. The drawing of

Earth shows continents and perhaps countries.

Figure 5 - Natalie's representation. In each drgulie sun is drawn with rays, the Earth is in thedbe, with

continents, and the moon is an empty sphere.

Next we see Natalie's explanation as she regesatfae drawing while explaining it
to Rose. In all the following excerpts, snapshdétsroevolving drawing appear alongside the
transcript quotations. The snapshots were repratioased on the video footage of how the

representation was gradually generated.

| think that like there is EartfRose draws the Earth) O
and the first time, say, the moon is héxatalie draws

the moon)and only this part of the Earth sees the 7
moon(Natalie draws an arrow, and an arc on the

Earth, facing the moon@nd in this part it's like night
now

And this part sees lesilgtalie draws another arc on
the side of the Earth, to represent another pathef

Earth) O
K

This part(draws another arc on the other side of the O
&)

Earth), this part doesn't see it [moon] at all, so in this
part it's like there is dafNatalie draws the sunit's
sun,
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And then in fact all this part we see, and it'e ltke
day and night...."

As the above shows, Natalie’s explanation focusethe visibility of the moon from
different locations on Earth at specific times @fit and day. When standing in a location
not directly facing the moon, the Earth blocks itth@on, providing a partial view. The sun’s
role is somewhat incidental to explaining the alcpliases, but is used to explain day and
night.

Knowledge Pieces Activated in Natalie’s Explanation

According to the presented theoretical model, Neisaéxplanation was constructed
using a collection of activated knowledge piece® (Sigure 6):

Mental images of the moon’s shapds a brief conversation at the beginning of the
session Natalie indicated familiarity with the sbapf the moon. Though one can reasonably
assume that Natalie had mental images of the m@baiges, it is difficult to infer the extent
of the activation of specific images from her dnagg and explanations.

Proposition: “The shape of the moon changes grdlghaver a month™- In addition
to images of the moon shapes, experiential knovd@dghe moon phases includes
recognizing the sequence of gradual change froewamoon to a full moon and back again

to a new moon.
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The phenomenon: over a month the shape of the moon changes:

00O COOD®

Activated knowledge pieces

Mental image: moon shapes Mental model
‘) 0 General schema: N
. O VISIBILITY “ )
Proposition: @

“the shapes of the moon change
gradually over a month”
Proposition:

“when the sun is visible, it is a day;
when the moon is visible, it is night”

Verbal explanation: in the first time, say, ‘
the moon is here, and only this part of \@S\Q‘l 5
the earth sees the moon, and this part Eﬁ:}‘i\ =
sees less , this part doesn't see it at all, T
so in this part it's like there is day, it's
sun, and then in fact all this part we see,
and it's like the day and night...

Figure 6: Construction of Natalie's explanation

Proposition: “When the sun is visible it is dayh&n the moon is visible it is night’
This is a familiar claim in our culture that is fadiin children’s book illustrations, song
lyrics, and stories. But in most of the cases lehaxamined, including that of Natalie and
Rose, when this point was queried, the studentstehthat the moon is occasionally visible
during the day. Coincidently, the moon’s positiarher drawing is when the moon is visible
at night and not visible during the day.

General schema: “Visibility” — an object’s visiltly depends on the observer’'s
location This general schema applies in different contektsobserver gazing through his
apartment window sees one part of the city whigengighbor next door sees another part. In
the present context (in conjunction with the mentatel described below), an observer
standing on a sphere observing the space aroundriinsees the objects in front of him.

Mental model: “An observer stands on differentatbans on a sphere, watching the
sun and the moon from these various locatioi$is model describes various configurations

of the sun, Earth, and moon, and an observer |lgakinhe sky from different locations on
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Earth. In this case, there is a specific configaratvhere the Earth is situated between the
sun and the moon. The general sch&fisébility interacts with the mental model to produce
inferences regarding how the moon and the sumjsnspecific arrangement, are seen by the
observer.

So, in shaping this explanation, Natalie usedie@t) five knowledge pieces to form
an explanation of the moon’s phases: mental imafjfe moon shapes, a proposition about
the gradual change of the moon shapes, the gesamaima oVisibility, a mental model of
the observer on Earth watching the sun and the paaha proposition about day and night.
Natalie seemed satisfied with her explanation adrming to the model, the source of this
satisfaction was the feeling that all activatedwlsalge pieces in the explanation fitted
together.

It is interesting to note the knowledge pieces Wexre not cued: the mental models of
the Earth’s rotation on its axis and the moon avbthe Earth were not cued even though
Natalie indicated knowledge about them at the begmof the session. Likewise, the mental
image of a crescent moon in the blue sky in thedieidf the day was not cued, even though
Natalie explicitly mentioned this possibility ingttonversation at the beginning of the
session and also later in the session (as wilhbes). These knowledge pieces (and possibly
others too) were either not cued inadvertently erennot considered relevant to the
explanation.

Resolution— There are two main reasons why Natalie’'s explanatemonstrated
low-Resolution

Let's consider th&isibility general schema in relation to the mental modehnitlg
the mental model with this general schema wouldmig®ving an observer” around the
sphere and inferring how the moon is visible todhserver from each location. If we run

this mental model with the general schema caretilyugh, we find that on the half sphere
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facing the moon, a full moon is visible from mostleese locations. There is only a very
limited set of locations from which the moon istgly visible. When these points are
passed, the moon cannot be seen at all from relghere. The phases of the moon,
according to Natalie’'s explanation, are observethfdifferent locations on Earth, and are

not distributed evenly, as shown in Figure 7.

Partial
view

No moon

Partial O

view

Figure 7: Phases of the moon according to Natatiefdanation

Natalie’'s explanation does not get into this lesfdResolution and she doesn’t
acknowledge this unique pattern. She does not exahow the partial views indicated by
her reasoning actually mapped onto the moon’s sh&dee only considered extreme
landmarks such as the location right in front @& thoon, out of sight of the moon, and
somewhere between the two. All other locations weterpolated using these landmarks. If
she had carefully mapped the resulted patternetontbon’s shape, this pattern might be
puzzling to her, as it is inconsistent with fat¢tattshe knows (although these knowledge
pieces may not be activated at this time), in tdrenfof the following propositions: “The
gradual change in phase is uniform over the monthcan be noticed from one day to
another”; and “During the day, the shape of the m@mains constant and change is
unnoticeable.” During the session it became cleeatr the propositions above were indeed

part of Natalie’s knowledge system. Applying thagel schema onto the mental model with
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careful attention might have caused activatiorheké propositions, and hence a sense of
incoherence and dissatisfaction.

Range:TheRangeof the explanation is also limited in that Natali@dy considers one
specific context where the Earth is between themayal the sun. In this specific case, it is
apparent that the moon can only be seen at niglathler cases, where the moon is
positioned differently in relation to the sun aratth, her claims about the appearance of the

moon at night would no longer work.

Rose’s Representation and Explanation

Rose’s representation (Figure 8) was fairly sintileany standard textbook
illustration of the moon’s phases (see, for examipigure 4): the sun shining on the moon
and Earth and multiple moons drawn around the ERitise appears to have adopted a
textbook convention and attempted to infuse thdlfandrawing with a meaning of her own.
In contrast to textbook illustrations, in Rose’awing the moon closest to the sun (position
1, in Figure 4) is a full moon and the moon fartiiemm the sun (position 5, in Figure 4) is a
dark moon. Her drawing represents a common exptanttat the moon phases are caused

by the shadow cast on the moon by the Earth @axter, 1989).

Figure 8: Rose's representation
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When Rose explains her understanding to Natdleechooses to generate her
representation again, explaining it as she draws.edplanation is based on the idea that the

dark phase is caused by the Earth blocking theaysfrom the moon:

(Rose draws the sun and the Eadtlihen the moon is
here ffraws one moon on the other side of the Barth T

Rose: the Earth entirely blocks the sahgdes the modmand
then the moon sort of doesn’t get any light v

Knowledge Pieces Activated in Rose’s Explanation

The construction of Rose’s explanation is based oallection of activated
knowledge pieces (see Figure 9).

Mental images of the shapes of the moon - SanNatsie.

Proposition “the shapes of the moon changes ghigduaer a month” - Same as
Natalie.

General schema: “Blocking”- An object can blocle tmovement of another object
This general schema applies in many different cdaatdéor example, a ball rolling along the
floor is blocked by a box and cannot reach the viRdigarding the moon’s phases, the
blocking object is the Earth and the blocked mowabgect is the sun’s light. In episode 2,
Rose actually gestured to show the movement of frgm the sun to the moon.

General schema “llluminating” — a source of ligblhiines on an object and lights the
object’s surfaceThis general schema was more apparent in epiogdben Rose
demonstrated how the sun’s light illuminates pafthhe moon. The general schemas

Blockingandllluminating work together in Rose’s explanation.
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General schema “More cause, More effeetRose used this general schema to
explain the shapes of the moon for all phases éxbegompletely dark phase. According to
Rose, the moon’s shapes are caused by the Eadkifgahe sun’s light from reaching the
moon. The Earth blocks the sun’s light and creatsisadow: More covering means more
blocking.

Mental model — “The moon orbits the Earth in 30 sldjhe sun is stationary and the
Earth also doesn’t move during the tithe- This mental model is applied with the general
schemadlluminating andBlocking

Mental image of textbook illustratiorRose’s conception of the moon phases may be
associated with a textbook illustration she rec#fisa later conversation with Rose, she
indeed acknowledged familiarity with the image freaience books and said she had
recalled it when asked to explain the phases. ViRume drew her representation, she adapted
her design to other activated knowledge pieces.drierving of several moons around the
Earth with different amounts of shading looked like textbook illustration. However, the
amount of shading and the resulted shapes wengrece. Potentially, this mental image

has a high-epistemological status because sciaraesltend to be considered trustworthy.

The phenomenon: over a month the shape of the moon changes:

0QOCOOD®

Activated knowledge pieces

Mental image: moon shapes Mental model
O . O O 0
General Schema: 53]
Proposition: BLOCKING

“the shapes of the
moon change gradually General Schema:
over a month” ILLUMINATION Mental image
textbook diagram
General Schema: —
MORE CAUSE, MORE EFFECT :

Verbal explanation:
The earth entirely blocks the sun and then
the moon, like, doesn’t get any light.

Figure 9: Construction of Rose's explanation
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Resolution Rose's explanation has |Id®esolution When the general schemas of
Blockingandllluminating are applied properly to the model of the moonlstpthe moon’s
shapes differ from those anticipated by Rose (lEd@). For more than half the days of the
month, light from the sun reaches the moon withmaihg blocked at all by the Earth. The
Earth only blocks the sun when it stands betweemtbon and the sun (fully or partially).
Another inaccuracy is the shape caused by lighmdokelocked when the Earth only partially

blocks the sun’s light.

Figure 10: The phases of the moon inferred by Rle$g and an accurate depiction of the phasedalyre

inferred by applying the general schemas and memtakl used by Rose (right)

Instead of trying carefully to infer an accuratedering of each of the moon’s shapes,
Rose appears to rely on a (inaccurate) mental irffegyerecall of the textbook illustration)
and the general scherviore cause, More effecAs noted, this general schema implies that
the more the Earth is in front of the moon the nmigfat it blocks, and the less the Earth is in
front of the moon the less light it blocks. Whemswucting her explanation, Rose apparently
focused mainly on the dark phase, and the othesgshaere interpolated very loosely. In that
sense, Rose demonstrated a similar inference patselatalie, relying on central landmarks,
interpolation, and an imprecise assessment ofdhensa’s application to each phase of the

model.
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Like Natalie, Rose did not use several knowledgegs in her explanation, even
though she knew them. These knowledge pieces teds$ mental models of the Earth’s
rotation on its axis and the orbit of the Earth amabn around the sun. Later, in reaction to
Natalie’'s explanation, Rose was able to provideiete descriptions of these models. But,

for her explanation, she did not consider thenebs/ant.

Episode 2 — Each Student Considered and Challehge@artner’s Explanation

Rose, who had only reconstructed one moon, wastabalraw additional moons
around the Earth in order to explain other phasatalie stopped her, saying that Rose’s

explanation was (so far) exactly like hers:

Natalie  So this is like...That's what | said, it'kdithe day, we have sun
on the entire Earth almogtraws the semi-circle of the Earth
facing the sun)almost, and the moon, you can’t see the moon

Except for this partillustrates the half circle facing the mapn
and there...

Rose: No, it's like, you cannot see the moon atital dark gwiping -
her open hand across the sheet, from the sun tmtion,
showing that the Earth blocks the sunlight

Natalie: And what about other countries?

Rose: There are nights where you can’t see the rabalh

Natalie showed Rose that the moon Rose had drasraiso the “dark phase” in
Natalie’'s explanation. The two girls assigned défg meanings to the dark moon in their
drawings: According to Natalie the moon is dark whiae-moon-is-not-within-the-
observer’s-field-of-view,” whereas in Rose’s accbtihe-moon-appears-dark-because-no-

light-reaches-it.” Natalie explains that Rose’s m@annot be seen from a location facing the
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sun but can be seen from locations on the otherdfithe Earth. To support her claim, she
highlights the two sides of the Earth—the side twEs not see the moon and the side that
sees it. Rose disagrees and says that in theigriddatalie has drawn, the moon cannot be
seen even on the other side of the Earth becatssdatk.

When Natalie asks about other countries, she bag ggason. Her explanation is
constructed on the basis of the moon’s visibiliynfi different locations on Earth. Thus, at
any given moment, some countries will see the mwlaoite others will not. This is not
congruent with Rose’s claim that there are nighiemno country can see the moon at all.

To clarify her standpoint, Rose decided to congpher explanation, which Natalie
had interrupted earlier. She drew seven more mammsd the Earth. As she drew, she
constructed her explanation, gesturing to each macth describing how the sun’s light
travels past the Earth and reaches the moon, shdtirmoon accordingly. Hence, the moon
in position 5 is fully shaded, the moon in positbrs mostly shaded, the moon in position 3
is partly shaded, and the moon in position 1 iy fiitl (similar to Figure 8). While Rose was
drawing and explaining the appearance of the @iffephases, Natalie watched and listened
to Rose’s explanation. Then she paused for a semmhdaid:

“No. ... if we just take one, just take one moon now...”

Natalie wished to focus on just one moon and thasaof Earth from which it is
visible or not, similar to howhedraws the situation. To do this, she makes a gtnoove,
covering all the new moons Rose had drawn, leavig the original moon uncovered
(Figure 11):

“Say we take... what was the first one? Say, leke this one glacing her hands on the

representation and hiding the other mogns
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Figure 11: Natalie hides the other moons

This gesture helped to refocus the girls on what iwgortant to Natalie in the explanation:
the moon, sun, and two sides of the Earth. Sheategdner explanation but this time also

drew a line dividing the Earth in half—one halfifag the sun and the other facing the moon:

Natalie: So, here in fact, this whole part of tretB. ..
(pointing with her finger to the half facing the samd
drawing a line dividing the Ear)his day and this
whole part is night.

Natalie: So, if in this part there is nigiptajnts to the half of
Earth not facing the synwe need to see the moon,
because this is how it will be every day, the madh
not be seen on the other part of the Earth.

Natalie continued arguing, following the same lii@easoning, that when the moon
cannot be seen from one region of Earth, it casee® from the other, and that this happens
every day. Rose, unaware of Natalie’s differenisdfs explanation (the moon’s visibility
from different locations on Earth), thinks that Blat is mistaken because she does not take
the moon’s revolution around the Earth into accolmthe following excerpt, Rose tried to

get Natalie to consider the moon’s revolution:

Rose: No, but the moon revolv@gesturing with her pen in

circles). When the moon is he(pointing to position { O
3) we see only half, when it's hefgointing to position O @
4), we see it like this, when it's heggointing to o @ @

position 5) we see it...do you understand?

Natalie: So that means that one day we see the aidone
day we don't see the moon

Rose: Not one day we do and one day we don’tkéisa
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month(gesturing with her finger in circle around the
Earth and counting the moonasie, two, three... 8
days.

Natalie: Silence of 3 secongso every 8 days we won'’t see the
moon?

Rose: (Laughing okay, 30 days.

Natalie: Okay. It's not such a big difference...

Rose explained that the moon revolves around tiid Bad that a different shape is
visible depending on where you are. Natalie, apglyRose’s idea into her explanation,
inferred that we see the moon every other day, hwisicontrary to our experience. Quite
certain about her explanation, Rose explained hewhases change in a month.

After several more exchanges, the discussion tiveam end and | asked if the girls
had agreed on their explanations. Rose said théagieed, presumably believing she
addressed all Natalie’s “difficulties.” Natalie wsident, presumably not feeling in agreement
at all. | suggested that they had quite differeqi@nations. Rose replied:

“Let’s put it this way: we can take the two dragsnand combine them...”

Rose and Natalie's Activated Knowledge Pieces

In this episode, Rose and Natalie adhered to thigigl explanations using the same
activated knowledge pieces as initially (see Figureigure 9). Rose’s initial drawing (before
drawing the other moons) resembled Natalie’s drgwaimd when each looked at the drawing
they saw different aspects of it. On the one h#malr focus is influenced by their activated
knowledge pieces. On the other hand, the knowledgres are reactivated and stabilized by
the details of the representations the girls attend

One should note the role of the drawn represemsiin the space shared by the two
girls in this discussion. The girls discuss thdéedénces in their understanding with reference
to Rose’s drawing. Their arguments are based atively stable explanations, and they

respond to one another’s pointing and gesturintherdrawing.
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Natalie’s explanation was based on the moon’®Misi from different locations on
Earth. She argued that the moon is not visible flloenside of the Earth facing the sun and
that this is the phase when the moon is not seenh& date, she maintained, the moon can
still be seen from locations on the other sidehefEarth. She highlighted the two sides of the
Earth—the side that does not see the moon, ansidbehat sees it (Figure 12). This
highlighting may have been aimed at shifting Roatntion and communicating these ideas

to her.

Figure 12: Natalie's highlighting

Rose attempted to shift Natalie’s attention bygglestures on the drawing as she
explained. She swiped her hand across the sheettfi® sun to the moon, to show that the
Earth was in the way and blocking the light frora thoon. Later, after Rose drew seven
additional moons, Natalie focused their attentiaorone of the moons by covering all the
others. Natalie also added another line to divieHarth into two parts, the part that sees the
moon and the part that does not.

TheResolutiorandRangeof the students’ explanations is the same as in
Episode 1—their explanations have not changed yet.

In the next episode, the students try to combie& £xplanations.

Episode 3 — The Students Tried to Integrate Bo#hirTExplanations
Adopting Rose’s suggestion to combine the two drgs; the girls, for the first time

in the session, generated a collaborative, nevesentation: They took the activity from
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personal-sense-making in episodes 1 and 2 to atiegrand consensus-seeking in episode 3.
In this new undertaking, Natalie was open to cagrand) some of Rose’s ideas, and, seeing
that, Rose became less critical than before.

Natalie began the explanation by incorporating @nieose’s previous ideas: When
the moon is in position 5, the Earth blocks theslight, and no light can reach the moon.
Immediately after, she added her idea about thkiNtig of the moon. Rose’s cooperation in
producing the drawing based on Natalie’s instrundis evidence of a temporary agreement

or at least a gesture of collaboration.

Natalie: Put the moon herd&R¢se draws the moon on the othel

N

side of the Earth No light reaches it now at all.

Natalie: The sun lights only one side of the Edpthlls the
paper and turns it around, draws many lines from th
sun to the Earth. Rose tries to add somethingeo th
drawing, but Natalie pushes her away polijeMow
let me show yougulls the paper and begins to
draw)... lights on one side of the Earth. On this side i
is, like, day, and they can’t see the modtoge divides
the Earth and writes: “day” and "night”)

Natalie: The whole other side of the Earth is lipse:
Night]... it is other countries, In Israel, the daljke,
it can’t be that now in Kefar Sabit is night.

Natalie explicitly noted “No light reaches it (theoon) now at all,” acknowledging
Rose’s idea of the Earth preventing sunlight freaching the moon by blocking it. Then,
she immediately started reasoning about the viilaf the moon as before. She explained
that the section of the Earth facing the sun (d¢aynot see the moon. Rose followed this idea
by drawing a line across the Earth and adding thkelsy “day” and “night.”

In the following excerpt, Rose adds another mdosecto the first one, as in her
original explanation. Natalie attempts to integitiair ideas with reference to the new

position of the moon:
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Rose: So, say, now I'll put it herdréwing a second moon
just next to the first one

Natalie: So that a tiny bit of light reaches hdd¥aws a single
ray from the sun to the mogrspy to hereg(shading a
small area of the mogrand then on this day, they can
see this...

Natalie: Rose writes “visible” on the shaded side, and “not
visible” on the non-shaded siilook, and then on that
day the US (further from the sun) sees this, Hzeife
is only a little bit of moon,

Natalie: And then when it gets clogedraws a third moon to
the left of the second onehe US will see it more
(shades one part of the new maamd also we are
going to see it half because it is closer t¢pgnts to
the area facing the sunand the sun reaches it. The
sun will not reach this pafpoints to the non-shaded
segment of the new moaand it will reach this part
(points at the shaded area of the mqdnjt half of the
US will see and half we will.

Natalie: This is how we can also see the moon dutie day
(Rose nodsxhere are days when we can see it

With a clear grasp of Rose’s reasoning, Nataljdared why some of the light from
the sun reaches the moon and why the moon is rdlged. She then combines the idea of a
partially shaded moon with that of the moon’s \igpin different locations to explain how
this moon shape can be seen in different counthiésr that she considers other positions of
the moon and continues reasoning about the mobadirsg and why this shape can be seen
in both the U.S. and IsraéNatalie’s reasoning does not lead to a conclusigarding
which pattern of moon shapes is eventually formed.
Natalie's Activated Knowledge Pieces

Since Natalie is more active in this episode, tilWwing analysis focuses on her

reasoning. Natalie began to integrate some of Radeas. Although the model of the
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moon’s orbit around the Earth was not previoustyvated in constructing her explanation,
she now considers it. After Rose drew a second idatalie applied three general

schemas—¥isibility, Blocking,andllluminating—to two mental models (Figure 13).

The phenomenon: over a month the shape of the moon changes:

0QOCCOOD®

Activated knowledge pieces

Mental image: moon shapes Mental model
D) ® L)
O General schema: @
Proposition: VISIBILITY r &
“the shapes G —_ ®
change gradually” eneralchemas
geg Y BLOCKING Mental model
Mental Image

General Schema: 3
ILLUMINATION &
Verbal explanation:
So that a tiny bit of light reaches here... And
then when it gets closer, the US will see it
more, and also we are going to see it half

because it is closer to us, and the sun
reaches it.

Figure 13: Natalie’s activated knowledge pieceglisgroducing the integrated explanation

This complex application, which arose from the stitd’ need to combine their ideas,
generated a complex explanation but did not prodetails of each phase’s appearance in
each part of the month. Therefore, the explanasiatill low in Resolutionsince the pattern
of phases produced by applying the general sch&arthe mental models is not clearly
articulated and is an incomplete description ofgghases of the moon.

TheRangeof this explanation is wider than in Natalie’sganial construction as it
considers multiple positions of the moon and ersabér to envisage the moon being visible
not only at night but also during the day. In castrto the single moon she initially drew, by
drawing the moon in several positions around the#hEalatalie construes that the moon can

be also visible from locations on Earth facing $ki@. Where her previous reasoning did not
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activate this mental image of a crescent moondiear blue sky, the current context does

activate it.

Episode 4 — Instructor’s Intervention Aiming at @ter Resolution

Given the students’ apparent satisfaction witlir thigared representation and
explanation, | added another moon to their drawifigure 14) between the sun and the Earth
(position 1) and asked them what the observer wseddat this phaseThe question sought
to elicit a careful application of the general solas to the particular context of the moon in
that specific position in an attempt to increaseRhsolutionof the explanation. By focusing
on this position in particular, | sought to higtilighe imprecision with which the general

schema oflluminating was applied to the mental model of the moon’storbi

SN
¥ \J' A ||
A pricm | _ |

Figure 14: How does the moon appear when in thégipa? (Moon indicated by arrow)

Rose quickly responded that in this position thire moon is visible.

OP: What is seen here?

!

S

DEVELOPING EXPLANATIONS AND DEVELOPING UNDERSTANDING, ACCEPTED , Cé&l 42



Rose: When the moon is there sswéeps open hand from su
to moon showing the direction that light would &8y
we see all of it. Right? Because the sun lights it.

Natalie agreed with Rose, but adds that the msamly visible in Israel. Rose
objects and introduces the Earth’s rotation omxis. This is the first time anyone has

mentioned the Earth’s rotation on its axis:

Natalie: So we can see all of it from Israel

Rose: Right...No! From Israel, and also, | think nfrthe
United States. Because the Earth also rotates @youn
remember that!

Rose: So, when this arrives hedeajvs another moon just
next to OP’s moon, and adds an arrow to show
movement these twothe two halves of the Eathwill
switch and the United States will see it whentiése
(points to the moon she has just drawn

Natalie's and Rose’s Activated Knowledge Pieces

At first, Rose responded very confidently to msion. Applying thélluminating
general schema imprecisely, she explained th&isnphase, since nothing blocks the sun’s
rays from reaching the moon, the moon is fullyTiis particular answer is congruent with
the structure of activated knowledge pieces (Fi@yierming her explanation: First, there
must be a full moon somewhere, since a full mo@een once a month (mental image of the
moon shapes). According to the pattern of the gabchiange of the moon in her drawings
(see Figure 8), the full moon occurs when the meon position 1. The textbook illustration,
when recalled vaguely, suggests a similar pattenveil.

Natalie’s brief comment about seeing the full maoisrael gets Rose to sharpen the

Resolutiorof her explanation. Natalie’s comment prompts Roise) the activation of a new
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mental model—the rotation of the Earth. Rose apple general schema isibility to this
mental model in an attempt to inform Natalie whg fall moon is visible from all countries
around the world on the same day. The mental nafdéle Earth’s rotation on its axis had
not been cued thus far—she only considered dadymences not occurrencesring the
day. By incorporating this new knowledge piece, Rosxaased thResolutiornof her
explanation.

Natalie’s brief interjection on the visibility ¢fie full moon from Israel revealed that
she clearly still retained her earlier explanatirich placed most emphasis on the general
schema oWisibility focusing on the moon'’s visibility/lack of visibji from Earth. She did
not respond to Rose’s elaboration of her explanadiod stayed silent.

Following Rose's response that the moon in pasitics a full moon, the students and
| began to explore how the sun or any other sooftight illuminates a sphere. We explored
with flashlights and balls what the students haa/jmusly explored on paper, namely the
illumination of one object (the moon) by a sourédight (the sun). That discussion is not
reproduced here, however, the process of caregwfbhjoring how objects are illuminated is
an example of increasirigesolution Part of the reason that Rose’s initial explamati@s
low in Resolutionvas an imprecise application of tleminating andBlockinggeneral
schemas on a mental model. The current exploraioreant to refine the ability of applying

these general schemas with more attention andspraci

Episode 5 — Constructing a New Explanation

The discussion in episode 4 regarding the illutmameof an object by a light source
ended in agreement that in position 1, the only plthe moon that is lit is the part facing
the sun, while the part facing the Earth is dark.

As soon as she grasped this, Rose excitedly exeththat this was the opposite of

what she said before. This she repeated three trersthe next 50 seconds:
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“Ah! So it's the opposite of what | said”
“So wait, it is the opposite of what | said befdre
“So, wait a minute, it seems to me... it seems tothe, it is more or less what | said, only the

opposite. Here now it is like, da(foints to position 1)and here it is lighfpoints to position 5)

In order to construct an explanation based on Résest understanding, the girls
needed to clarify some details. Therefore, RoseNatédlie began a new drawing,
reformulating their explanation of the phaseshis episode they sought to demonstrate that
the phase in position 5 was not the dark phasm@&sated in their prior explanations), but
the full moon phase as implied by their new underding that the moon was in its dark
phase in position 1. They sought sensible waysofvgg that the moon in position 5 is
illuminated by the sun even though the Earth appbrélocks it. Unaware of the evidence
that the sun, the Earth, and the moon are not a\wpasfectly aligned, they offered tentative
explanations about how the light from the sun Isgpa the Earth and reaches the moon.

Natalie began to draw, saying that this time shald/use “normal sizes” (Figueb).
She drew the Earth, and divided it down the midallarking the locations of Israel and the

U.S. She drew the sun and commented that the sundh larger than the Earth.

Figure 15: A new representation with some new ideas
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The girls then added the moon in position 5 andeRogplained that because the sun is not
flat, but round: the sun rays are able to go ardbecEarth and reach the moon:
Rose: The sun is not flat, it is round. What | dajdsay (puts

her hand rounded on the suiNatalie: yes, | got it, |
got it... (begins to draw)So, they can reach the moon

Natalie: So, the sun’s rays exit and enteags lines that cross
the Earth and reach the mopn

Rose: And they go above and reach the maath (her hand
she mimes the sun’s rays going around the Earth an
reaching the moogn

Natalie: Right. But they (the rays) light up... whipart do
they light up? They only light this paitolors the half-
moon facing the surjRose: yes, right] that's why we
see only the part that is lit...

Rose: Yes! So it is exactly the opposite of wheditl before!
(smiles)
Natalie: Right!

Rose's and Natalie's Activated Knowledge Pieces

Rose was excited to learn that the moon phasesitign 1 was the dark phase and
not the full-moon phase. Her excitement was dosbtfertially due to the new discovery’s
comfortable fit with most of the activated knowledgieces in her explanation—specifically
the mental image of the textbook illustration, whprobably had high epistemological status.
Even though the details of the girls’ drawing mighve changed, at this stage the design as a
whole still resembled the textbook illustration.uBhto Rose, not having to challenge what

she already “knew for certain” was satisfying ardited her very much.
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The new proposition that evolved from the exploratn the previous episode—*“the
moon in position 1 is the dark phase’—is also epmtlogically high-status because it was
perceived as the outcome of collaborative thinking facilitated by an authority
(teacher/researcher). Indeed, Rose and Nataleehaed to fit this proposition into the
explanation. The general scheBlackingwas replaced by the general schdBypassing
and the girls used this new general scheBypéssingto show how the moon in phase 5 is
illuminated. Obviously, the girls lacked scientiknowledge on how light travels and the
geometry of the sun-Earth-moon syst&nBut it was interesting to see their efforts te us
what they knew to fit the pieces into a consistlanation.

Another knowledge piece that was activated wagémeral schem¥disibility. It was
used by Natalie in this episode not only to inddoahich region of Earth sees the moon, but
exactly what part of the moon can be seen: “Thgiyt lonly this partcolors the half-moon
that faces the syjRose: yes, right] that's why we see only thet plaat is lit...” It is evident
now that both Rose and Natalie employed generasah that they had used before, but in

slightly different ways, and combined them to faim new explanation (Figure 16).

The phenomenon: over a month the shape of the moon changes:

0Q0OCCOOD®

Activated knowledge pieces

General schema: Mental model

Mental image: moon shapes VISIBILITY P
O. [ )} General Schema: @
O BYPASSING Lis
f:rop osHon, General Schema:  ppental model
this shapes ILLUMINATION

change gradually”

Mental image 3

Propc.lsmon.:. textbook diagram &
the moon in position 1 T
isa dark moon L
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Verbal explanation:

they go above and reach the moon
But they light only this part. that’s why
we see only the part that is lit...

Figure 16: Knowledge pieces which Natalie and Rutvated while generating the new explanation
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Rose, who had felt very confident about her preésiexplanation involving the
obstruction of sun rays, apparently had no diffiyabandoning it. What seems more
important to Rose than retaining her previous engdian was aligning the new explanation

with high-priority knowledge pieces such as the takimage of the textbook illustration.

Episode 6 — Increasing the Range and ResolutidhedExplanation

In this episode, | suggested adding other positairthe moon to the drawing to
introduce a still wideRangeof contexts. Natalie drew another moon in posifdifrigure 15,
upper moon). For several seconds, the girls coraildehich part of the moon the sun would
illuminate. The inaccurate scale of the drawingadted the illuminated and dark areas of the
moon.

Natalie reconsidered the moon in position 5 amgjested a more detailed

explanation of this phase and its transition torteet phase:

Natalie: So, now that this is licgloring the part of the Earth facing
the sun then also this is litdploring the part of the moon
in position 5 facing the sjirand only the U.S. sees it. We
don’t see the moon during the day, usually... and,now
when the moonpints to the moon in positior).5.

il

Natalie: (turns to mg¢What turns around faster, the moon or the
Earth?
Natalie is again reasoning about how the moores $rom different locations on
Earth. When she considers what happens when tha mowes, the relative rotations and
revolutions become relevant and activated in h&saring: “What turns around faster, the
moon or the Earth?” The question of the relativeley of the Earth’s rotation on its axis and

the moon’s orbit around the Earth arose severadiduring the session preceding this
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episode, when Rose raised the point and explaintedNiatalie. However, this is the first time
this piece of knowledge became relevant and atbivBlatalie.

Rose was happy to provide Natalie with this infation about the moon’s orbit and
the Earth’s rotation on its axis. For Rose, thaseqgs of knowledge had been relevant
through most of the session and this was not teetime she had tried to explain it to
Natalie; she was happy to explain it again: “LoNRtalie, it takes the Earth one day to rotate
around its axis, and it takes one month for themtocorbit the Earth.”

This time, Natalie sees this as a necessary pigkeowledge and she proceeds with

her explanation, still related to phase 5:

Natalie: If it is lit here ¢overs the part of the Earth not facing
the sun, when it (the Earth) rotates, this is [ojnts to
the countries located across from the sun

Natalie: So here it is light, and the moon hasroved yet, it
will only revolve in a few days. So, this is why wee
a little bit of the moon during the dayecoloring the
part of the moon in position) 5for several hours, not
for the whole day, because this (the Earth) rotates
(forms circles around the Earth

Rose: Okay, it seems to me that we both understand.

Natalie has worked out what Rose has understoegdigode 4: that the same moon in seen in
all countries on the same day. Natalie’s inferaaaightly more complex than Rose’s since
she also incorporates day and night into the epiam.

| again encouraged the girls to talk about addgigphases. With some help Natalie
re-shaded the moon in position 7 more appropridateshow the part of the moon facing the
sun that receives sunlight. Rose provided theotlg explanation:

Rose: So we... what we actually see is this (@gwing a line
almost perpendicular to the shaded partjore or less...
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Natalie has an insight following Rose’s elabonmatid which part of the illuminated

moon is visible:

Natalie: Ah! One momenttgkes Rose’s hand off the representdtitie moon
doesn't really get larger and smaller, it's simplyat we see. We only see
the illuminated part [Rose: Right!Natalie colors the illuminated part
again), and now it's only half of it, and it's possilbhat if we look before...
so maybe we will only see this part. This line hgtese: Right]. It depends
(glanced at O on when we look and... when the moon...

This was Natalie’s “Aha” moment, when she undadtthat the moon does not really
increase and decrease in size because we onlyadsepit, but that what changes is the
shape of the illuminated part seen from Earth. sshemarized this as a combination of
“when we look” isibility) and “when the moon” (itBlumination).

Rose reiterated the same ideas and combined tloegion of the moon’s

illumination and the Earth observer’s perspectizthe moon more explicitly:

Rose: So, in fact when the moon is here this gdit {shading
again the half-moon facing the uand the Earth, say, this
part draws a line on the Earth representing the field of
view) sees relatively this parliaws a line segmenting the
moon — the line is parallel to the line she drewtlo& Earth
— something like that — of the moon, that’s lit.

Natalie: That is why we see it... These are the phabthe moon!

Rose uses lines creatively to emphasize her dnifoeceptualization. She colors the
half of the moon that faces the sun and leavesttier half blank to indicate illumination.
She then draws a line that divides the moon areehwies parallel to a line representing the

observer’s perspective. The half-moon facing thelHa the part seen by the observer.
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Rose’s and Natalie’s Activated Knowledge Pieces

This explanation, which was developed gradualtgugh the careful examination of
multiple details, approximates the normative exatamm. It explains the illumination of the
moon by the sun and the visibility of the moon fr&arth. Although each girl emphasizes
certain ideas over others (e.g., Natalie emphasiag@nd night on Earth), they mostly share
and agree on this collaborative explanation. Fidurelisplays the knowledge pieces

activated in their explanation.

The phenomenon: over a month the shape of the moon changes:
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Verbal explanation: (see transcripts)

Figure 17 - Rose and Natalie's final explanation

To attain the final explanation both Natalie armb& needed to adapt their reasoning
regarding the problem. Rose had to reapply thergesehema ofiluminating to the mental
models differently in order to fit the new propasit that the moon in position 5 is a full
moon. In the final explanation, Rose no longer mgpthe general schemaBibcking but

does applBypassingAdditionally, the general schema\ikibility becomes relevant for
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Rose and she applies it to the mental model ot@erer on Earth observing the moon in
different positions to determine which part of theon is seen in each position.

Natalie carefully examines the application of giemeral schema &fisibility to the
mental model of the moon’s orbit of Earth. By calesing the effect of the moon’s
movement to a new position, the relative rotatiang orbits become relevant to her
reasoning and activated: “Which turns around fasttermoon or the Earth?” This was the
first time Natalie activated this knowledge piece.

When the girls considered other moon phases,ttiegl/to infer the precise
appearance of each phase. They utilized the rapegsm and added details to it to help
them see how the moon appears from Earth by shéaengon-illuminated part and
indicating the visible part. The girls found it eago deduce how the moon would appear
from Earth in positions 1 and 5 and no representatiaids were needed. But, in different
positions, a more concerted effort was requireds Was a clear case where increasing the
Rangeof explanation (examining more phases) also irsg@Besolution A more elaborated
idea about how exactly the moon is seen from EzstA combination of the moon
illumination and the visibility from Earth. THeesolutionof their explanation is now high, as
they apply very carefully and attentively the vasaeneral schemas on the various mental
models. Th&Rangeis wide as well, as they now consider a varietpaditions of the moon

around the Earth.

DISCUSSION

Rose and Natalie demonstrated a marked develogmdreir explanations and
understanding of the phases of the moon. The tuaests entered the process with two
different explanations of why the moon changes eh@peir initial explanations were low in

ResolutionNatalie’s explanation was also narronRange When the session ended, they
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had reached a shared, highsolutiorand wideRangeexplanation. This explanation also
happened to be very similar to the scientific erpteon of the phases of the moon. Let us
revisit some of the critical milestones in this gess.

Rose and Natalie began the session with two éifteexplanations, constructed on
the basis of activated knowledge pieces that coherth low Resolution Natalie applied the
general schema &fisibility to a model of different locations on Earth andadipular
configuration of sun, Earth, and moon; Natalie agupthis general schema only roughly
without carefully examining the pattern that evehaad how it is mapped out on the actual
phases. Th&angeof Natalie’s explanation was also limited in tiNztalie only considered
one specific position of the moon, a specific cakere the moon can only be seen at night.
Rose, producing a different explanation, appliedgbneral schemas Bfockingand
llluminating to the model of the moon orbiting the Earth. Shygliad the general schemas to
the model and generated—partly inferring, and panterpolating—the shapes of the moon
when it is in different positions relative to tharEh. The pattern of moon shapes resulting
from the imprecise application of the general scaeto the models was congruent with the
mental image of the shapes and their sequencalamdvith a rough mental image of
textbook illustrations of the phases of the moon.

When the students shared their explanations waith ether it was apparent that the
explanations were very different and that eachestugdreferred her own explanation. Neither
explanation was seriously challenged by the otRatalie explained her drawing and was not
challenged at all by Rose. Rose explained her adiggamnd assumed that Natalie’s arguments
arose from lack of understanding. They sought tiegirate their explanations at my request to
collaborate on a shared explanation. They worked ba this and did quite well, however,
the resulting pattern of the shapes of the mooraneed somewhat unclear and the coherence

was loose.
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A more substantial development followed my attetogdtigger an increase in
Resolutionby highlighting a particularly problematic contéiRange: namely, what exactly
happens when the moon is in position 1? The quektthto a detailed exploration of how a
sphere is illuminated by a source of light. Thissvaa example of a careful examination of
how exactly a specific general scheriahinating) applies to a mental model—which is the
essence of increasifesolution

The detailed exploration of how a sphere is illnated revealed that in position 1 the
moon is actually seen as a dark moon rather thath moon (as Rose had earlier inferred)
and in position 5 (the phase they had mainly beasaning about and had initially conceived
as the dark moon) was actually a full moon. Thimdestrates nicely how the expectation of
coherence drives the construction of explanatiomrtler for phase 5 to be a full moon and
fit the pattern of moon phases (and textbook itatgin) the students needed new knowledge
pieces to explain it. By applying the general sca@iBypassingalong withllluminating
andVisibility they could explain how phase 5 could be a full mdde explanation they
found was detailed and the knowledge pieces fittgdther with relatively higRResolution
for positions 1 and 5.

At this point, | again asked the students to esgtither positions of the moon. This
request was aimed towards widening Rangeof the explanation, so that it includes other
positions of the moon. Exploring other positionghed moon involved finding nuanced ways
of applying the general schemas to the mental nsaied provided increas@&gsolution For
example, when the moon is in positions other thasitipn 1 or 5 it is challenging to infer the
shape of the moon viewed from Earth. The studesrg earefully explored the moon’s
illumination and visibility from Earth in these @hpositions, making innovative use of their
drawing. They ended up with an explanation thatthatt highResolutionand highRange

coherence.
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Let us now discuss some of the important issugiglighted in the analysis, by

referring again to the two focal questions raisadier.

1. How Do We Capture, in a Realistically ComplexrRoThe Conceptual Structure
Behind Students’ Explanations?

The analysis described the structure of the stsdknowledge as a complex system.
Students exhibited a wide diversity of contextsstwve fine-grained knowledge pieces,
including propositions, general schemas, mentaletspénd mental images. This level of
detail was essential for capturing knowledge resesiand their reorganization into
productive roles in more advanced explanations.

Let us compare Natalie’s activated knowledge @ecepisode 3 to the activated

knowledge pieces playing out in their final explao@, in episode 6 (Figure 18).

The phenomenon: over a month the shape of the moon changes: The phenomenon: over a month the shape of the moon changes:
Activated knowledge pieces Activated knowledge pieces
Wi I . b Mental model Mental model
:;ta lm;g);e. moon shapes Mental model Mental image: moon shapes g P
&l b () b ._
e O General schema: @ O. OO _ @
s p 1 day _—
Proposition: VISIBILITY - Proposition:
“the shapes ® “the shapes General schema: Mental model
change gradually” Gen;{g’cSKT'szmm Mental model| change gradually” VISIBILITY
30
Mental Image Mental image textbook diagram General Schema: & %
General Schema: $ : " ILLUMINATION
J ILLUMINATION 53 [RTI8
s J General Schema:

BYPASSING

Verbal explanation:

So that a tiny bit of light reaches here... And
then when it gets closer, the US will see it
more, and also we are going to see it half
because it is closer to us, and the sun
reaches it.

Verbal explanation: (see transcripts)

Figure 18 - Natalie's activated knowledge piecdsgisode 3 and the joint activated knowledge piétes

Episode 6

Both theVisibility andllluminating general schemas were activated in both
explanations. However, in episode 3, Yhsibility general schema was applied to a mental
model where an observer observes the moon and@urdifferent locations on Earth. This

application only considered whether the object @umoon) is visible from a particular
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location, and not which part of it is visible. Infieg the part that is visible involves a more
careful application of the general schema on thetatenodel. In episode 6, the general
schema oVisibility was applied to a slightly different mental moddlis mental model
involved an observer from a specific location omtEEabserving the moon in various
positions. The general schemavi$ibility as now applied allowed the students precisely to
infer how the moon is viewed from this location.

The general schembuminating was also applied in episode 3 to the mental motdel
the moon’s orbit around the Earth. But whereasprs&de 3 this application was imprecise,
in episode 6 the students applied the general saiveny carefully to infer the illuminated
and dark parts of the moon in each position.

In episode 6, the general schem®laicking,used by the students in episodes 1-3, is
considered irrelevant to the situation and theestigluse instead the general schema
BypassingScientifically, light does not “bypass,” and tigsneral schema applies to other
phenomena such as waterways, gas, masses of paogleo forth; it does not apply to light.
What the students were missing was a fact conagthi;mgeometry of the lunar system. The
moon’s orbit around the Earth is an oblique planthat formed by the sun, moon, and Earth.
According to this geometry, the Earth does not radiyrblock the sunlight from the moon
(apart from the rare occurrence of a lunar eclipBeat piece of information could have
helped the students, but at this point was notiabiai to them.

The analysis shows that there were hardly anypieees of knowledge underlying
the advanced explanation. Only the organizaticknofvledge pieces was different. The
students’ intuitive knowledge exhibited continugtyd productiveness throughout the
development process. Furthermore, the student$aeatons were compiled from
conceptual resources that are neither right nongjralthough it is possible to apply them

appropriately or inappropriately: General schenmasfone explanation can be applied more
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precisely to a mental model, or applied to diffén@ental models to provide a more adequate
explanation.

These findings have implications with regard te differences between the
“knowledge-as-theory” and “knowledge-in-pieces” ggectives. A common assumption
within the science education community is that stugl understanding involves alternative
robust conceptions that pose an obstacle to theem\garning school science. Described in
these terms, one could say that, initially, the sttgdents entertained common
“misconceptions.” In fact, their initial explanati® are documented in the literature: (a) “the
phases of the moon occur due to the shadow cakeanoon by the Earth” (e.g., Baxter,
1989); (b) “the different phases of the moon aendeom different parts of the Earth” (e.g.,
Schoon, 1992). The current analysis suggests tindeists’ understanding is constructed from
finer-grained pieces than the grain-size of a nmseption. Decomposing misconceptions
into smaller knowledge pieces enables a reseatcladrserve the re-organization of these
components into a more advanced understanding.rBiey@ theoretical implications of
these findings, this observation has importantuasional implications. The central message
is that instruction should nurture students’ intgitideas rather than strive to replace them by
correct scientific knowledge. Some directions fowito lead students towards more

adequate knowledge building are pointed to in @y Bection.

2. What is the Conceptual Dynamic Underlying thedgPession of Explanations?

The analysis supports the idea that students reahgxplanations that feel coherent.
That feeling is linked to the way activated knovgegieces—specifically epistemologically
high-status pieces—fit together. Moving from onelaration to a more advanced
explanation is not done by convincing the studégither by convincing each other as in
episode 2, or by an instructor), but by directingmh toward more rigorous exploration of

relevant details and contexts.
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In every explanation, activated knowledge piecagy fit together but with differing
ResolutiorandRange As the details gradually get refined, knowledges that were
activated earlier no longer fit together and meéxessary to reorganize the knowledge pieces
so that they fit together again, in a higRe&solutionrand/or a wideRange

IncreasingResolutiorand/orRangeoften did not happen voluntarily by the students.
I, as an instructor, had an important role in faecg®n fruitful directions from among the
many available options. For example, by focusingvbat happens in position 1, the students
undertook a thorough examination of how exactlysiwe illuminates the moon thus
considerably improving the resolution. Later, | em@ged the students to explore other
positions (improved explanatid®angg, and this careful exploration led to still graate
Resolutiorenhancement.

When details are explored by increadiegsolution reorganization can take place, as
happened here. The students do not need to benomavihat a different explanation is better
than their own, and instead, they reconstruct a@gvanation through the process of
increasingResolution When Rose and Natalie realized that the moomgitipn 1 is
observed as a dark moon and not a full moon, teeged to fit this new knowledge piece
with their other activated knowledge pieces, whezhto a reorganization.

Once the students could give a precise accoumbwfthe general schemas applied to
the mental models for both simple and more compleses they could grasp the bigger
picture. In one example of this, Natalie realizes ainderlying reason why the phases of the

Moon OCCuUr:
“Ah! One moment, takes Rose’s hand off the representgtitie moon doesn't really get larger and
smaller, it's simply what we see. We only see theminated part [Rose: Right!'Natalie colors the
illuminated part agai, and now it's only half of it, and it's possiltiat if we look before... so maybe
we will only see this part. This line here [RoséghR]. It dependsdlanced at O on when we look

and... when the moon...”
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The central claim—that the development of studemglanations and understanding
is a function of increases in tRangeand/orResolutionof explanations—is significant for at
least two reasons.

The first is a theoretical significance: The “krledge-in-pieces” perspective argues
that students’ intuitive knowledge gets reorganitedugh the process of learning and
conceptual change. The current analysis demonstsatéh a moment-by-moment learning
process. But, in addition it also identifies twoahanisms that drive improvements in
explanations: increasiri@esolutionrand wideningRange Of course, these concepts and the
theoretical model offered here were developed tgjin@an iterative analysis of a small sample
of cases and applied in detail to a single cas#ysturther research needs to be done to
examine the applicability and efficacy of these twechanisms in other learning contexts.

The second reason is practidaésolutiorandRangeprovide productive direction for
instructional interventions. While it is prematwoeoffer much detail here, this is briefly
discussed below.

CONCLUSIONS AND INSTRUCTIONAL IMPLICATIONS

DiSessa (2008) argued that even if we are conditita people have global
“models” or “conceptions” (the conceptual changmpwinity has yet to agree on this, see
diSessa, Gillespie, & Esterly, 2004), we still né@dtnow how to disassemble those entities
into fine-grain pieces, to trace how new ideashbanét. The model developed in this paper
suggests a way to understand the organizatiomefdrained knowledge pieces that make up
a student’s explanation and trace the reorganizatidhese pieces as explanations develop.

The model has similarities to Sherin et al.’s @01vhich describes the conceptual
dynamic of students’ explanations during clinicdkrviews. Sherin et al. conceive a
dynamic process in which all explanation constanriiare temporary mental states which

can change rapidly from one moment to the next vdiarent knowledge pieces are cued.
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In the sessions conducted in the current resestatients usually progressed through a series
of explanations involving growing sophisticatiordesometimes also approximation to the
scientific explanation. This progression can behatted to the instructional design of the
sessions, which is quite different from a clinicaérview: In a clinical interview, the goal is
to study aspects of the interviewee’s knowledgethntk is no explicit attempt to support the
interviewee’s learning. In some cases, the interges develop their understanding through
this interaction but there is, by no means, a $igelciearning goal, and the interaction does
not support such a goal. The session analyzedspé#per (like other sessions in this
research) was a learning session where the studentsexpected to try to make sense and
improve their understanding. Occasionally, my wations resembled an instructor’'s more
than an interviewer’s and my questions were getrg@aovoking the students’ thinking to
support their progress.

The students’ explanations in this research wet@nly verbal, but embedded in
tangible, drawn representations. Visual represiemsitretain the record of earlier
explanations and conceptualizations. The factuis#ble representations are depicted on a
stable and physically shared medium may affech#tare of the conceptual dynamic. For
example, the instructor’s accessibility to the slarisual representations that can be
observed, pointed at, and accounted for providegdeground for generating issues of
ResolutiorandRange Future research may elucidate the special rolesofl
representations in this regard.

The model presented here also has instructionalaations for engaging student
ideas and facilitating a type of learning that awmlly moves from intuitive understanding
to sophisticated understanding. Instead of beifeyed, or convinced to adopt, a better
explanation, students constructed their own expians, exploring details, extending their

limits, and in this process, finding their own waggeconfigure and improve their
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explanations. The fact that there was a continnfiigeas may explain the relative ease with
which Rose and Natalie transitioned to new explanatand their lack of resistance to this.
Although the session lasted a long time, therengasense of confrontation or any need to
convince or persuade the students to choose thexghanation over the old one.

This would seem to support the position that potigia instructional interventions
should have the intention of increasing Resolutionor widening theRangeof students’
own explanations. Offering students a "better" arption—the normative explanation—
without attending to the conceptual resources tildesits have “at hand” is unlikely to lead
to real understanding. Recall Natalie’s changingractions with the piece of information
regarding the Earth’s rotation and the moon’s othithe explanation that she constructed
herself (in episode 2) this piece of informatiorsveampletely irrelevant. However, once it
became productive within a specific context andipalar construction (in episode 5) she
used it meaningfully. The model developed in tlesearch suggests productive directions of
supporting students in developing their intuitivaceptual understanding and increasing its

sophistication.
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Appendix — Knowledge Elements Appearing in the ysmal

SO

Knowledge element Type Description
VISIBILITY General An object’s degree of visibility varies
scheme according to the location of the
observer.
BLOCKING General An object(A) can block the movement
scheme of anothembject(B).
ILLUMINATING General A source oflight (A) shines on an
scheme object (B),and lights the object’s
surface.
BYPASSING General An object (A)can bypass aobject (B)
scheme in order to reach anbject (C).
MORE CAUSE, MORE EFFECT General | The effect of a certain factor is
scheme increased by the extent of that factor.
C Mental An observer stands on different
model locations on a sphere, watching the s
and the moon from these various
locations.
C ) Mental The moon orbits the Earth in 30 days
>0
o A\ model The sun is stationary and the Earth a
. doesn’t move during the time.
Mental An observer stands on one location on
model a sphere, watching the moon in vario

positions.

US
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Mental The Earth rotates on its axis in one day.
model
Mental Mental images of various shapes of the
image moon.
Mental A mental image of a textbook
image illustration of the phases of the moon
Mental A mental image of a crescent moon
image seen during the day.

“The shapes of the moon change Proposition

gradually over a month”

“When the sun is visible, it is day; proposition

When the moon is visible, it is night”

“The moon in position 1 is a dark proposition

moon”

' These categories are borrowed from an early versiGherin, Krakowski, & Lee (2012).

" One of the main goals of this research was to @&the effect of the use of visual

representations on the process of developing utathelisig. However, this question is beyond

the scope of the current paper and besides mengjainibriefly in this section, I will leave the

substantial discussion for a future paper.

DEVELOPING EXPLANATIONS AND DEVELOPING UNDERSTANDING, ACCEPTED , Cé&l

66



' This short study was an independent study, ureliat the focal case study of this paper.
Vv Kefar Saba is a small town in Israel, close toneHeatalie and Rose live.

¥ Israeli students are very familiar with the timtfedence, especially between Israel and the
US. Many students visited the US (Rose lived inUllgefor several years), and if not, they
usually have friends and relatives, and they ar@awf the time difference for planning
phone conversations and alike.

' The moon that | added was blank. The shadingis f later state, after they figured out
the light and shadow on the moon. This happenexd tifis episode ended. However, Figure
14 is a scan of the final state of the represenntati

Yi The moon’s orbit around the Earth forms a plar ighoblique to the plain formed by the
three bodies: sun, Earth and moon. According ®dbbmetry, the Earth usually doesn’t

block the light from the moon (only in some occasiovhen a lunar eclipse occurs).
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