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| show that the Modeling physics curriculum is readilgaaomodated by most teachers in favor
of traditional didactic pedagogies. This is so, at leaptrt, because Modeling focuses on a
small set of connected models embedded in a self-censtsieoretical framework and thus is
closely congruent with human cognition in this conteltal is to generate mental models of
physical phenomena as both predictive and explanatory dewdieether a teacher fully imple-
ments the Modeling pedagogy depends on the depth of the teasamitment to inquiry-
based instruction, specifically Modeling instruction, asesans of promoting student under-
standing of Newtonian mechanics. Moreover, this comartrirumps all other characteristics:
teacher educational background, content coverage issu@snsachievement data, district or
state learning standards, and district or state studezgsmsents. Indeed, distinctive differences
exist in how Modeling teachers deliver their curricula soche teachers are measurably more
effective than others in their delivery, but theysdlare an unshakable belief in the efficacy of
inquiry-based, constructivist-oriented instruction. Thed®lomg Workshops’ pedagogy, dura-
tion, and social interactions impacts teachers’ sigfiification as members of a professional
community. Finally, | discuss the consequences myarekanay have for the Modeling Instruc-
tion program designers and for designers of professionala@went programs generally.
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Introduction

During the years 1995 through 2000 (and intermittently thergalfterViews About Sci-
ence Survey (Halloun & Hestenes, 1996 — see Appendix 9aavamistered to thousands of
high school and college science students and also to mactyers and instructors. Halloun &
Hestenes describe the “WASS” as “a survey of student \édest science for the purpose of
assessing the influence of these views on learning.” Uibed survey data to develop “profiles”
with respect to respondents’ views about science. édextremes are “expert” and “folk” views
and in between is a “mixed” or “transitional” viewwill go into more detail about this survey
later, but suffice it to say that Halloun & Hestenasiid that college instructors generally hold
“expert” views about science, high school teachersodas well but not as consistently, and
most students considerably less so.

As a matter of course this survey was administereldedigh school teachers attending
the summer leadership workshops (1995-1999) conducted by the Mdaslingtion in High
School Physics program and thus to the six teachers rgltbeasubjects of this study (see
http://modeling.asu.edu These teachers completed the survey in 1998, durirfgghef two
consecutive summer workshops. Their average profileB&%sexpert, 10% mixed, and 4%
folk, only slightly below the college instructor avergefile of 90% expert reported by Hal-
loun & Hestenes. What was of more interest to mejever, was whether there were any sig-
nificant differences in my subjects’ responses to thigesy and whether these differences mani-
fested themselves in teachers’ classroom practicesmapdtticular, with respect to the extent to
which a teacher implements the Modeling Instruction ($Vélestenes & Swackhamer, 1995)
pedagogy which lies at the heart of this study. The simsvers are yes and no.

The teachers in this study disagreed most in their nsgsato survey question 21: “The
laws of physics are: (a) inherent in the nature of thamgkindependent of how humans think vs.
(b) invented by physicists to organize their knowledge atbeubatural world.” According to
Halloun & Hestenes, the “expert” response optidif @avards ‘Only (b)’,” what some philoso-
phers of the nature of science would call the “constnstt perspective as distinguished from
the “empiricist” (folk) perspective implied by alternai(a). Choices are along a seven-point
scale: two of the teachers selected an “expert” nptiwee teachers selected a “folk” option, and
the last teacher selected a “mixed” option. Whattisresting about these responses is that |
would judge five of the six teachers full-fledged “Modelevghich is to say they embraced the
Modeling pedagogy at the workshops and do so to this daythl ieacher who selected a
“folk” option who (now) least implements Modeling areétteacher | judge most expert that se-
lected a “mixed” option.

As one might expect, the teachers also disagreed mréspionses to question 22: “The
laws of physics portray the real world: (a) exactlywasy it is vs. (b) by approximation.” This
time four teachers selected the so-called “expert” l@wincluding the most expert Modeler
and the non-Modeler; and the teachers that had sekectelt” option for question 21, but who
are nevertheless Modelers, now chose “folk” and “mixaations, respectively. So, except for
the non-Modeling teacher, the teachers’ responses asestant across the two questions, that is,
Modeling teachers generally held onto to their views whethgert” or “folk.” It would seem
that the non-Modeling teacher is conflicted in his vielsua science.
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As a point of information, my subjects were unanimouséir responses only to ques-
tion 2: “If I had a choice: (a) | would never take amygics course vs. (b) | would still take
physics for my own benefit.” | leave it to the readecontemplate which was the teachers’
choice.

When | queried the teachers about their views of ther@atf science and scientific
knowledge, it was quite clear they believe that thesensethingnherent in the nature of things
independent of how humans think that makes inventing lawsgemize knowledge about the
natural world a reasonable thing to do, and nature (ongarience of it) seems to behave in a
sufficiently consistent, repeatable manner so as taisuste validity of these laws. Most of the
principles that they teach have withstood the testsnaf and scientists and engineers have been
able to manipulate nature in profound ways and open newdiriequiry based on these very
same tenets. Though no teacher fully espoused onegbmetv over the other, the two posi-
tions are fairly well represented in two teacherdesteents below (both of whom I judge to be
Modelers):

Scientists believe that numbers represent the tisitentists get their numbers
from measuringhings and then they try, they use different techniqoevaluate
what those numbers mean. We do that because we &a&goad predictions
with numbers that are useful to us, they enhance our healtkvelfare, and so
this is something important to study and learn about beeeeise interested in
our health and welfare.

It's a way of understanding the universe around you by tad#ag for validity:
does this work, in what situations does this work, whatsons doesn't this
work; the process of building these models whetherrén@yental or physical that
approximate what's going on, that work in certain sitaatiout not necessarily in
every situation. | guess the process of learning scemteonstructing that sci-
entific knowledge is the process of building the modelsting them in different
situations; could be actually in the lab, could be menttiinking about will that
work here or there.

In other words, whether a teacher believes the layhydics portray the real world exactly the
way it is or by approximation, they all believe thessamething quite real behind them. What
is more, contrary to the work of some science educatisearchers (e.g., Tsai, 2006), this belief
has no apparent impact on a teacher’s ability or inglindo implement Modeling, an emphati-
cally constructivist-oriented pedagogy. So what does?

This research project was guided by the following three munsst

1. How and to what extent does the design of the Nlaglpkedagogy induce conceptual change
in teachers’ conceptions of physics content and pedagogy?

2. What factors, including teachers’ beliefs and backgrasgndgell as their participation in the
community of discourse embodied by the workshops and teehhg program generally,
influence their implementation of the Modeling pedagogyheir classrooms?
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3. How might the program be redesigned to increase theetwh high performing teachers
and, similarly, how might teachers be supported afienpdeting a workshop so as to reach
high levels of implementation?

| will show that the Modeling physics curriculum is rdgédiccommodated by most teachers
in favor of traditional didactic pedagogies. This isa&deast in part, because Modeling focuses
on a small set of connected models embedded in a sefstent theoretical framework and thus
is closely congruent with human cognition in this contexich is to generate mental models of
physical phenomena as both predictive and explanatory deWidieether a teacher fully imple-
ments the Modeling pedagogy will be shown to depend on it déthe teacher's commit-
ment to inquiry-based instruction, specifically Modelingrastion, as a means of promoting
student understanding of Newtonian mechanics. Moreowel, dhow that this commitment
trumps all other characteristics: teacher education&igoaand, content coverage issues, student
achievement data, district or state learning standards, stnittdor state student assessments.
Indeed, distinctive differences exist in how Modelingcteers deliver their curricula and some
teachers are measurably more effective than othéngindelivery, but they all share an un-
shakable belief in the efficacy of inquiry-based, constvisttoriented instruction. | will also
examine the impact of the Modeling Workshops’ pedagogy, durarmhsocial interactions on
teachers’ self-identification as members of a protesdicommunity. Finally, | will discuss the
consequences my research may have for the Modeling listrpcogram designers and for de-
signers of professional development programs generally.
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Modeling Instruction in Physics

The Modeling Method of Instruction in High School PhygM#ells, Hestenes & Swack-
hamer, 1995) was designed by an exceptional high school phgaicher, Malcolm Wells, under
the direction of David Hestenes at Arizona State Unityerdiiow Malcolm came to develop the
Modeling Method is a fascinating story in its own rightlahe reader is referred to the article
cited above for the details. Modeling instruction incorpesahe work of Karplus (1975) and his
“learning cycle,” a pedagogical model he originally develojeldelp elementary teachers teach
science concepts. Much work and research on learniigscyas been conducted since then and
nearly every K-12 science educator by now is familidhwhe iteration or another of what has
come to be called an “inquiry approach” to science teact@gplus’s original learning cycle
had three stages: exploration, explanation, and applicé€arplus, 1977). The thrust of the
model is that “science learning should be a procesdfefagulation in which the learner forms
new reasoning patterns. These will result from refbectafter the pupil interacts with phenom-
ena and with the ideas of others” (Sunal & Sunal, 2008jter-day educators have expanded
Karplus’s model into the now ubiquitous “SE” learning cycled®l: engagement, exploration,
explanation, elaboration, and evaluation (e.g., Byb889), but the epistemological foundation
is the same.

Modeling Instruction and its “modeling cycle” (Wells, Hers¢s & Swackhamer, 1995;
Hestenes, 1987; Hestenes, 1992; Hestenes, 1995; Hestenes, 2@06), 1 2804) is well-situated
in this tradition, but it has a few unique features. tkran overarching emphasis on the devel-
opment of well-defined, comprehensive, and systematic ptuniemodels of physical phenom-
ena. Hestenes (2006) gives us two reasons for this:

The great game of science is modeling the real worldeaol

scientific theory lays down a system of rules forypig the game.

The object of the game is to construct valid modelealf objects and
processes. Such models comprise the content coresatiiciknowledge.
To understand science is to know how scientific models€anstructed
and validated. The main objective of science instruciaruld therefore
be to teach the modeling game.

Cognition in science, math, and everyday life is bdlgiedbout making
and manipulatingnental models

That is, the content of scientific knowledgedceptuaimodels (that are subject to objective
validation) and the content of personal knowledgaestalmodels. Thusmodelingshould be
the “main objective of science instruction” because litow science is done, aMbdeling

should be an effective pedagogy because it is congrudnhwihan cognition. The critical dis-
tinction made here between conceptual and mental misdils difference between symbolic
representations (e.g., graphs, mathematical formulagradms) of physical realties developed
alone or in concert with other observers as exptagatnd/or predictive devices and the mental
constructions individually derived directly from sensorycegtion of the same physical realities
but without the “intermediary of symbolic forms” (Heses, 2006). The box below is from
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Hestenes (1995); it is a synopsis of what should be thpreddict of science instruction, a com-
plete “model specification” which is embedded in the cxrnvéa specific physical theory.

Model Specification
A model 1s a representation of structure 1 a physical system and/or 1ts
properties. It describes (or specifies) four tvpes of structure, each with
internal and external components:
{(a) systemic structure specifies

. composition (internal parts of the system)
. environment (external agents linked to the svstem)
. connections (external and internal causal links)
(b) geometric structure specifies
. position with respect to a reference frame (external geometry)
. configuration (geometric relations among the parts)
(¢) temporal structure specifies change in state vanables (system
properties)
. descriptive models represent change by explicit functions of time
. caisal models specify change by differential equations with

interaction laws
{d) interaction structure specifies interaction laws expressing
interactions among causal links_ usually as function of state variables

The major assumption of this research project, thegeife that by attending Modeling Work-
shops physics teachers are exposed to both a new theottye(io) of learning, which restruc-
tures their conceptions abdetrning physics, and a new physics pedagogy, which restructures
their conceptions abotgachingphysics.

The second distinctive feature of the Modeling pedagodyeidtodeling Cycle. The
Modeling Cycle has been designed specifically to help pteaonceptual changéPosner et al,
1982) by creating an environment in which student misconceptéombe confronted and then
resolved via a series of carefully structured expereacel dialogues. This aspect of Modeling
surely must find its epistemological and pedagogical antetedethe works of education re-
searchers such as Bruner (1960), Vygotsky (1978), and Arong,(1990), if not directly, then
at least as a consequence of their profound reshapthg &fndamental principles of teaching
and learning that have so slowly rippled down to us isgha&tter days. Bruner’s constructivist
theories, Vygotsky's “zone of proximal developmenntigArons’ insistence that physics stu-
dents have the opportunity to verbalize their undergtgrithve each become inextricably en-
twined in the Modeling pedagogy. Their work is mostlydred/the scope of this paper except
insofar as acknowledging the debt owed by those of uscaidme after.

As | describe the phases of one Modeling Cycle, itiigal that the reader understand
that participants experience the complete sequencedélng Cycles over the course of the
four-week Modeling Workshop in nearly the same mannernnténded they deliver the curricu-
lum in their own classrooms. This sort of “immersSignconsistent with the recommendations
of professional development researchers such as H&W&li (1999); Etkina (2005); and
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Loucks-Horsley, Love, Stiles, Mundry & Hewson (2003). Mreaid about the professional
development program in Study Context, below.

The Modeling Cycle has two stages, model developmentnanie! deployment. Stage
| is designed to lead students systematically through therfaur phases of model development:
description, formulation, ramification and validatioBtage 1l is devoted to deployment of the
model developed in Stage | to a variety of new physitiztions in a variety of different ways”
(Wells, Hestenes & Swackhamer, 1995). Each of thegesia further divided into phases. The
list of phases is taken from Halloun (2004), but the desons are based on my own training at
Modeling Workshops and experience as a Modeler.

Stage | — Model Development

1. Exploration: Demonstration

In the Explorationphase of Stage | students first are presented with adjgan experi-
ment,” that is, some sort of demonstration, handaeabivity, video depiction, or computer-based
activity that manifests the as yet unspecified physicatlies to be discovered. This may be
as simple as a toy truck moving across a table or aploated as a modified Atwood’s ma-
chine. An important feature of this phase is that it‘isaary-forward” from the previous model-
ing cycle, that is, it is the next logical step in Hing up a coherent theory (storyline) in the
relevant physics sub-discipline. The teacher soliciis the class “everyday social language”
descriptions of the system under scrutiny thereby actyatudents’ prior knowledge. All ob-
servations are accepted and duly recorded by the teaclsdftiosee. Eventually, and this may
well require that the teacher ask directing questionsfécus students’ thinking towards what
the teacher knows are the relationships to be develogtadent makes a pertinent, but prelimi-
nary observation. For example, a student might sagotheuck is moving at a “constant
speed.” The teacher then (gently) challenges thastugent to be more explicit: What do you
mean by “constant speed”? This give and take continuéddaacther and students are satisfied
that a sufficiently complete description of the systeams been generated. The teacher now leads
the class in a discussion to narrow the list of nla@@ns by identifying duplications, removing
obvious non-sequiturs, and zeroing in on the salient fesfrthe system.

2. Exploration: Nominal models

The discussion shifts now to developing preliminary exgiary models. This phase is
initiated by asking students to consider what parameteayistine descriptive of and/or account
for the system’s behavior. In this phase the teazften challenges students to explain their
theories or at least more precisely define the teheng iise to describe their models. The intent
here isnot to correct the students’ models per se, but rather it #3s students in making their
thinking clear to the class and to themselves, typicallgdiyng probing questions or paraphras-
ing students’ responses.

3. Model Adduction: Plausible model

The next step involves guiding the class to a consasststhe quantitative parameters
thatappearto affect the behavior of the object (system) undertsy and to discard those that
do not. Some extraneous “parameters” may survive theepsp especially when student ex-
perience (or intuition) with the system is limite@ihe teacher sometimes has to assume a more
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authoritative posture here to bring the discussion tmelyiclose, to restrict the number of ex-
traneous parameters for efficiency’s sake, and tothwgarameters their scientific labels, even
though their (preliminary) functional roles were previgiestablished. At the close of this
phase the class should have developed at least one tiestfofictional relationships between
the specified variables.

4. Model Adduction: Investigative design

Now it is time for the students to design an experini¢asa(s) to attempt to establish the
relationships between the variables. Students are ordantpegroups for the purposes of de-
signing, conducting, and analyzing their experiments, angrésenting them as well. Students
are engaged in group conversations as they struggle to woall the challenges associated
with designing and setting up the experiment and collectirgy detis is a crucial first step in
the process of model formulation because it is atpbist that students confront their prior con-
ceptual models and they often need help organizing theirnniginkl he teacher circulates around
the room, mostly providing guidance in the form of diregtguestions or restating students’
guestions and only rarely answers questions directly, ysafadlut the proper use of test equip-
ment.

5. Model Formulation: Investigation and initial model formulation

Once students have collected experimental data thexpeeted to prepare a graphical
representation of the characteristic relationshipst@amg@nerate a (preliminary) mathematical
model in anticipation of presenting their findings to tlessl(usually on a dry-erase “white-
board,” but there are other equally suitable media).

The teaching sequence now enters the pivotal phaseiaf middel formulation — stu-
dent presentations. There are a variety of waystéging the presentations, but, in the end, the
goal is to create a “safe” environment, one that fesespectful student self-expression and
promotes robust classroom discourse. Typically one studidem each group is designated by
the teacher to stand at the front of the class arehdehe group’s results which include a brief
summary of the experimental procedure (if applicabld)athorough explanation of their
graphs and mathematical derivations. They also mustiaexghy other representational devices
that may be depicted, such as free-body or other vdi@grams. The use of multiple represen-
tations increases the likelihood that some aspetieofrtodel specification is accessible to every
student.

The key feature of the whiteboard presentations is thgtiqneng that follows. Anyone
in the class is free to ask questions of the preseutehé teacher generally holds his or her own
guestions until the students have had their chance. Tleugabher serves initially as modera-
tor; sometimes helping students phrase or rephrasejtiestions, sometimes helping the pre-
senter with his or her responses. Most students askangeseéeking information or explana-
tion, but more confident students often attempt to chgdlehe presenter on the validity of their
graph or mathematical formula or their model formolati On rare occasions a question can
spark a class-wide discussion and the teacher shoplcpared to take a back seat.

The crux of the Modeling Method, its very heart, liesha interaction between the stu-
dent-presenters, their student-colleagues, and the tedhatiey the Model Formulation phase
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and later during the Model Deployment pha$éeseare the best opportunities in the cycle for
the teacher to probe for individual student understandidg@make the “story” available for all
the students in the class.

6. Model Formulation: Rational model extrapolation

After the students’ presentations are complete anchtttel specification has evolved as
far students can take it on their own, it is timetfar teacher to step in and continue the devel-
opment of the scientific story. The goal, of coursép reach a developmentally appropriate
level of closure, to the point that all relevant asp@f the model specification have been de-
fined, delineated, differentiated, and decontextualized.

Stage Il — Model Deployment

7 & 8. Model Deployment: Elementary and Paradigmatic deployment

The purpose of model deployment is to provide students withriypptes to more fully
integrate the model specification into their conceppuafiles by applying their new perspective
in novel situations, thus establishing the model as a ggnepglicable scientific rule. De-
ployment activities typically include problem sets and fdgment labs.” The problem sets are
carefully designed to illuminate the different aspetthi® model specification and are imple-
mented in a fashion similar to the procedures for thestigative phases of model development,
I.e., students work in teams and present whiteboards. lAyeent lab can be a new experi-
ment, a demonstration, or even a computer simulatigirthe cycle begins immediately in the
investigative phase (step 6) and with no moderation bieteher.

It is during the deployment phase that whole-class digmos about the model are most
likely because by this time many students will have hadcserfii exposure to the “scientific
view” to have begun to appropriate the model. They are nwrident in their use of school
science social language and are more willing to challangdest their colleagues’ paradigms
and representations.

9. Model Deployment: Paradigmatic synthesis

Paradigmatic synthesis is the culminating phasedrdvelopment of a modelia
model. That is, it is a very intentional, expliedlidation of the model itself as being an accurate
representation of the physical phenomenon under scrufinig...a systematic recapitulation,
following modeling schemata, of a model and its building kdpas well as of tools, processes
and underlying tenets involved in model construction and demat/ (Halloun, 2004, p. 230).

From this description of the complete Modeling Cyclés @nly reasonable to propose a
list of traits for the “ideal” Modeler that we mighave a standard by which we can compare
Modeling as well as non-Modeling teachers. Hestenes feeexample, Wells, Hestenes &
Swackhamer, 1995) and Halloun (2004) have done much thebratidain this area, based in
large part on their informal observations of Modelinghesis and their students, and several
former and current Modeling teachers have written resdaased dissertations on Modeling that
have added to this body of knowledge (s&p://modeling.asu.edior a complete listing).
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A comprehensive enumeration of these traits is Halo(L998) Modeling Instruction
Survey (MIS) which is a 100-item taxonomy of Modeling behasvigee Appendix 7). The sur-
vey was designed to be administered to teachers who hgmleted Modeling Workshops so as
to estimate the extent to which a teacher implemeetdibdeling pedagogy in his or her phys-
ics classes. Halloun hoped to correlate MIS datathél~orce Concept Inventory, the Mechan-
ics Baseline Test, and other measures of student learnuadidate the instrument and identify
“essential” Modeling behaviors. Some preliminary workhis regard had been done, but the
correlations were not definitive and forces beyond tbentrol required the Modeling Instruc-
tion program staff set this work aside. Based on my amatysis of Halloun’s limited data, ac-
cess to which was graciously granted by the Modeling progiahn sty own practice, and my
practical knowledge of teachers and teaching, | winnowelbiHas list to 49 items | believe are
strongly indicative of Modeling behavior. | used my &sta guide during classroom observa-
tions to supplement the Reformed Observation Teaching Prd¢®eebda, Piburn and Falconer,
Turley, Benford & Bloom, 2000) | employed during this projectlsb used these items, plus 11
additional items identified post hoc, to generate sciorethe three of my subjects who com-
pleted the survey in 1998 and again for all six of my subpbo completed the survey as part
of this research project. More is said of the MIS deditems | selected, below, but as an aid to
the reader | will take the liberty to provide a summargsxential Modeling practices.

1. A deep understanding of student misconceptions in phessichow they manifest them-
selves in student talk and student-generated represent@iondiagrams, graphs, and for-
mulas such as on whiteboards, homework, and tests)teordorm teacher-mediated class-
room discourse (i.e., Socratic questioning).

2. Considerable skill in managing classroom discours#, itBat is, knowing what “communi-
cative approach” (Mortimer & Scott, 2004) to use in edudsp of the Modeling Cycle and
especially knowing when to intervene and when to stek. bac

3. The ability to create an environment that suppoutdesits’ collaborative construction of
conceptual models, promotes student-to-student interacdodsieemphasizes the authorita-
tive role of the teacher. This means developing arflag community” within the class that
can induce and sustain student model assimilation andafigation.

4. An appreciation of the nature of science and ofipbys particular, as a model building en-
terprise and of the nature of such models themsekatsthey have specific operational do-
mains, structures, and compositions and exist within #madwork of a well-defined theory
(Halloun, 2004). The teacher should be well-verseddrutiderlying physics of the models
he or she presents, how they fit together, and howaiotain a coherent storyline from con-
cept to concept.
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Pedagogical Content Knowledge and Conceptual Change

Domains of Teacher Knowledge

Beginning with Shulman (1986), many authors have createdoc&aipn schemas for
teachers’ knowledge domains (see, for example, GrossiA80; Morine-Dershimer & Kent,
1999; Carlsen, 1999; and Etkina, 2005). Although the models varyn@a specifics, they agree
generally to divide teacher knowledge into three broadjoats: 1) general pedagogical knowl-
edge and 2) subject matter knowledge which are foundatioB3 fmdagogical content knowl-
edge (PCK). Some researchers (e.g., Grossman, 1990 ameNdershimer & Kent, 1999) add
a fourth knowledge category that relates to the genedadpercific educational contexts in which
teachers work, but | prefer Carlsen’s (1999) depictionitisdéad embeds the teacher in his or
her larger educational environment — akin to Schwab’s (198Bunthat is, “the context within
which learning takes place.” Although these contextgpecafoundly affect teachers’ knowledge
and practice (sometimes proscriptively so), they at@am@nable to this sort of generic analysis.
That is, even though school environments are often cateddoroadly by many education re-
searchers and statisticians as, for example, “intigr-&iural,” and “suburban,” or “advan-
taged” and “disadvantaged,” along with the baggage thesepm@rseof school carry with
them, | maintain these contexts are sufficiently dieghat it is more productive to analyze their
impact on teachers’ practice on a case-by-case bidsigertheless, it is at least worth mention-
ing here that the subjects of this study all live and worlelatively privileged communities,
which is partly a consequence of studying physics teachdris.is because junior/senior phys-
ics typically is a high status college-prep elective setm most high schools and is offered only
on an occasional basis in many rural and inner-city $shddowever, inasmuch as this study
focuses on teachers rather than on their studergfie/e my findings will be widely applicable
— certainly wherever physics is taught.

| do not intend to challenge these models of teachewlkedge or their ontological and
epistemological underpinnings, but some researchers supgebbth the categories themselves
and the distinctions between them may be problematiddelH(2004), for example, contends
that PCK as a construct “is not based on scientijidzdsed research” and consequently PCK
may be more a politically expedient creation intenaeidftuence the direction of teacher ac-
creditation programs than it is an authentic genusaahier knowledge. The implication is that
it is sufficient to characterize general pedagogiodl subject matter knowledge and then to in-
quire as to how these knowledge bases interact indesigiractice.

Segall (2004), on the other hand, sees the interrelatbshiveen content (subject) and
pedagogy as inextricable. That is, to speak of PCK as yreed@dmain of teacher knowledge is
to ignore the pedagogical nature of the content it&digall is not making a connection between
howone teaches anghatone teaches, which is, of course, taison d’etreof Modeling In-
struction, he is making a statement about the texit¢w media) that are offered to students.
The classic example here might be high school higextpooks which have been notorious for
marginalizing people and events that do not fit the pregafre)construction of history. But the
concept extends to all texts in all subjects — soméather than the teacher) has made a decision
about what is worthy of inclusion and how it shalldepicted. At least two layers of pedagogy
are at play here: the teacher-mediated classroom pgyglagd the texts themselves. Segall has
much more to say about the intentional, regulatory sadtipedagogy, and that by choosing
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what to teach and whabtto teach a teacher confers a privileged status on orid wew over
others, but his main argument is that content is ishgogical because content is not just
about somihing, it is also for somene. Segall therefore suggests that “teacher education’s fo-
cus on pedagogical content knowledge should move beyond thefitieaching students how to
pedagogize pedagogically free content to helping them recaitpeizeherently pedagogical na-
ture of content and its implications for (and in) teaghii This dichotomy has even been some-
what of an issue within the Modeling community with respec¢he suitability of “standard”
physics textbooks most of which are considered Modeling-undliyan that they present the ma-
terial in a manner not supportive of a constructivist-ee@ninquiry-based pedagogy.

Both Hooker (2004) and Segall (2004) therefore see the appasenttibns between the
domains of teacher knowledge listed above as vague armkst worst as obfuscating other,
more important issues in education. Although this all b&jrue, this conception of pedagogy
really adds nothing to the task at hand: making contenpiegmansible for learners. Teachers
canchange their pedagogy without substantively changingeoband do so regularly — that is
the whole point of reflective practice, in particuland some aspects of education reform. Of
course, many changes in pedagogy and content do go haawadin But if such changes can and
at least sometimes do occur independently of one anohieeseparation of teacher knowledge
into distinct domains does indeed serve both epistemalogial practical purposes. On the one
hand we can describe what teachers do and skoaolg and on the other what they can and
should be able tdo.

General Pedagogical Knowledge

General pedagogical knowledge, then, consists of disetpidependent forms of
knowledge, such as knowledge about learners and learningrodas management, and general
principles of curriculum, instruction, and assessmé€atléen, 1999). These are the forms of
knowledge that a teacher derives initially from his ardwen experiences as a student (Lortie’s
(1975) apprenticeship of observation) and then in a teacheing program; they evolve and
mature with teaching experience (one would hope) and withi@ual training. General peda-
gogical knowledge also is influenced by teachers’ persai@ife and perceptions about them-
selves, students, parents, society, the world, and aboudt@auand their role as teachers
(Morine-Dershimer & Kent, 1999). Presumably, general gedeal knowledge is what enables
teachers to teaatutsidetheir content areas, a fate almost all secondachess face at one point
or another during their careers; there are proceduregahdiques that can be applied across a
wide spectrum of courses, albeit with varying degrees etefeness. In fact, some of the
teachers | observed have successfully adapted the physaslivy pedagogy for their other,
non-physics classes, including biology. It could thusrgeed that they had thereby “general-
ized” the Modeling pedagogy.

Subject Matter Knowledge

Subject matter knowledge is the content of the discijigedf, be it physics, chemistry,
English, what have you. Subject matter knowledge stmsf the substantive and syntactic
structuregSchwab, 1962; Carlsen, 1999) of the discipline, what ses@archers identify as de-
clarative and procedural knowledge (see, for example -Bessome, 1999), as well as the na-
ture of the discipline. Researchers here are rateto what constitutes scientific knowledge
and the rules by which such knowledge is both acquired @idhted. As for the nature of the
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discipline, in science this might be the difference leetwvan “empiricist” perspective, wherein
science is conceived as a body of revealed, immutattie tta be memorized, and a “constructiv-
ist” perspective in which scientific knowledge is consadkas tentative, collaborative, and pro-
ceeding according to generally accepted conventions, (dB@6). How teachers conceive of
their subject inevitably influences their practice; feafs what they believe is worthy of teach-
ing and learning. Similarly, the depth and richness of exgatblubject knowledge affects the
facility with which they can access and make accés#iie structure and connections within the
discipline via suitable representations, analogiesnagtéphors.

For most teachers, subject matter knowledge is primalptigined in school, usually at
the high school and undergraduate levels, often presentkd didactic style with which every
reader is undoubtedly familiar. Other sources of sulbpatter knowledge can broaden and en-
rich a teacher’s background: independent study, print ama eidual media; non-teaching work
experience, etc. But it is this narrow, didactic sbfiéeaching that sits square in the crosshairs
of contemporary education reform, especially in scieand,the old aphorism that “teachers
teach as they were taught” has become both warning@uattanity. Very few undergraduate
science programs make any attempt at a thematic appradcliduld weave ostensibly related
courses into a coherent presentation of the diseiglimmake transparent the epistemological
underpinnings that frame contemporary understandings oieide ft is “left to the reader” to
work out the organizing principles, though a well-desigréeihse methods course can be help-
ful in this regard for pre-service teachers. This situais succinctly addressed by the National
Research Council's (1999) call to armsTmansforming Undergraduate Education in Science,
Mathematics, Engineering, and Technolpgiiich says, in part, “in addition to mastery of the
specific subject matter taught in a course, success wouldflmed and measured by the degree
of understanding and appreciation gained by students of bathadenientific concepts and of
the scientific approach to understanding natural procegsasr( 3).” This sentiment permeates
the entire document: undergraduate education in STEM farshand non-majors alike should
do more than emphasize mere content, it should tiehegdte otherwise disjointed view of a
given discipline as well as its relationships withestdisciplines.

It should therefore come as no surprise that new tea¢hed under-prepared teachers
generally) rely heavily on textbooks for the content stindcture of their classes because their
only other sources of guidance are their general pedag&gmaledge and what they can re-
member, piecemeal, from their college course workns€quently, these teachers have diffi-
culty planning their curricula, recognizing and respondingttident difficulties, and handling
student questions. In the words of McDiarmid, Ball & Arster (1989), “staying one chapter
ahead doesn't really work.”

Some programs, as suggested'bgnsforming Undergraduate Educaticare now tak-
ing advantage of recent research on teaching and learrdrey@iactively engaged in programs
of undergraduate and teacher education reform. For exasepteral recent National Science
Foundation-funded initiatives, such as PhysTBpf//www. phystec.org encourage and sup-
port the redesign of introductory-level STEM courses, @aflg courses likely to have pre-
service teachers enrolled, so as to be more conststiciriented and inquiry-based. An intrigu-
ing science portfolio program for chemistry majors atBeCollege in Berea, Kentucky pro-
vides an overarching structure to foster students’ developim® professional scientists, life-
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long learners, and competent communicators (Roeckéistizager, Saderholm, Smithson &
Blair, 2006). Such programs have spawned related effortarat imstitutions and some in-
service teacher professional development programs.

Pedagogical Content Knowledge

Finally, pedagogical content knowledge represents the whiganeral pedagogical
knowledge and subject matter knowledge in the contexspéaeific discipline. Carlsen (1999)
identifies four components of PCK in science: knowledgetwdents’ common misconceptions,
knowledge of specific science curricula, knowledge ofat@piecific instructional strategies, and
knowledge of the purposes for teaching science. To thistkgta (2005) would add knowledge
of assessment methods which has become an increasnpglytant aspect of teachers’ practice
primarily because of the move toward standards-baseddtistt and a renewed emphasis on
formative assessments designed to inform instructiore. epistemological thrust is from the
general to the specific; but the critical aspect of PDK thing that makes it a legitimate domain
of teacher knowledge, is an understanding of the learnidtgiegas unique to the discipline and
how to meet them. In the case of this project, traams first and foremost understanding how
students learn (or do not learn) physics.

Any changes in the foundational knowledge domains muderthpough to PCK itself.
A deeper apprehension of the content, new insights tnttest learning, a shift in epistemologi-
cal perspective will, as a matter of course, affdeiagher’s practice (Tsai, 2006). The interac-
tion between the domains is reciprocal. For exangbl@nges in topic-specific curricula or in-
structional strategies, either or both of which canxtereally mandated or self-motivated, can
require a restructuring of pedagogical and subject knowleSgeh changes are often associated
with programs of professional development, but theyadsm be the result of reflective practice.

Conceptual Change

This brings us finally to the central question. A long-gtag criticism of both pre-
service teacher preparation, including core A&S classgsnaservice professional development
programs, is that they usually do not induce the depthrafeptual restructuring in teachers’
knowledge and beliefs that ultimately results in meanihghd sustained reform in teachers’
practice (Richardson & Placier, 2001). (I am restrictmgcomments to small-scale, focused
programs of professional development directed at relatsreall groups of teachers, such as
high school physics teachers, though | believe thermang issues in common between these
programs and their larger counterparts. The critidédr@ince between them is essentially one of
un-coerced teacher choice and, consequently, teacheatiwt.) Why is this so? What is the
source of this apparent inertia, this resistance to chartgachers’ practice, and what can over-
come it? | hypothesize that teachers are, in thigdega different than their students; in order
to assimilate a significant revision to their world vidvey must undergoconceptual changel
hypothesize further that the conceptual change is costenostly with teachers’ views on the
nature of physics, how students learn physics, andrtileg as physics teachers. (We do know,
however, that many of the teachers who attended Mad®@fiorkshops, especially those teachers
under-prepared in physics, significantly increased their subjatter knowledge, just as it is
hoped will their own students, but in this paper | am ermsizivay teachers’ conceptions of phys-
icsteaching)
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The gist of the conceptual change theory of learnimgeisknown to many science edu-
cators, especially those who espouse a constructivésited approach to teaching. The theory
describes the "the process by which people's centrahiangg concepts change from one set of
concepts to another set, incompatible with the filBt'sher et al, 1982, p. 211). The argument is
that humans “construct” knowledge via organizing principi@ésrent to human perception and
cognition, presumably from birth onward. The knowledge swttacted constitutes the content
of our “conceptual ecologies.” But, because we cannaepar everything (beyond our sensory
capabilities) or because mental processing stops whextisfdstory" potential has been
achieved (i.e., the model is "good enough"), we draw infesebased on incomplete informa-
tion or partial understanding. “Cognitive conflict” ariselsen one or more pre-existing concep-
tions are contradicted by new experience, the so-callsedrepant event.” “Accommodation” of
a new conception occurs under the following conditions:

1. There must be dissatisfaction with existing conceptio

2. A new conception must be intelligible

3. A new conception must appear initially plausible

4. A new conception should suggest the possibility of isfdtuesearch program

“The central commitment of the conceptual changenlegrmodel is that learning is a rational
activity that can be defined as coming to comprehend angtadeas because they are seen as
intelligible and rational; the ‘ahaa’ experience isitbhost importance in learning” (Suping,
2003). Interestingly, the conceptual change model sapsngadbout the external validity of the
new conception, only that it hasappear“plausible” and “fruitful.” In such a context it sy

to see learning as an ongoing series of cognitive conflicdcearommodationsPosner et al.
(1982) therefore suggested that to help students replace nedvegct conceptions in science
teachers should design their curricula so as to expoderds to conceptual conflict and to de-
vise strategies that would help them accommodate saattifaligned conceptions.

| have appropriated the conceptual change model of learmingthre rather extensive
universe of theories of learning for the following reasdnsas developed specifically to pro-
vide an explanatory framework for understanding studentsiilegiof science concepts, so it
seems reasonable to apply it to science teachers’ngamthis context; there is a rich peer-
reviewed research literature base to support it; thereysigal evidence from cognitive science
that conceptual change is a tenable model for describintphprocesses that can be associated
with this theory of learning (Dunbar, 2001); it is consisteitih the epistemology of Modeling
instruction; and, in particular, it can explain the fisBormative” nature of the learning experi-
ences reported by many teachers who have attended Modedinghips.

Other theories of learning could probably contribute togtusly; learning is far too
complicated to be completely explicated by any one theBut. more to the point, a few studies
have considered the roles of various factors thattesteident learningvithin the conceptual
change framework. This is sometimes referred to asf¥veas. “cold” conceptual change the-
ory (Pintrich, Marx & Boyle, 1993) distinguishing between pyurational (cold) and socio-
emotionally mediated (warm) models of learning. Famegle, in a study of science students
learning about density, Kang, Scharmann, Noh & Koh (2005) meghthe interplay of several
cognitive and motivational variables as predictors of sttgleonceptual understanding transi-
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tioning from an “undifferentiated weight-density concipd a scientific density concept.”

They administered tests of logical thinking ability, dielependence/independence (FDI), mean-
ingful learning approach, failure tolerance, mastery gdahtation, and self-efficacy of which
only FDI and failure tolerance were statistically sigaiht predictors of conception post-test
scores. Failure tolerance is probably not an issuteémhers in this context, but it might be in-
teresting to consider the effect of FDI.

Abd-El-Khalick & Akerson (2004) found similarly that not ons/donceptual change
mediated by various motivational and cognitive factorsalsd by cultural factors. Their study
of the development of elementary pre-service teacherg/s about the nature of science re-
vealed, among other things, “that students who viewed scemt religion as opposing enter-
prises rather than as two different ways of knowing” ditishow growth in the sophistication of
their views about science. As is mentioned elsewlnett@s dissertation, | will have some cog-
nitive and attitudinal data that were collected fromhees during and shortly after their partici-
pation in the Modeling Workshops that may be useful,ast leentatively, in identifying some of
these factors. Correlating these data with classiugarvation and interview data should be
more fruitful.

An important aspect of the Workshops is that they Biee\@enues for socially mediated
conceptual change. They are an instance of “professtmmmunity” in which teacher learning
occurs in a social context through shared discourse aading making. Spillane (1999), for
example, describes a relatively complex environmeneoéttment zones,” which are not unlike
Vygotsky's (1978) “zones of proximal development.” EnacttvEones are where “teachers no-
tice, construe, construct and operationalize the in#nal ideas advocated by reformers;” they
are “the space where reform initiatives ...interachwiite world of practitioners and ‘practice’.”
Teachers are more highly motivated to change theirm@aice when their “enactment zones
extend beyond their individual classrooms to include deeliberations about the reforms and
practising the reform ideas with their fellow teachand other experts” (p. 170). For Spillane,
these deliberations can occur both formally and infogmallconversations between teachers
during recess as well as with experts during an occasprofessional development. To Spil-
lane’s list | would add “conversations” that occur over liiternet via the Modeling listserv, not
to the extent that such virtual conversations promoteeaginal change (which is possible), but
rather to the extent they help nurture and sustain the sée® mmunity among subscribing
teachers (Rheingold, 1994; Ellis, Oldridge & Vasconcelos, 2004).

Cast in the framework of conceptual change theoryuhéamental premise of this re-
search is that the traditional (whether behaviorisinguigcist) perspective is in its very essence
based on a “naive” conception of learning, that is, peygiachers have misconceptions about
teaching and learning just as do their students about phydiescritical misconception in this
case is that a didactic teaching style is an effectidagegy for promoting student assimilation
of physics concepts. The discrepant event that shoulielsource of teachers’ cognitive con-
flict is students’ chronic and apparently irremediable iitsgio master these concepts. Teach-
ers have found a variety of strategies for accommod#tisglissonance, the most important his-
torically being to blame the students for lack of wit orspgerance or their previous science and
math instructors. Over many years, physics teachersdvaleed the notion that their discipline
is really just for the “best and the brightest” andrtjub is to weed out “inferior” students. But
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in the face of so much research that places the htantlee pedagogy, many teachers have found
themselves ethically unable to perpetuate the charade aaddaght a new accommodation.

To resolve their cognitive conflict, many teachers hawveed to alternative conceptions of learn-
ing and teaching in the form of constructivist theori@swyide range of constructivist pedago-
gies now are available to the physics teacher, maghiwh have shown some success compared
to traditional teaching styles (see, for example, Bol®©9). These pedagogies generally em-
phasize a shift in the teacher’s role from “sage ersthge” to “guide on the side.” One such
pedagogy, Modeling Instruction in Physics, has, in many casegen remarkably effective at
inducing conceptual change so as to progress the concepilogies of practitionerandtheir
students. However, variations in teachers’ implemumtaf the Modeling pedagogy and stu-
dent achievement demand a close investigation of poss#al@timg motivational and cognitive
factors, as suggested by the works cited above, as wahasorganizational factors.

Research Methods

The focus of this study is the transformation of inv&e high school physics teachers’
subject and pedagogical content knowledge as a direct consegqfemnpleting the two-
summer Modeling Workshop professional development programarticular, | investigated
whether and to what extent teachers’ participaticth@Workshops induced conceptual change
SO as to reorganize their conceptions of physics teachingamingand subsequent teaching
practices. Such investigations typically depend heavilteaohers’ self-reports on their beliefs,
subject knowledge, and teaching practices both prior to and attending the Workshops.
However, the Modeling Instruction program staff has ctdiéconsiderable longitudinal data on
participating teachemndtheir students. | have teachers’ and students’ pre-Waojpkstores on
the Force Concept Inventory (FCI; Hestenes, Wellswad&hamer, 1992 and (revised) Halloun,
Hake, Mosca & Hestenes, 1995), a 30-question multiple chestef Newtonian mechanics
which has becomtine standard assessment instrument in introductory physicseoworld-
wide; teachers’ pre-Workshop Views About Science Survey @ASS; Halloun & Hestenes,
1996); teachers’ Participant Experiences survey data (RiEud et al, 1997; a teacher self-
report of Modeling implementation administered at tlteoed summer session of the Work-
shops), and at least two years of students’ pre- and qeistiétion FCI data. In addition, | ob-
tained teachers’ applications to the Modeling Instrugtiamgram which includes personal
statements describing their personal goals and views atbocdéteon. These data plus interview
and observation data should provide sufficient converigémmation to explore the relationship
between teachers’ participation in a Modeling Workshopthedhanges | hypothesize in teach-
ers’ knowledge domains.

This study was somewhat unusual. As | will show bettvse teachers faced no signifi-
cant external interference in their implementatdthe Modeling pedagogy. Put briefly, how-
ever, physics is typically an elective course taugthejunior/senior level, that is, after most
students have survived their states’ high-stakes assessiEmpt from this pressure, physics
teachers enjoy a certain benign neglect from the patlvatde and generally do not have to con-
form to any school, district, or state instructionadglines as to content or methodology.
Therefore, the manner and extent to which a teachelogetpModeling instruction was entirely
a personal and professional choice. This means weahieves through which to examine teach-
ers’ beliefs and practice that is unobscured by such codifogifiactors. We are thus in a posi-
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tion to compare “apples to apples,” as it were, and mekmctions between the teachers in this
study that are the direct result of their individual destions.

Settings and Participants

School Context

Despite the fact that over the years various Merddiave reported (via the Modeling
listserv and on Participant Experiences surveys) problgthsschools’ scheduling practices,
scheduled and unscheduled class interruptions, limited lalppeguipment (computers espe-
cially), and resistance to the Modeling curriculum itéelfn school administrators, science de-
partment chairs, department colleagues (especially othweriViodeling physics teachers), par-
ents, and students, none of these factors proved igrbécant obstacles for the teachers in this
study much beyond the introduction phase (about two yeAdsjitionally, though some teach-
ers’ students (juniors) do have to sit for their stas&lslent learning assessment, which ostensi-
bly could have placed constraints on the content fieetafl teachers must cover and conse-
guently affect the pacing of the course in such a wag ashibit a full deployment of the Mod-
eling pedagogy, the Modelers in my study found ways arouse tlegjuirements. On the other
hand, some of the teachers reported no interferdralbaand even immediate, enthusiastic sup-
port for their adoption of the Modeling pedagogy.

School and class demographics were definitely factdnew a teacher implemented the
Modeling pedagogy but not in an obvious manner. With the ercept the performing arts
charter school, the demographics of the classes, ahigh were “regular” algebra-based junior
or junior/senior physics classes, were no less than 9%, wipper middle class with a ratio of
about two-to-one boys to girls. This ratio was rewestethe charter school (which is consistent
with the demographics of the school itself). That lEghool physics classes are mostly popu-
lated with white students (only about 22% of Black studants21% of Hispanic students take a
physics class in high school; Neuschatz & McFarling, 2@Bgyond the scope of this disserta-
tion, but this fact does raise serious questions abeudffitacy of the Modeling pedagogy for
underrepresented populations. Moreover, Modeling Instruptiogram staff do have data that
indicate minority students in Modeling classes generalietperform compared to their white
peers. However this may be, the criteria that sdegmenost influence teachers’ presentation of
the curriculum was their estimation of their studentathematical aptitude and, of course, the
extent to which teachers felt their students had makstheephysics concepts under study. | will
discuss this in a later section, but in sum, it shbeldinderstood that, for the most part, the stu-
dents of these teachers were among the best in g#spective schools and the teachers them-
selves were unfettered with respect to the delivery af itgtruction.

Study Context

The subjects of this of analysis are practicing public badtool “regular” physics teach-
ers who completed two 3-week Modeling Workshop sessiogistax consecutive summers
during 1998 and 1999 under the auspices of the Modeling InstructitighnSchool Physics
program at Arizona State University. Five of the sixdhers attended the same series of work-
shops on the west coast and the sixth teacher atteratkdhops on the east coast. Appendix 1
shows the typical Modeling curriculum (Mechanics is pnése during the first summer session
and Waves, Sound, Light, and Electricity & Magnetism dythre second summer session), and
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Appendix 2 is a sample syllabus for a 4-week sessionexchdhics (prepared by Jane Jackson,
co-Director, Modeling Instruction program).

The professional development program has teachers “mtidi"way through a year’s
curriculum just as would their students, including designimgcmducting all the experiments,
preparing and presenting whiteboards, and completing theugdiinodel deployment” activities
(but not homework or “end of unit” assessments). Theshamp leaders enact the teaching role
and emulate the various styles of teacher discoursagh each modeling cycle. Workshops
typically begin with the administration of the Foi€encept Inventory and the Mechanics Base-
line Test (Hestenes & Wells, 1992; a 26-question, quangigtriented assessment), followed
by some readings, lectures, and discussions about resegicysics education, constructivist
pedagogy, guided inquiry, models, and the modeling cycleerittiikes three weeks, eight
hours a day, to complete a semester’s curriculumte@ashers work through the curriculum,
time is allotted for group deconstruction of every aspéatlesson: the physics, the models, the
pedagogy, materials, the use of computer technology, waaitdlng, styles of discourse (espe-
cially questioning techniques), assessment — everything. Wirlsaders take pains to provide
for social occasions, such as group outings and diniwegs/e the participants some respite
from a hard day’s work, but also to promote a sense of comtyn Upon completing a work-
shop not only do teachers have a fully developed sengstericulumand pedagogy to take
back to their classrooms, they also have been indudieth®e community of Modelers.

It is these two characteristics, duration and curricylthat most distinguish Modeling
Workshops from other programs of professional developmd-ew workshops for physics
teachers last more than one week and most are imgla day. There are literally dozens of
these one- or two-day workshops; from all-day “take awaytkshops (in which teachers de-
velop a lesson to take back to school), to sessionsojuphf/sics teachers at AAPT, NSTA,
AVS, etc., annual and semi-annual meetings, to “Ipbgkics alliance” workshops such as the
Physics Teacher SOS New Teacher Workshops conducted byptiteeiid California/ Nevada
section of AAPT. One of the “premier” series of w&lmops, the Physics Teaching Resource
Agents‘summer institutes” (sedtp://www. aapt.org/ptpcheld in conjunction with AAPT
summer meetings, are only a week long. The famous Waodfitson Foundation summer in-
stitutes (seéttp://www. woodrow.org/Ipt/LPTnational.phpwhich concluded in 2003, lasted
from two to four weeks but focused on specific topics irspisyand physical science. The
Physics by Inquiry summer institutes here at the UnityeadiWashington (sekttp://www.phys.
washington.edu/groups/peg/ 2007institute.higmé an exception. These workshops last for five
weeks (plus several weekly evening sessions during thelsedard, and teachers are typically
expected to make a two- to three-summer commitmehetpriogram. This hands-on, inquiry-
oriented program emphasizes improving the physical sciemterd knowledge, science process
knowledge, and nature of science literacy mostly for grddéarough 9 teachers, but it is open to
all K-12 teachers. However, the curriculum is not glesd to be transferable to the classroom.

As mentioned earlier, a spate of initiatives intendeckform pre-service physics teacher
education, such as PhysTEC, have been implementeceasatwo dozen institutions and the
list is growing. Besides introductory level and methcaisrse reform, these programs include
pre-service physics teacher recruitment, master teaoherse duties specifically include under-
graduate course revisions and designing of physics facultggsiohal development, mentoring
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for pre-service and novice teachers, early teaching expeseand multi-institution collabora-
tions. More college courses are designed for pre- asdririce teachers at many “non-
reformed” institutions, but these are mostly contenttbeaathan pedagogy-oriented courses. The
point is few other multi-week, immersion physics instiarttraining programs exist for pre- and
in-service physics teachers besides Modeling Instructioh ¢sely related programs, such as
the Master of Natural Science degree program for meeteachers at ASU). Moreover, many
of the programs thatre designed specifically for pre-service physics teaclmatsexist within

an increasing number of A&S physics departments directilydinectly incorporate Modeling or
Modeling-derived pedagogy in their pre-service methods anerines professional develop-
ment courses (see, for example, PHY620 at Buffalo Stallege, PHY 311 at lllinois State
University, or 15:256:552 (Teaching Physical Science) at Rutdi@ksrsity).

Participant Selection

The subjects are a representative sample of six tiherentire population of about 175
teachers who have completed the Workshop sequence eesahibve, who currently teach at
least one regular physics class, and for whom | havé on@dl of the following data: the
teacher’s application to the Modeling Instruction progrsimdent FCI data for the teacher’s
regular physics class(es) taught prior to the first Wogsthe teacher’'s pre-Workshop FCI and
VASS scores, the teacher’s Participant Experiencegguaata, and at least two year’s of stu-
dent FCI pre- and post-instruction scores following trst (Mechanics) Workshop.

Because | am interested in how participation in the NMiogl&Vorkshops might induce
conceptual change in teachers that ultimately maygtatffeir classroom practice, | decided to
use the results from the Participant Experiences $uhat was completed early in the second
summer workshop (that is, after a year’s experiente Modeling), and the first post-workshop
student FCI scores to establish a baseline from whichltl @@mpare teachers’ initial imple-
mentation of the Modeling pedagogy and use as a referenuefochanges in pedagogy and
student achievement over time. | use the pre-Workshop $tB@¢iscores to flesh out each
teacher’s pre- vs. post-Workshop instructional profilg,diven that the focus of this research
study is the pedagogical impact of the Workshops, thepiorst-Workshop student FCI scores
are more germane for selecting participants. Thudgiatify the population of potential sub-
jects | generated a scatterplot of average first-yeanalized student FCI gains ([Posttest % —
Pretest %]/[100 — Pretest %]) by teacher vs. an aves@ge of selected items from each
teacher’s Participant Experiences survey (see Appendesppnses, that is, the items directly
related to the degree to which a teacher reported heas shplementing the Modeling peda-
gogy. | selected items 1-8 (4 and 6 were reversed), 10-1331%, 27-31, and 42 and 43. Ap-
pendix 4 is a scatterplot for the 1998-1999 cohort (with teachkentification code numbers),
that shows the distribution of teachers across ttesensions of (self-reported) implementation
vs. student achievement (FCI gains). The circled ideatibn codes denote those teachers who
met the selection criteria specified above and agrepdrt@ipate in this study. The invitation
to participate was extended by the Modeling Instruction aragtaff on my behalf, so | had no
contact with potential subjects until they had agreedtsag at which time | was given their
contact information.
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Data Collection Strategy and Procedures

| adopted an interpretive, “observer as participant” agogron this study following
Erickson (1986, p. 121), Merriam (1998, p. 101), and Glesne (1998) ip. 4 sense that 1) |
interacted only minimally with teachers and studentsnduclassroom observations; 2) | inter-
viewed teachers after each observation and conductecmmeled interview with each teacher;
3) l interacted with the teachers informally betweed after classes during which times we
“talked shop,” but never did | divulge anything substantiveualbhe purposes of my research
except to say that | was observing teachers who had etedghe Modeling Workshop se-
guence; and 4) | myself completed the workshop sequence irah83tave been a committed
Modeler ever since. | wanted to investigate what it mdanteachers to have assimilated both
the conceptual and pedagogical perspectives that areumgations of Modeling. Thus, there is
what the teacher reveals to me via the VASS, thaciRemt Experiences Survey (administered
spring 1998), and a Modeling Instruction Survey (self-admirgdtand mailed to me after | left
the school — see below), and the extended interview parnthe other hand, there is what he re-
veals to me via his classroom practice during classrooenaditons. My task is to attempt to
reconcile and interpret these interrelated but not ickmepresentations of teachers’ pedagogi-
cal content knowledge in the context of the Modelingstct.

Moreover, inasmuch as | have been a practicing Modelee 41995 | am in a position to
discover and disclose aspects of Modeling Instructiahdhe probably inaccessible to other re-
searchers. This suggests this project may be an examgpleeMelatory” case study (Yin, 2002)
in that these data should provide some unique insights iqtec#is program of professional
development and its impact on teachers.

Classroom Observation

The classroom is where a teacher’s pedagogical cdimentledge is made manifest so it
is there the connections between knowledge, beliatspeactice must be realized. | observed
every class, regular physics or otherwise, of each ¢éeamter (at least) three consecutive days.
This was enough time to observe any one phase of a modgdilegand to get a good sense of
each teacher’s pedagogical style. Some teacherporewe aspects of Modeling into all their
classes, some do not. | tried to be the proverbialrfiihe wall, more or less, during classroom
observations so that the “performance” could unfolddompletely natural way, but every
teacher reported being conscious of my presence to sdaem.eHowever, in only one case did
a teacher admit deviating from his routine practice.tl@rother hand, except for the occasional
exchange of salutations, one or two student inquiriés e reason for my attendance in class
(I was introduced to every class as a researcher riabgeeachers who had attended Modeling
Workshops,” but some students were more curious), andrdn® anquiries on my part about
this or that experimental apparatus, students seemed dgpdialious to my existence.

During the classroom observations | used the ReformechirepObservation Protocol
(RTOP; Sawada, Piburn and Falconer, Turley, Benford &®l02000; see Appendix 6). The
RTOP is a well-validated instrument that was develope&at for the Arizona Collaborative
for Excellence in the Preparation of Teachers (ACERAQGEPT was a large-scale, NSF-funded
program aimed at reforming teaching in introductory level T6urses, that is, courses likely
to be populated by pre-service teachers. The RTOP wagditib evaluate the extent to which
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instructors had “reformed” their instruction consisteithwihe constructivist perspective adopted
by the collaborative, and Modeling Instruction program stafeithemselves used the RTOP to
observe modelers. However, since the RTOP is Ma@eling-specific instrument, | prepared
detailed field notes and reanalyzed the class presentaiizing Halloun’s (1998) 100-item
Modeling Instruction survey (MIS; see Appendix 7) and madewry judgments about how

well the presentation was aligned with Modeling prin@pl@his questionnaire was piloted with
80 teachers during the 1998 Workshops and the results weetatedr albeit weakly, with stu-
dent FCI scores from 1997 and 1998, but it is not a validatedimnsnt. Nevertheless, it does
provide a comprehensive taxonomy of Modeling activities aard tonfident that with my own
11-year’s experience as a Modeler | was able to usesttefély.

Interviews

Following each classroom observation (but no more timme per day) | conducted short,
semi-structured interviews (see Appendix 5: Interview Padg)avith each teacher to elucidate
the teacher’s perspective on the extent to whichet$soh just observed was aligned with the
teacher’s own learning goals. One question did ask tbhdesato reflect on the changes in their
presentation of the topic since attending a Modeling Wamis Several of the teachers com-
mented that these interviews forced them to refle¢hem rationales for a given lesson, whether
or not it was part of the “accepted” Modeling curriculunhigh is also to say that some of the
teachers have made their own modifications to the Muaglelrriculum).

The interviews were digitally recorded on a mini discorder and the files were subse-
guently downloaded on a computer. Transcription of thevieles was accomplished using
playback software to replay aloud each audio file whikpkated orally each word which was
transcribed in turn using another software applicatiameplayed each interview as necessary to
check and correct the transcription text files.

Following Baxter & Lederman’s (1999) admonition that “ifiagde researcher is to be
involved, withhold all assessments of knowledge structurgsafter classroom observations
have been completed” because there is the possthéitythe assessment itself will act as a
treatment, the extended background interviews were condiatimaing the last classroom ob-
servation and post-observation interview. These wend-structured interviews (see Appendix
5: Interview Protocols), similarly transcribed, of eaehcher “to capture the perspectives of
program participants” (Patton, 1980, p. 196). The interviewtmumsshave two foci. The first
several open-ended questions probed the teacher’s backgralibdli@fs about the nature of
science and science teaching that underpin the teaghactce. It is well know among educa-
tion researchers that teachers’ beliefs comprehelysaffect all aspects of their pedagogical
practices, from the content they choose to teadgn(evthe face of district or state mandates),
how they teach it, to how they relate to their studefits example, Tsai (2006) found that sci-
ence teachers’ “beliefs about learning science, teachiagcs; and the nature of science are
closely correlated” and affect their receptivenessttat pedagogies. He contrasts teachers
who adopt an “empiricist” versus a “constructivist” oti&tion, an approach | hypothesized
might be a useful lens to frame the connections betwesehers’ knowledge and beliefs and
classroom practices.
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In the empiricist perspective, “scientific knowledgeaidiscovery of an objective reality
external to ourselves and discovered by observing, expenmgentapplication of a universal
scientific method” which, if done carefully, “will pduce infallible knowledge” (Tsai, 2006).
Teachers who adopt this perspective tend to have a dide&thing style and conceive of the
teacher’s role as the transmitter of an establisheg bbfacts. The constructivist perspective,
on the other hand, emphasizes “the tentative natwsei@ice knowledge, the theory-laden qual-
ity of scientific exploration, and the role of copteal change in progressive development of
scientific understanding” (Tsai, 2006). In addition, Hadiated in Gess-Newsome, 1999, p.
76) found that constructivist-oriented teachers are mkedylto recognize and are better able to
attend to student alternative conceptions of content.

My subjects have all completed the two-summer sequendeaéling Workshops
which have a decidedly constructivist slant. Neverdwleé seemed reasonable to suppose that
teachers who had adopted a more or less empiricistesfaior to attending a Workshop and, in
particular, had a “traditional” lecture/demonstratiorcteag style, would probably have more
difficulty accepting and implementing the Modeling pedagogieast initially, compared to
more constructivist-oriented teachers. | hypothesitedetore, that this conflict between be-
liefs and practice should be reflected in both a teeaMASS and Participant Experiences sur-
vey scores and his students’ short-term FCI gainssdestied that teachers’ beliefs would
probably span the spectrum between the two extremesightiewen be a superposition of both
perspectives depending on the situation. As it turns outever, teachers’ beliefs are generally
polarized at the two extremes, with the possible exaepti@ne teacher. As | indicated in the
Introduction, however, this distinction between teagheeliefs about the nature of science,
while present, does not appear to affect their pedagoggansistent fashion and so does not
serve as a reliable indicator of the extent to whitdaaher will choose to implement Modeling.
The implication is that, contrary to Tsai's (2006) fimgs, beliefs other than about the nature of
science that hold more sway for these teachersnmstef their classroom practices.

The remaining interview questions were directed at Modetlgadf;i the impact of attend-
ing a Workshop on the teacher’s beliefs and practicelangdrsonal and organizational factors
that may affect a teacher’s implementation of thed®ing pedagogy. And, as is often the case
with semi-structured interviewers, | pursued potentiallytfinl lines of inquiry beyond the direct
scope of the interview questions as they presented thesaghiring the interviews.

The situation of the possible influences of an emigirics. a constructivist orientation on
teachers’ practice is complicated by (at least) tworatbaesiderations that should be elucidated
by these later questions. First are the organization@iré&ato which | have already alluded.
Second, it is a matter of fact that it takes timetéachers to learn a new pedagogy, especially a
constructivist-oriented, discourse-heavy pedagogy such aslingtleat is very different than
that to which most physics teachers are accustomedsubjgcts all confirmed that this was the
case, more for some than for others, however, andeaaber eventually discontinued Modeling
entirely except for a few weeks early in the yearrti€lpant Experiences survey data and anec-
dotal reports by Modeling “graduates” indicate that the biggiestacle for new Modelers is
managing classroom discourse — it represents both akikwet and mindset for most teachers.
The point here is that though a teacher may well hdeptad a more constructivist perspective
as a result of completing the Workshop sequence, it toekfor him to master the new curricu-
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lum. This fact must be considered in drawing any conatgsabout the teacher’s practideis
still the case, however, that some teachers do dtiglnlevels of implementation and student
achievement relatively quickly, including one teachehis study, and it is important to try to
uncover contributing factors.

Data Analysis

This is a mixed methods study utilizing both qualitative andhtiadive data to illumi-
nate various aspects of teachers’ beliefs and pracfice.analysis of the quantitative data asso-
ciated with this study was fairly straightforward dgla assessment and survey instruments
have been previously validated by their authors. The xeepéon to this is Halloun’s (1998)
Modeling Instruction Survey, as mentioned above. | didansagbridged form of this instrument
to generate a quantitative score for comparative pursosas to provide some insights into the
teachers’ current views about their implementatiorhefModeling pedagogy, but it was more
useful as a source of codes to aid in the analysieajuhlitative data, both classroom observa-
tions and interviews. | describe each of these ingnisnin some detail below, but briefly the
Force Concept Inventory, Participant Experiences Suiwvieyvs About Science Survey, and Re-
formed Teaching Observation Protocol and their uses Hilveem described above: a single or
composite score or a pre-post gain can be calculatbtha assessment results can be compared
and correlated with one another and with the qualitatata. Even though the FCI and PE were
used primarily to identify potential subjects, these imatrnts plus the VASS and MIS also pro-
vide useful teacher background data that can be comparesldlaslsroom observation and in-
terview data for consistency purposes and as a sorselifba for measuring apparent growth in
a teacher’s implementation of the Modeling pedagogy. ekample, teachers who started their
journeys as Modelers with relatively low student FChganay now be realizing much im-
proved student achievement. Having background data collected) dioei Modeling Workshop
may help reveal specific areas of growth in teachm¥dagogical content knowledge.

Table 1 is a listing of the preliminary data obtainedhHgyModeling Instruction program
staff during 1998 and 1999 and presented in roughly chronological oftie Baseline Student
FCI scores are the scores earned by the teachersargipysics students in the spring prior to
the first Modeling Workshop. Thus, it represents somesaorezof the effectiveness of teachers’
pre-Modeling pedagogy. It is interesting to note that Cizawdo now Models only in a limited
fashion, had the highest pre-Workshop student FCI scttressalso clear from these data that, at
least superficially, there is not much difference betwthe teachers on the VASS, FCI, and
MBT. The Modeling Instruction Survey was administerecamluntary basis in 1999 and
some teachers did not complete it. Note that the 1999 &<Ttest scores, that is, after the first
(Mechanics) Workshop, all are higher than the pre-Worksboges. The Modeling Instruction
program staff report that this is usually, but not asydlge case (my own first post-Work-shop
scores were lower!).

The RTOP form has spaces for notes and observatiomsllass for scale scores and, as
mentioned above, the qualitative observation data walyzed using Halloun’s (1998) Model-
ing Instruction Survey to generate an informal measuteeolignment of the observed lesson
with Modeling principles. The coding scheme for intervaata is derived directly from the in-
terview questions and the corresponding responses folldhengnalytical logic described in
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Coffey & Atkinson (1996). Each question has an intemtyraderlying proposition that is being
probed, which in turn suggested an applicable code. That gaying “close attention to the
categories of expression that the informant actualysti(p. 40) and the conceptual framework
of the study (and with Halloun’s Modeling Instruction Surasya guide), | was able to generate
a list of relevant codes. Once | coded the datadv@t standard qualitative analytical proce-
dures as in Miles & Huberman (1994) with respect to radtizquencies. My goal is to com-
bine the various data sources to paint a picture of eachereaOf the quantitative data, FCI
gains are by far the strongest measure of a teach@estee as a Modeler. The classroom ob-
servation and interview data are most important inseyfmdentifying the factors that contribute
to this expertise and how it was attained. Tables 2 angi8tdkbe quantitative data. Appendix
8 is a graph of teachers’ average FCI gains since the WiprksiNote that there is no data for
“Charley,” who did not submit any FCI data, “Edward” did sabmit any FCI data after 2002,
and “Frank (H)” are data for “Frank’s” honors physicassies and are included for comparison
purposes only.

| should say a word here about potential researcher biaas in the first cohort of the
Modeling Workshops, 1995 -1997, and | wholeheartedly subscrithe fohilosophy and peda-
gogy of the Modeling Method. Unchecked, my biases may halended how and what | re-
corded during classroom observations and how | interpeatiata whatever their sources. In
other words, as a confirmed Modeler, it is conceivaldé ithconsciously or unconsciously
comparing my conceptions of teaching and learning (i.e., Nfafast | see it) with those of the
teachers | observed and interviewed, | may have be&mtponly for what | expected to see or
for what Ididn’t see. As a result, | may have judged a teacher' sotassperformance against
my perceptions of how | present the same lesson invmyotassroom rather than on its own
merits. Similarly, | have my own views about theunatof science and science teaching. How-
ever, Modeling, as presented in Modeling Instruction Wongshs a well-defined pedagogical
framework with a well-defined curriculum and an extensesearch literature base. Adhering
strictly to the Modeling construct developed by Hestendd-alloun and observing good re-
search practices (such as multiple data sources) shdaidgdtenthe likelihood of unwarranted
assertions and conclusions. Notwithstanding these cotsraad despite my sincere efforts oth-
erwise, a degree of advocacy for Modeling Instructiohwvitioubtedly insinuate itself into this
dissertation for which | ask the reader’s forgiveness.

Study Limitations

An important limitation of this study is a lack of coadting cases. It would have been
useful to observe and interview teachers who had compgleed/orkshops but elected to not
implement the Modeling pedagogy at all or ceased Modelingletety after just one or two
years. Perhaps they faced insurmountable organizatibstdcles or they could not master
classroom discourse management in their particulzaitin, or maybe their physics background
was inadequate to the task. Anecdotal data for all thetances have been reported on the
Modeling listserv. Of course, such teachers would beesdingly difficult to find. Also, as |
note above, my subjects were all white males of &iceage teaching mostly white children of
privilege. Studies of female teachers and teacherslaf as well as teachers with students of
color and/or students from disadvantaged families woulé baen interesting. Data on such
teachers and their physics classes would add to our unabkngtabout the interplay of teachers’
beliefs in conceptual change learning theory and its rgieadgrams of professional develop-
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ment, as well as about the Modeling pedagogy itself. uldvbave to design a somewhat differ-
ent study because the Modeling Instruction program staff staygtledting the “pre-study” data
| employed at the close of the Leadership Workshops in 128% could be done.

In addition, | regret the limited time | had to obseseene of the teachers, especially
Edward and Frank. In both cases, | would have been meEmested to see what came next. If |
had it to do again, | would ensure that my visits werg lmough to observe a full Modeling
cycle that I might get a better sense of teachdaisscoom discourse management over the entire
range of Modeling activities.



-28-

Table 2

Study data set. All raw data obtained directly frontipigating teachers.

3-day Modeling Instruc- | Long-term Student
RTOP tion FCI Averages
Teacher Average Survey %
% (summer 200] Pre | Post| Gair
Allan 90 135/2.3 24.4 50.3 33Pp
Brian 80 148/2.5 35.8 66.4 47)
Charley 70 149/2.5 n/a n/a n/a
David 84 130/2.2 37.8 65.8 450
Edward 71 96/1.6 30.4 720 59|8
Frank 87 114/1.9 26.0 524 35|6

a. Modeling Instruction survey score based on 60 selgeted from 100 questions (see text);

presented as score and average. Response options mandett 5; low score most consis-
tent with Modeling philosophy.

Table 3
Longitudinal data formatted for ease of comparison
Modeling Baseline Long-term Student
Instruction Student FCI FCI Averages
Teacher Survey (spring ‘98) %
1999 2007 % Pre | Post| Gair
Allan 185/3.1 135/2.3 39.3 24.4 50/3 339
Brian n/a 148/2.5 43.7 35.8 664 477
Charley n/a 149/2.5 49.7 n/a n/g nfa
David n/a 130/2.2 35.0 37.8 65/8 450
Edward 145/2.4 96/1.6 n/a 304 720 59.8
Frank 168/2.8 114/1.9 41.7 26/0 524 3%.6
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Evaluation Instruments

Force Concept I nventory

The Force Concept Inventory (Hestenes, Wells &. &wamer, 1992 and, revised, Hal-
loun, Hake, Mosca & Hestenes, 1995) has its originsveral investigations of students’ mis-
conceptions in physics conducted at the dawning of physicagalucesearch. “The Initial
Knowledge State of College Physics Students” (Halloune&teines, 1985) and “Common Sense
Concepts about Motion” (Halloun & Hestenes, 1985) wereg aedtdmpts to identify, quantify,
and assess student misconceptions in Newtonian mechasies/e several diagnostic, place-
ment, and evaluative purposes that might inform instmetidight of the chronically abysmal
performance of students in introductory-level physics sesir These investigations included
countless hours of one-on-one and focus group conversatith physics students at all levels —
high school to graduate school — from which were congducarefully crafted conceptually-
oriented multiple-choice questions to probe students’ utatetmg. The key feature of these
guestions was the incorporation of powerful “commonsediséractors extracted from the
painstaking research described above. The questions weunghhmany iterations of piloting,
refinement, and retesting eventually evolving into thé Fihe FCI itself was initially adminis-
tered to over 1500 students in high school physics classésg]ing those of Malcolm Wells in
Arizona and Greg Swackhamer in lllinois, and in introdocphysics classes at Arizona State
University, the Ohio State University, and Harvard UniitgrsStudent scores on the FCI also
were positively correlated with student performanceeststof quantitative ability such as the
Mechanics Baseline Test described below. The FClihes been administered to over 200,000
students in many countries and in at least 16 languaghas been the subject of much scrutiny
in the physics education community (see, for exampdeddrson, 2002) and there were some
minor revisions in 1995, but it remains the gold standardgsessing student learning gains in
elementary Newtonian mechanics.

Mechanics Baseline Test

The Mechanics Baseline Test (Hestenes & Wells, 1998gisémi-quantitative counter-
part to the FCI. It is a 26-question multiple-choics,tbut whereas the FCI requires no formal
training in mechanics, success on the MBT can not beasdhiwithout a certain mastery of the
terminology and formalisms of elementary Newtonianma@&ics. Hestenes & Wells note that
though success on the FCI may not be sufficient to gredecess on the MBT, it is a necessary
precondition. The MBT was administered to all teach&ending the Modeling Workshops to
assess their quantitative competency in elementarpianézs. The MBT is not as widely used
as the FCI probably because many alternative quantisessments of student learning are
available, unlike for the FCI.

Views About Science Survey

| have already described the Views About Science SuyHaljoun & Hestenes, 1996 —
see Appendix 9) in some detail, above. One of theoasithurposes in designing this instru-
ment, however, was to attempt to assess the impatasdroom pedagogy on students’ views
about science. In particular, Halloun & Hestenes hapétb measure theffectiveness of in-
structionin changingstudent views and profiles” (italics in the original)heTsurvey measures
the respondents’ beliefs across three “scientificf #mee cognitive dimensions. Halloun &
Hestenes describe the scientific dimensions as “partatnithe structure and validity of scien-
tific knowledge, and to scientific methodology,” and tognitive dimensions as pertaining to
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“the learnability of science, reflective thinking, andgmeral relevance of science.” According to
the authors, their unique “Contrasting Alternatives Désigsolves many of the potential prob-
lems associated with other types of instruments usedéssapersonal beliefs including respon-
dents’ equivocation on Likert scales and researchdasiterpretation of essay questions. Hal-
loun & Hestenes were particularly interested in maaguhe impact Modeling Instruction

might have on students’ views, but the surveys they ast@red between 1995 and 1998 to
Modeling Workshop teachers and their students were inadefqualt@t purpose because of too
much variation in the scores (other data collectiomleras complicated the analysis, as well).
On other the hand, students’ profiles were strongly piigdicif their success in introductory-
level physics classes. That is, the more “expestudent’s profile the more likely he or she
would do well in physics. Since all my subjects hadragdéy “expert” profiles, | used re-
sponses to individual questions almost exclusively withen‘slcientific” dimension to compare
and contrast teachers’ beliefs and to get more nuanceghtimsio their perspectives on the na-
ture of science.

The VASS was substantially revised in 2004 and is still & us

Modeling Instruction Survey

| have described the Modeling Instruction Survey (Halloun, 1988=-Appendix 7) ear-
lier in this paper. In this section | will list the G&@ms from the survey | selected to generate a
teacher’s MIS score and the rationale for my selesti The survey uses a traditional 5-point
Likert scale spanning a range of choices from 1-“ReguldoyB-“Never.” The large majority of
guestions ask teachers how often they engage in clas&®aviors consistent with the Model-
ing pedagogy (e.g., question 63: “Have students use whitebogvosstnt their findings in a
laboratory experiment”), but a few are clearly antitted to Modeling (e.g., question 56: “Spend
more than a quarter of class period lecturing). (Whéulzding a teacher’s score, responses to
items such as question 56 were reversed to maintain tmmgi9 The status of some behaviors,
however, is not so easily determined. Thereforegdterd a 3-tiered categorization scheme to aid
my analysis. The scheme is based on data collectedbgliMg program staff and my interpre-
tation of Modeling practices. | later refined the schéyaed on a statistical analysis of the
pooled responses of my subjects.

Category 1 behaviors are “essential” to Modeling, thahispmplete accord with the
principles and behaviors described in the section on Modklstguction in Physics, above.
Category 1 behaviors often are unique to the Modeling pedagogyatide behaviors one
would expect to see in any Modeling classroom. Examgl€si@gory 1 behaviors include
(tem 10) planning one’s instruction based on the models lgithahe Modeling theory, (item
5) expressing relationships among constructs qualitativedy,arcourse, (items 64 — 67) activi-
ties associated with whiteboarding.

Category 2 behaviors may or may not be unique to Modeling,rbatyi case, they are
less critical to the pedagogy. This is not to say theyat important components of goplays-
ics pedagogy and failing to enact them entirely may dimithehearning experience for stu-
dents, but they are not the exemplars of the Modelidggmsyy Category 1 behaviors are. Ex-
amples of Category 2 behaviors include (item 7) doing a dilmeal analysis to set up or verify
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the units of a concept and (item 68) allowing students to Eepiasiteboards according to their
own preferences.

Finally, Category 3 behaviors are not at all unique to Mogelind fall into the realm of
teachers’ personal preferences that may or may nehdeted as the teacher sees fit. Examples
of Category 3 behaviors include (item 17) using examples fnerhistory of physics and (item
50) asking students to do error analysis in their labrtep@ teacher could choosetto en-
gage in these behaviors and still be considered an expel¢léf (I observed both forms of be-
havior during my field research).

The table below is a listing of behaviors by category. 4%héems | used to aid my
classroom observations were all the Category 1 behavissseveral Category 2 behaviors |
judged unique to Modeling (e.g., item 68 bot item 7). Only items from Categories 1 and 2
were used to calculate a teacher’'s MIS score.

Table 4

Modeling Instruction Survey Taxonomy by Category
Category 1} 1,2,5,10,12.13,14,15,19,20,21,22,27,32,33,41|43,
45,56,60,61,62,63,64,65,66,67,69,81,82,86,87,94

Category 2 3,4,6,7,8,9,11,16,23,24,25,26,28,31,38,40,42,44,
47,51,55,57,58,68,84,85,88

Category 3 17,18,26,29,30,34,35,36,37,39,46,48,49,50,52,53,
54,59,70,71,72,73,74,75,76,77,78,79,80,83,89,90,
91,92,93,95,96,97,98,99,100

Participant Experiences Survey

The Survey of Participant Experiences (Halloun e1297 — see Appendix 3) is an in-
strument designed to satisfy program evaluation requirensettoy the Modeling program’s
funding agency, the National Science Foundation. Thegwmas administered immediately
following a teacher’s first year deploying the Modelinglpgogy (i.e., at the start of the second
summer’s Workshop). It combines multiple-choice and-fiessponse questions covering six
domains of teachers’ practice: method (pedagogy), (useatfhology, content, assessment,
classes (taught), and school environment. Generally isyggdake multiple-choice questions are
intended to assess the extent to which a teacher engagpescific behaviors consistent with the
Modeling pedagogy, but some questions also gauge participaatsions to different aspects of
the pedagogy. As might be expected, several questidhs method and content sections are
similar if not identical to questions on the MIS, butsinquestions in the other sections have no
counterpart on the MIS. The Participant Experienceseyyskovides a broad overview of a
teacher’s practice which makes it a useful yardstickdonparing teachers. Since every teacher
attending the second summer’s Workshop completed aiparti Experiences Survey, as well
as submitted student FCI scores for the previous schogltiieae were the best tools available
to me for identifying potential subjects. | selected quastioom every section of the survey
except “Classes” that a) had a response from evecidead) were most indicative of a
teacher’s Modeling practices, and c) could be combined istagée composite score without
second-level analysis. The included items were nunib8r§tems 4 and 6 were reversed), 10-
13, 19, 23-25, 27-31, 42, and 43.
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Reformed Teaching Observation Protocol

The RTOP (Sawada et al, 2000 — see Appendix 6) evaluategdihrensions of an en-
acted lesson from a constructivist perspective: its desigl implementation; its content, in
terms of the propositional and procedural knowledge ptedpand the classroom culture it em-
bodies through the communicative interactions that pédee during the lesson and the character
of the evident student/teacher relationships. The protiatelmines the degree to which an ob-
server witnessed constructivist-oriented, student-cahterguiry-based pedagogy, that is, “re-
formed teaching” as defined by the Arizona CollaborativeEfiarellence in Teacher Preparation,
for whom it was created. It consists of 25 multipf@ice questions scored along a continuum
from 0-“Never Occurred” to 4-“Very Descriptive.” Based 287 classroom observations, Sa-
wada et al (2002) showed that teachers’ RTOP scores &g bagrelated with the normalized
gains on measures of student learning, including the FCh rAsult, many educational entities
across the country, including the Modeling Instruction prog@ntinue to use the RTOP to
evaluate teaching.

Though the RTOP was not designed for the Modeling progtasngonsistent with
Modeling precepts in every regard. Thus, a “perfectly”gmesd Modeling lesson could score at
or near 100 points. At least two caveats when usin®Tr@P to evaluate a Modeling lesson
should be taken into consideration, however. Fingt RTOP makes no provisions for the occa-
sions when a descriptor is not applicable to a particedamoh. This is probably more an issue in
high schools than at the college-level. For exaniplestudents actively engaged in a lab activ-
ity the descriptor “student exploration preceded formadgmeation” (item 3) may not apply un-
til the next day’s lesson. Thus, the perspicaciousmbs must be sure to enquire as to the pro-
gression of instruction so as to justify any alteration$e score. Second, the RTOP is not con-
tent specific, so the observer must be competent iprihigositional and procedural knowledge
intrinsic to the lesson.
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Findings

Allan

Modeling 3-day Baseline Long-term Student

Instruction RTOP | Student FCI FCI Averages

Teacher Survey Avg. (spring ‘98) %
1999 2007 % % Pre Post| Gain

Allan 185/3.1 135/2.3 90 39.3 244 | 50.3 | 33.9
Brian n/a 148/2.5 80 43.7 35.8 66{4 477
Charley n/a 149/2.5 70 49.7 n/a n/ja n/a
David n/a 130/2.2 84 35.0 37.8 65/8 45.0
Edward 145/2.4 96/1.6 71 n/a 304 72.0 59.8
Frank 168/2.8 114/1.9 87 41.7 26,0 524 35.6
Background

Allan heard about the Modeling Instruction program early998, after about 22 years
of teaching, including six years of teaching physics at hieotischool, and was intrigued by
the program. During our extended interview he told me,d$ wretty sure they wouldn't teach
me anything at the modeling workshop because | thought | hadhyts&cs instruction down
pretty good, but | thought it would be fun to be around therqthgsics teachers so | signed up
for it.” Allan remarked also that the availability afgrant that would cover most of his expenses
and provide a stipend made it especially attractive. Heanactive participant at the Work-
shops and “it turned out that there was much | could lebonit teaching physics.” In fact, he
goes on to say, “If | had been taught this way in high s¢cheauld have probably been a phys-
ics major instead of a math major.”

As science department chair at the time, Allan egpead no interference as he imple-
mented Modeling in his classes.

When | started doing Modeling | was department chairhabreally wasn't an is-
sue, and then we kind of rotate the department chair arédsndng as my stu-
dents are learning and they're testing reasonably wedl@eoetty well just leave
me alone, they don't have any thoughts on it.

On the other hand, he does report complaints from ststden

During the first year | taught Modeling physics students esgae
significant resistance to not receiving direct answerpistions. In the
second year of modeling instruction there was still sorastance to
Socratic questioning.

With respect to his own initial experiences with ModeliAtian said,
...when | came back and tried the Modeling, | thought it wiiswlt asking the

guestions, it seemed really to bog down the class, wenveetting anywhere,
but | kept digging in...and probably midway through the firsteser | was
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perched right on the verge of saying I'm going to trash thaevhing and we're
just going to get our books out and we're going to work otliedbooks because |
know that works. Then, for some reason, | seemeathtd getting a little better
asking questions. | didn't have to put quite so much effartfigiring out the
guestions | needed to ask; the classroom seemed to moveditilegmore effi-
ciently and so | decided to stick with it.

Allan, as did four of my six subjects, also said he niksty would not have adopted the Model-
ing pedagogy without the completed mechanics curriculum, Heugoes on, “Even with the
curriculum, | almost gave up on the pedagogy after tryifay three months. Only faith in the
Modeling leadership made me stick with it.” So, it seeoth bthe credibility of the Modeling
program staff and their research data as well adyadeveloped set of curriculum materials
were vital to Allan’s motivation to persevere with hifods to implement Modeling. But perse-
vere he did and now he “cannot imagine going back to theeaftn from the lecture method.”

Allan’s school is a medium-sized (about 1600 students)poeimensive public high
school but it has no designated attendance area. Baissmhat students and their families
come from across the city and make a conscious ctmi@tend this school, presumably be-
cause they buy into the school’'s mission statemifitigh expectations, ethics, and academic
standards;” what’s more, they must sign a contradidbeffect. The school is academically
well-regarded and the students are among the top 15% statbeachievement tests. The
demographics of the school are 74.9% white, 12.5 % Hispanic, Bl&8%, and the rest are
Asian and Pacific Islanders and Native Americans. sélpercentages are not far from the
demographics for the county in which the school is situakeept that Blacks account for 10.5%
of the larger population. About 49% of the students ate @d 14.7% of the students qualify
for free-or-reduced lunch. With respect to Allan’ssskes there were 11 boys and 17 girls, all
white, in his AP(B) class; 7 boys and 15 girls, 2 Black#isnconceptual physics class, and 47
boys and 32 girls, 4 non-white, in his three regular phydasses. Each regular physics class
has between 3 and 6 more boys than girls.

Observations

Allan’s classroom is rather long and narrow with Idteatural light from two banks of
windows along the long sides of the room. In the fodrthe room is a traditional demonstration
bench behind which is a large whiteboard. Student benghised, are in front of the demo
bench and 4 large worktables are in the back of the rdéleven computers of various vintages
with PASCO interfaces sit on countertops along themar of three sides of the room. Lab
equipment is located in cupboards underneath the countbdeanonstration equipment fills
glass-fronted cabinets above the countertops. Studentscavded when they are at the com-
puter workstations but there is plenty of room availabtbeworktables for preparing white-
boards. Allan has a mesmerizing rotating helix mobile imgniyjom the front ceiling and vari-
ous science posters on most of the available wall spalse on the front wall of the classroom
is a placard with words like “oomas” and “yorts,” whigte student-created units of measure
concocted during a lesson early in the year. Each blegins with a “hot sync” (warm-up)
problem relevant to today’s or yesterday’s lesson.
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My first day’s observation in Allan’s"¥period regular physics class (and similarly f8r 5
and 6" periods) opened with a hot sync problem which was to drfemnca diagram for a ball
undergoing uniform circular motion (corresponding to Phaséminal Modelsn Unit 8 of the
Modeling curriculum). After the students wrote downttlagiswers, which Allan dutifully
checked and recorded on the spot, he led a class discusgigra ball-on-a-string prop by ask-
ing questions about the forces at various points aloniattie orbit. Allan accepted just about
any student response which he then would paraphrase antas@equestion — “So, you'’re say-
ing the force is..? So the ball must be behaving in such and such a wha¥? ri@gh wait, it goes
this way.” This continued until there was a general ensgs, supported by Allan’s tacit agree-
ment, about the disposition of the relevant forces.

Allan next spelled out the procedure for conducting a vitelmbn uniform circular mo-
tion using the “Interactive Physics” software applicatioorresponding to PhaseModel For-
mulation Investigation and Initial Model Formulation). Thissva follow-on activity to a quali-
tative hands-on paradigm lab that the students had etedpbreviously. The computer program
was set up so that students could adjust the variablesandass as they saw fit so as to obtain
“data” separately for the centripetal force vs. {heesl of revolution, the mass of the object, or
the radius of the orbit (length of the string). kesed to this observer that the level of engage-
ment was inversely proportional to a student’s distarara the keyboard. However, most
groups in all three periods finished collecting data incgrdtion of preparing whiteboards to-
MOrrow.

The day’s hot sync problems focused on mathematicalpmi@ations of exponential
functions anticipating the relationships to be developéddsn the variables in the previous
day’s virtual lab. Immediately following the hot syndieity students proceeded to prepare
whiteboards of their lab results. Allan was sittinghe back of the room grading student lab
books and responding to questions about the lab and the @dmtisb but in any case it was clear
that students were familiar and comfortable with thiarmgement and several students seemed
appreciative of the quick feedback this system afford&anAold me later that he had come to
this procedure late in his career and has found it to bagustfective as his old style of grading
and a lot more efficient.

The whiteboard presentations began about 20 minutes inpetloel. The students ar-
ranged themselves in a rough circle around the room and tregpresentations with a simple
recitation of the mathematical relationships they haddoby graphing and fitting the data for
each pair of variable$-(vs.v, F vs.r, andF vs.m) using the “Labpro” software. The graphs
themselves were crude and qualitative, but each one hadeapmmnding numerical equation.
No questions were asked at this time. Allan then saisk Yourselves any questions you want
then I'll ask some questions.” The students asked a fefwnmtory questions (e.g., “What are
the units of the slope of your graph” and “Is there atgrgept?”), as did Allan. Next, he di-
rected students to look at the other boards for agreeabent the shape of the graphs: “Hold up
one finger if graphs agree, two if not” — most students eltvo fingers. He then summarized
the degree of agreement graph by graph. There was geossehsus on all the graphs except
for one group’s$- vs.r graph, for which they had depicted a negative lineatiosakhip when it
should have been an inverse relationship.
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Allan next directed students to write on their whitebo@adsgle equation for the cen-
tripetal force that combines the information from tineé separate graphs, but he also told them
to leave the slope unspecified. Most groups were able iieedbe fundamental relation-

ship,F. O mv?/r , after which Allan instructed them to multiply twotbg three fit constants

they generated in “Labpro” and compare the product toltipe ©f the third graph. Given that
students had “perfect” data they found that the oveoaktant of proportionality was 1. Allan

then summarized these findings on the front whiteboaddate the connection Q.. = ma

in order to derive centripetal acceleratiag, = v?/r (corresponding to PhaseModel Formu-

lation: Rational Model Extrapolation). He next defined centaprce as the net force that
makes something move in a circle and thereby specifiegsgential feature of the central force
particle model. Finally, Allan passed out Unit 8: WorksHegtorresponding to PhaseModel
DeploymentElementary Deployment) and gave a short lectureatthditessed the perennial con-
fusion shared by many students: an object undergoing unifornacirootion is accelerating not
because of changes in its speed but instead because géshaits direction of motion. How-
ever, Allan was not able to reach this point, conclgdie lab and passing out the worksheet, in
either %" or 6" periods in part because there was far less consiséemntggreement in the white-
boards for the virtual lab. This necessitated a loendinect questioning (e.g., about which is
the independent variable and which the dependent varidloieecof units and scale for each
axis, etc.) on Allan’s part to try to resolve studentsaonceptions, consequently a final resolu-
tion was left for the next day.

The hot sync problem for my last day of observatiamceoned a uniform circular motion
calculation. Allan decided to have hi8 geriod students whiteboard the worksheet. This is
somewhat atypical among Modelers because workshagesgially early in a unit, generally in-
clude the sorts of questions a teacher would ask duringtabslard session and usually contain
only one or two scenarios for consideration. A tgpwhiteboard problem set has several prob-
lems illustrating different aspects of the model urasrsideration. Allan did something else
unusual with the assignment. He informed the classtwt student group must whiteboard the
problems associated with the first of the two scesasiothe worksheet but that he would pick
one board at random (by rolling dice) for which the entiass would receive a grade. Before
presenting their board, however, the selected groupreasd consult with the rest of class and
make any changes to their board until such time as thggndicated they were ready for their
presentation. Almost the entire class was enthusadigtengaged in their work and some of the
conversations among the students were quite animatedi’sAdialy role during this period was
to mediate the conversation because so many studer@gryiag to speak at once. The final
product and presentation were nearly flawless and nonaihe iclass ever asked what grade they
had earned.

The situation was quite different iff &nd &' periods. Fifth period finished up the vir-
tual lab but in this class Allan gave students the chafieedividually completing the worksheet
or working in groups to prepare a whiteboard. My obseymatias that the groups seemed
somewhat off-task until and unless Allan checked in vinént, but by the end of the period most
students either completed the assignment or had a ceahpliteboard for presentation next
class. Sixth period also had to finish the virtual labthey had somewhat more difficulty than
the other periods resolving the coefficient on the fatplation. In this class students were not
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required to whiteboard the worksheet and Allan went cliyeduer the first problem which was
to create a motion map (vector diagram) for a car dyiewver a hill at constant speed. He told
me later that he was reacting to the difficulti€&p&riod had had with this task.

Assessment

When he applied to the Modeling program Allan evidentlg wat seeking to signifi-
cantly change his practice believing that, “I had the pkyisstruction down pretty good.” Fur-
thermore, in his application letter to the Modeling pamgrAllan said that his “personal project
this year was to establish a questioning method that wdala ate quickly to probe student un-
derstanding” and that “the project has been quite suat€s©n the other hand, in his inter-
views with me Allan recounted his near-death struggl#s managing classroom discourse in
his first few years of Modeling. | did not ask Allan abthe differences between his previous
guestioning techniques and Modeling, but despite these initidéngat Allan clearly has de-
veloped a comfortable and efficient teaching style. életpd out to me on more than one occa-
sion that Modeling shifts the burden of work away fromtiacher and on to the students where
it belongs:

| find now the students are working really hard and I'mhaeing to work nearly
as hard as | used to and if | had continued teaching physiegathl had before |
just think it's a major burnout because the students anengan, you have to tell
them how to do the same thing five times and, you knowenwlou have 20 or 30
students coming in it just burns you out, it takes, inbw lot of time, whereas in
Modeling all of a sudden it's on the student to learn anbatts much better, they
learn and it's easier on the teacher.

It is interesting to note that Allan’s views on thisusseem to have evolved. Questions 5 and 6
on the VASS are as follows:

My score on physics exams is a measure of how well:

(a) I understand the covered material.

(b) I can do things the way they are done by the teawharsome course materi-
als.

For me, doing well in physics courses depends on:
(a) how much effort | put into studying.
(b) how well the teacher explains things in class.

In both cases Allan selected choice 4, the “mixed” respowhich indicates that he generally
would share the responsibility for learning more or éxpsally between teacher and student. His
remarks above, on the other hand, suggest that Allarbebeves the Modeling pedagogy cor-
rectly shifts the burden of learning more onto the studahan was the only subject to hold a
mixed view on these questions. Four of the six teacleésted choice 1 or 2 on question 5 and
the remaining teacher selected choice 5. On questiditiée @ther teachers selected choices 1
through 3. Of course, Allan strongly believes thatshiglents are learning physics better as
well:
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| think the students learn a lot. The students come blaakhave had me, come
back and tell me when they go to college they're telingrybody else how to do
physics; they know how to do it, they remember it.

Moreover, about 90% of Allan’s students pass the stateigghgnd-of-course exam (taken in the
junior year) and his long-term student FCI scores confpaggably with other Modeling teach-
ers, especially when one takes into account thetivelg low pre-test scores.

However, it was Allan who | quoted in the introduction:

Scientists believe that numbers represent the tisidentists get their numbers
from measuringhings and then they try, they use different techniqoevaluate
what those numbers mean. We do that because we &a&goad predictions
with numbers that are useful to us, they enhance our healtkvelfare, and so
this is something important to study and learn about beeeeise interested in
our health and welfare.

This sentiment, expressed during the extended interviewgdvgeeim to be antithetical to a con-
structivist philosophy, as appears to be the case wittolb&/ing comment Allan made in re-
sponse to a question about his role as a science teacher

The role of the science teacher is to provide studeititsawy opportunity to learn
about collecting numbers and data and applying that to d@yafisituations, life
situations or physical situations, that allow students tergtand how science
works, and to possibly give the students a career in sietiat's something that
they elect, but certainly to make them knowledgeable admemmce and the world
around them.

Again, there is nothing here that suggests Allan mighhisesle as, say, Brian does, who sees
his students’ pursuit of scientific knowledge as a “joutrand himself as a “guide,” or like

Frank, who describes his role as one of “helping the stadeake those same connections, build
those same models.” A careful review of Allan’s oleedrclassroom practice confirms this am-
bivalence. His questions were more procedural than coné¢éptga what is the slope of your
graph, what are the units of the horizontal axis, etwd) he lectured, albeit briefly, more than
once. Except for the once instance where, by Allawis admission, he deviated from his nor-
mal practice to let one class collectively prepare daebbiard, this behavior was consistent
across all his classes. My sense is that Allan,iges8ge fact that he takes nearly three-quarters
of the year to complete the “first semester” meatgnourriculum (or maybe precisely because of
this), feels pressured to “move on,” and will sometingesiSce opportunities for deeper student
engagement for efficiency’s sake. Of course, the faetehat Allan now uses whiteboards and
guestioning represents a significant departure from his predgidastic teaching style. Allan
made a professional decision to adopt the Modeling pedagopsrt, because he had made a
commitment to the Modeling program as a condition efabceptance criteria, but also because
he perceived it agotentiallymore effective than his traditional teaching styleonclude that as

a result of his participation at the Modeling Workshopsltaagubsequent implementation of the
Modeling pedagogy, Allan has experienced a conceptual cegting of how students learn
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physics and thus how to teach physics. He did not experseietea restructuring with respect
to his understandings of the nature of physics as a liecip

Notwithstanding the above, that Allan now is comfortabith the Modeling pedagogy is
confirmed by the significant changes he reports in his pegaga the two Modeling Instruction
Surveys he completed in 1998 and 2007. There are fourteemtiesModeling activities for
which Allan’s responses shifted from a 5 (“never”) ofseldom”) to a 1 (“regularly”) or 2 (“of-
ten”), several of which he has in common with the othe teachers for whom | have MIS data
for both years. The “common” activities include ite®3sthrough 67 which relate to whiteboard
presentations, as would be expected for Modelers. Amorgjliee items are: expressing vari-
ous constructs qualitatively (item 5), using agent-objedbnam describing forces (item 15),
having students figure out the relevant independent and depefdiafiies in a scenario (item
43), andnot assigning typical textbook problems as homework (item Bllan’s very high (in
retrospect, possibly too high) RTOP scores of 90, 84, ands8@eg indicative of his assimila-
tion of the Modeling pedagogy as is his active presentbheoNlodeling listserv.
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Brian

Modeling 3-day Baseline Long-term Student

Instruction RTOP | Student FCI FCI Averages
Teacher Survey Avg. (spring ‘98) %

1999 2007 % % Pre Post| Gain

Allan 185/3.1 135/2.3 90 39.3 24.4 50,3 33.9
Brian n/a 148/2.5 80 43.7 358 | 66.4 | 47.7
Charley n/a 149/2.5 70 49.7 n/a n/ja n/a
David n/a 130/2.2 84 35.0 37.8 658 45.0
Edward 145/2.4 96/1.6 71 n/a 304 72.0 59.8
Frank 168/2.8 114/1.9 87 41.7 26,0 524 35.
Background

For the first four years of his tenure, Brian’s assignimeas physics and honor$ §rade
physical science. He describes his teaching style duriagiitie as “non-traditional but not very
progressive.” He had contacts with other teachehssidistrict who were working with Jim
Minstrell, a long-time physics teacher from the Seaitka and a co-developer of the
DIAGNOSER physics instructional web-application (k&@://www.diagnoser.cojnso he
“tended to look at things a bit differently,” but stilliegl on the textbook and a lecture format for
his pedagogy. Questions to the class were rhetoricadtaddnts did not work in groups. He
told me that he had had a general dissatisfactiontiéthvay he taught, prompted in part by his
discussions with these other physics teachers, buthaotlifeel “equipped” to make the appro-
priate changes. In his application letter to the Modgtirogram, Brian said that “one area that
has been the cause of some concern for me has beelng that my students don’t fully engage
the material that we are studying” and “seem to be rddinsula centered.” Despite his some-
what traditional teaching style, Brian’s predispositiothwespect to lab activities was clearly
constructivist because he goes on to say, “I don't ¢igestudents a set procedure or expected
results, but rather tell them | would like them to inigegte the relationships between several
guantities.” Brian’s desire to see his students activaljaged in learning physics and conduct-
ing discovery versus validation lab activities seemsit@ipate some aspects of Modeling.

In 1997, Brian entered the MAEd program at the same uitiversere he had earned
his bachelor’s. The program required that he take aaudsttourse appropriate to his discipline,
but because the university did not have anything reallyldaitiuring the summer sessions,
Brian’s graduate advisor recommended he attend the Modelinigstagrs for which he would
receive full credit towards his degree. Of his worksagperience Brian says:

You know, it sounds really corny but I've got to say... myksbop was like an

old-fashioned tent revival. | went there seeking somethiwpat, | didn't know.

When | got there, it's like, oh my gosh, this is it, anthig isn't it, this is as close
as I've ever seen to it, whatever it is. | can ktpeell you that I'm not anything
like the teacher | was before nor could | ever go badletog that person.

The clincher, Brian says, was the changes he saw studgents.

...but the thing that sold me and I'll remember, | can agtuathember the mo-
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ment, was in studying projectiles. | had taught projeatiion, had spent a
couple, several weeks talking about projectile motiang¢monstrated projectile
motion, | have all this equipment for demonstrating ptogmotion, and | would
give the most lucid lectures and demonstrations and éwegyt could about pro-
jectile motions and in the end my students didn't reslgm to have that much of
an understanding about the way projectiles move. Sdopuateling first year, 98-
99 school year, we did Unit 6, we'd been, I'd been followhngugh, doing the
best | could following the practices, my students, we flikdunit, the paradigm
lab, the projectile motion and using the video cameragagh at that time | did-
n't have video analysis software so we just used photogragthae'd captured,
measured, and kids drew graphs, and this group was preserditigeg go,
“Hmm, well we got a straight line on the x-t graph, va¢ g curved line on the y-t
graph, so we knew it was accelerating in the y-diradbiat not in the x-direction;
well that makes sense because gravity's only acting ydirection and so,
yeah, it's moving with a constant velocity in the x-cli@n and its accelerating
downward in the y-direction.” | said, “What, reallyThey said, “Yeah, we get
that.” | asked a couple of questions and like they realtyih So what that really
meant in the end was my kids got it when | modeled asgldidn't get it when |
didn't.

Brian has been “a real sort of diehard Modeler enees’ So much so that for the past several
years Brian has been very active in developing anaisug an online Modeling community of
practice (separate from the Modeling listserv) and workiily his district’s science curriculum
coordinator to get Modeling adopted as the district's approvedgshgsiriculum.

Brian began using the Modeling pedagogy during his fifth yehisatchool and it was
not well received initially by his students or his cojjees in the science department. Brian said
better students felt the pace was too slow and becanati@npfor Brian to just tell them the
answer — a problem he still faces. These are the stuakectdls “cave kids.”

...you could put this kid in a cave in September with a physck, you could
come back in June and take them out, and give them anddhey probably
could pass any test you gave them because they areydhigadevel thinkers
and they have the ability to process information and buildets; they don't need
my help to do it...

Following the advice of a long-time Modeler from ArizoBaiian now has a “physics open
house” early in the year to introduce parents to the Mageurriculum and pedagogy. The
open house seems to have been particularly effeatvddan says the parents are very appre-
ciative.

In fact, some of the hostility that | was gettingnfrony department stopped after
the first time | did that. When my principal, the olahpipal, came here and saw
60 parents come for a physics night, his attitude towards velidtchanged. So

it also may have been the first time | had a chamexplain to him what Model-
ing was about.
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Most of his departmental colleagues, then as now, amtare indifferent to whatever
pedagogy Brian’s employs even though he has taken thedidesctribe Modeling and his suc-
cess with it. “Perhaps it's even evolved to the poimtetion't care and we don't want to know;
so beyond indifference, a little bit to the rejectsde.” However, both the assistant principal
(for instruction) and his department chair were openlyileast Modeling, though neither indi-
vidual required that he change his practice. Brian had lez@rd from a reliable source that the
assistant principal wanted to replace him. Most of timésgivings seemed to be of the same
type | heard from my other subjects: student complalatiskiecause Brian rarely directly an-
swers questions and doesn’t use a textbook, he must reddieng. “Neither of them had ever
asked me about Modeling, | don't believe that either ahthad any real notion what | was do-
ing, they just didn't like it, and | don't know why.” Briamathered that storm and, until re-
cently, has experienced the same benign neglect thathmar subjects have reported.

But there has been a recent thaw at Brian’s schBiadn describes this in a conversation
he had with the current (new) assistant principal:

In one of the four school faculty meetings beforeewen started for the year (last
year), we talked about some of the goals that theyeddor the school and
things of that nature and | went up to [the AP] afterwartds said, “OK, | feel

like | have a lot to offer here that's not being tapplae been to two Modeling
workshops for four weeks each at [a west coast univgr&R® hours each, I've
gone back to ASU,” at that point it'd been like thiieges, | said, “I've done a lot
of this work and | have a lot to share, have a lotle&s and things that I've
learned that | think are consistent with your goalghi@ school, but I'm not be-
ing utilized, and | just want to tell you that | want tash | want to help, please
allow me to do that if | can be of any help.” So hd s&'eah, OK, that's fine.”
But, nearly a semester went by where that never cgnagain and then in one of
those moments that you never can predict, | stopped loffltie one day, for
what | don't know, and we sat down and chatted, arartlest describing to him
again that | really did have something | wanted to shatetarbased on my
Modeling and he asked, “Well, what was that?” Wellt'sha big mistake to ask
me about that, so | told him, and | started describing toahat Modeling was
and how it was used and how it's effective, | startbidgehim about, you know,
things like my FCI scores pre- and post and how they cordpaith non-
Modeling schools and why | thought that they were comsistith the goals of
our school and our state and, you know, anybody thattgjttgieducate kids, and
that conversation lasted until nine o'clock at nightsafein his office until nine
o'clock at night. From that [conversation] was bibiis idea, gee, how can we ac-
tually try and promote this then.

The assistant principal now is an enthusiastic suppoftfdiodeling and aided Brian’s efforts to
send a departmental colleague to a Modeling Workshop. Wiaileest of his departmental col-
leagues still are more or less indifferent to his pedagagjyl (Suspect, he is of theirs except that
they are not using Modeling), the support of the assigtamtipal as well as the district’s sci-
ence curriculum coordinator, after similar prodding frormaBy has given Brian the confidence



-43 -

to push for widespread adoption of Modeling in his distridbdeling is now being used in three
of the five high schools in the district and, Briagssdrecently came very, very close to being
approved as the district’s physics curriculum.” The struggfginues.

Brian’s high school is in a middle-class part of thg,cdhe major metropolitan area of
the region. The school has about 1800 students and & footies academics as well as for its
very successful athletics and music programs. Brian evemplained to me that he often has
very small physics classes during the various statetiathhampionships and holiday musicals
because so many of his seniors are either participaetgtuusiastic spectators. As reported by
the state department of education, the student demographite fschool are 52% male, 48%
female; 87.1% are white, 3.8% Black, 2.6% Hispanic, 4.1% Aaiagh,1.6% American Indian.
These numbers are reflective of the metropolitaa arevhich the school is situated. About
26% of students are eligible for free-or-reduced lunchtb@djraduation rate is 81%. The
demographics of Brian’s classes are nearly identicdlgsthool’'s which means, at most, one or
two students of color in any physics class. The ratimales to females is at least 2:1. For his
10" grade science class, however, the ratio is about B12lés to males and more students of
color (every student has to také™drade science whereas physics is an elective course).

Observations

When | observed Brian his schedule included three perioagafar physics and one pe-
riod each of “second-year” physics and"Iffade integrated science. Second-year physics is just
that, a second year, and Brian, the only physics teacliee school, does not consider it an
honors class though most of the students in the alassoacurrently enrolled in pre-calculus or
calculus and, therefore, represent a population ntyrassociated with honors or AP-level
classes. The school also offers a second-year strgrolass and an AP biology class but nei-
ther AP physics nor chemistry. All the students ingbeond-year courses are seniors. | did not
probe the school's rationale for second-year verdagdurses, but | was told that the decision
was deliberate. One consequence of the second-yearpbgsise, however, is that it affords
Brian the luxury of time. That is, he does not fe@hpelled to rush through the curriculum in
the first-year course and takes at least three-quaifténe year to complete “first semester” me-
chanics.

Brian teaches in a very traditional physics classraatim a large demonstration bench
across the front of the room and a raised platfornmioketiie bench and in front of sliding black-
boards. He has also installed hooks above the blackbaad around the room for hanging stu-
dent whiteboards. Students sit at fixed benches andslitlee remains around the perimeter —
an arrangement not particularly conducive to group l&y&an has acquired about 10 Macintosh
computers on rolling carts so the students can create giankpareas on or around the benches.
During one circle whiteboarding session | observed, stagenched themselves on the benches
or to one side in order that every student could viewshteboards. Thus, like other teachers
in this study, Brian found various ways to accommodate bide\ing pedagogy to a distinctly
Modeling-unfriendly physical plant.

My observations began on a Monday morning during mid-third gubyt which time the
class was about a third of the way through Unit 7: Enelygrking in groups, students were to
prepare a whiteboard for an assigned problem from Unit Tk§¥Heet 3a completed over the



- 44 -

weekend (corresponding to Phasédel Formulation Initial Model Formulation). This
worksheet presents students with a variety of scendejpisting different systems’ initial and
final parameters (e.g., height, speed, or, in the dasenae elastic component, stretch length).
By employing the principle of the conservation of egegjudents are to indicate on bar graphs
the relative magnitudes of the various forms of ené&rgyhe initial and final states shown in the
scenario (i.e., gravitational potential, kinetic, arms&t potential energy). Thus, the students’
job really is just a bookkeeping task, that is, to balansgstem’s energy accounts. No formulas
are required. Student misconceptions are typically maedastthe failure to ensure that the
system’s final energy equals its initial energy and irodew the parameters specified in the
scenario so as to properly apportion energy amongdateus categories.

It took only about 10 minutes for the students to obtaimcland prepare their white-
boards. During this time Brian circulated around thesctdgecking student worksheets for com-
pletion. He asked one student, “On a scale from 1 todW pnepared do you feel?” The stu-
dent replied, “I'm not sure about one problem, so 8.fiaBthen advised two groups by asking
them probing questions about their whiteboards. He kickati@ivhiteboard presentations by
announcing to the class, “Let me just express the idedhéra can be different ways for these
bar graphs to look depending on how you defined your systenmitiatigonditions. Ask them
guestions about anything you’re not sure about.”

It was clear to this observer that students were \@nyfartable with this mode of class-
room discourse and had a well-developed sense of tHeetéaexpectations. After the first
group’s initial presentation the first few questions toghaup were from other students. Brian
jumped in with a couple of probing questions which were faiddwy more questions from the
student audience. Brian closed the first presentatiorrinding the class that the different rep-
resentations of the problem must be consistent wityitlen scenario. There was little student
interaction for the next problem. Most of the discmssvas dominated by probing questions
from Brian who would wait as long as necessary fasponse from the presenters, though he
sometimes rephrased a question if a response was tiadioing. There was much more stu-
dent interaction with the third group, and, at one poingrBstepped in to moderate the discus-
sion as the student presenters were trying to manage simultaneous lines of questioning from
the audience. Brian’s questions then seemed to beatiratthe entire class and not just the
presenters. The scenario is a car at the bottarhdfwith v,> 0 that then comes to a stop

some distance up the (frictionless) hill:

S — How does it [the car] stop if there was no ifvic?
T — If energy is the ability to cause change, can #neatthe bottom of the hill
and not moving experience a change in this case?

S — No.

T — Can we say that the initial gravitational potergiargy is 0?

S —Yes.

T — What force is transferring energy from kinetie®gy to gravitational poten-
tial energy?

S — Grauvity.

T — What brings the car to a stop?
S — Grauvity.
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Six of nine groups had presented by class’s end and whilewleeeesome insightful questions
posed by a few students, Brian continued to dominate tbessi®n by asking both directed and
undirected questions.

The discourse in Brian's other two regular physics classssmuch the same, though
Brian did take time to revisit the concept of the endlay diagram that had caused some con-
fusion in the first class. | had the sense that stgdeate more than familiar with Brian’s style
because it seemed to me that some of the studentsttiad sefor the long haul (which is to say
they were reasonably attentive but not actively ppeting), well aware that Brian would not
move on until he was satisfied with the responses thenstudent presenters. In none of the
three classes did whiteboard presentations get past prékdernof the total of 10.

| had also observed Brian’s second-year physics clasfdtislass of the day. In this
instance, each student group prepared a whiteboard for tleepsabilem (in magnetostatics).
Whiteboards were presented in a circle fashion andaligiait least, the discourse was among
the students. As in other classes | observed, Briatésaction with the various groups was
strictly through questioning until the relationship betweenvdriables in the problem was (rea-
sonably) well established. Brian similarly used whitiols and questioning in his"Lgrade
integrated science class in a lesson on phenotypes aatyges (Punnit squares).

The next two days’ lessons centered on a virtual labagito the one in Allan’s concep-
tual physics class using the “Excel” spreadsheet applicaisian’s goals for the lesson were:
1) to develop some sort of quantitative relationship betvtbe gravitational potential energy
and the consequent kinetic energy of a falling object2and introduce students to the “Excel”
spreadsheet application (continuing Phaddd&del Formulation Initial Model Formulation).
Only five or six students confirmed that they had previogegence with “Excel,” but with a
few simple oral instructions from Brian and a quick dertration (via LCD projector), students
soon were generating “data.” The thrust of the lessathe previously constructed concept of
the conservation of energy. Thus, students had no apmhifeculty accepting the premise that
the initial gravitational energy of an object releagedifsome height is equivalent to the final
kinetic energy the object develops just prior to hittimg ground (neglecting air resistance and
the like). Students entered formulas in the spreadshiealculate the energy stored gravitation-
ally as a function of height for 50 different heigheguated these value to the kinetic energy,
calculated the final velocity similarly (using kinema)icand then plotted the kinetic energy vs.
the final velocity. Of course, the resulting grappasabolic. The final step was to “linearize”
the graph by re-plotting the kinetic energy vs.tbaareof the velocity. If correctly plotted and
interpreted, students should have been able to deduckedlsbpe of this graph is one-half
times the value of the (constant) mass they hadezhterthe spreadsheet.

The following day, students completed their spreadsheetdrandboth the kinetic en-
ergy vs. velocity and kinetic energy vs. velocity-sqdagephs on a whiteboard and wrote an
equation for the linear graph. Whiteboards were presaémtedircle fashion and most of the
discussion initially was among the students but it veediced to simple descriptions of their
choices of variables and of their graphs. No group hadedean appropriate equation for the
linear graph (nor, for that matter, did every group prepamgerly linearized graph). At this
point, Brian prompted the class by asking if everyone agregdhe kinetic energy was propor-
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tional to the square of the velocity to which there\ganeral agreement (corresponding to Phase
6: Model Formulation Rational Model Extrapolation). Most groups were cstesit in using
J/(m/s¥, that is, units of energy vs. velocity squared, fordlbge of the linear graph, but Brian

had to do the reduction from these units to kilograms (md&S&n though it was now evident

that the units of the slope were units of mass, no stupgteap was able to connect this slope

with their hypothetical mass. Brian asked in an obviottstyorical fashion if the slope was

equal to one-half the mass. Given this fact, sevandest groups then were able to generate the

final equation €, =1/2mv).

Brian followed the whiteboard session with a deploynaetitvity (corresponding to
Phases 7 & 8/odel DeploymentElementary and Paradigmatic Deployment). He drelaa
gram on the board of a problem taken from R. Gilchglitative Problems for Introductory
Physicsthat shows two objects of equal mass at differentipasiup a frictionless incline. Stu-
dents were asked to consider the gravitational potentiedgaed the kinetic energy of the two
objects at = 0 (v, = 0), when the lower object has reached the botticmeaincline, and when
both objects have slid down the incline and now arénglidn a frictionless horizontal surface.
Brian initiated the discussion by saying, “Let's hear sadgladdress the initial condition.
How many of you agree/disagree/ don’t know” (that theaibjbave different gravitational po-
tential energies, but equal kinetic energies)? Qunéesit disagreed, “Don’t the objects have the
same weight?” Another student pointed out the fitslent’s confusion between force and en-
ergy. The rest of the discussion was fruitful arastly among the students.

Assessment

Brian is an easy-going fellow with a sense of hunmat @ear infinite patience when it
comes to learning — but not misbehavior. He enjoys teaamddeels he has found his calling.
He thinks about his practice constantly and is a truevelin Modeling. He took an “ad-
vanced” Modeling course and has worked with the Modelinguastm program staff develop-
ing Modeling curriculum in chemistry and biology. Brian’®déling perspective influences his
pedagogy in all his classes. He is very aware of and sernsitstudent “commonsense” con-
ceptions and is always respectful of such alternativeagions during class discussions. Brian
is quite adept at asking probing questions and knows how to ¢eid®hversation. However,
he does tend to dominate class discussions, but, agéyrhyoasking questions, and he waits for
responses to the questions. Brian speaks passionatelyhbdeiing and sees it as his mission
to convert the “heathens.” He is not a fanatic, &éaav, and is well aware of the forces arrayed
against his quest. He loves to talk shop and is a meitirdefor a new teacher at a nearby
high school who once was a student in his class. Higar has had just a week of Modeling
instruction and Brian is pushing to get the new teachakmthe full workshop sequence. He
also helped another colleague in the school take the aypks

Brian, like most of my other subjects, can be consalare“early adopter” of Modeling.
He was in the third cohort of the Modeling Leadership Waokshas were my other subjects,
but unlike some of them he was actively looking to chang@taictice. Recall that in his appli-
cation letter Brian expressed concern about the ldhstludent engagement in his classes and
mentioned also that he employed discovery labs. Bvasthus purposefully seeking out a
pedagogy that would accommodate his teaching goals and, evideutig it. His receptiveness
and subsequent devotion to Modeling, therefore, come asmiassu
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In terms of his Modeling pedagogy as | observed it andpgeted via the Modeling In-
struction Survey (MIS), Brian is less likely than oiyer subjects to show how a construct
(model or part of a model) applies in different cordexthich is to say he is somewhat more
likely to present the models piecemeal and not emph#sem as part of a larger theory of New-
tonian mechanics (MIS). He is at the mid-point of mlgjscts on nature of science (NOS) ques-
tions from the MIS suggesting that his views are alsecwaig between empiricist and construc-
tivist perspectives. This was confirmed in the extendeshirew. For example, in response to
the question, “How would you define science and scierktifamvledge?” Brian said, “I think that
nature is what it is, that is, | think that there figjau want to go with a truth with a capital “T” or
a lowercase “t,” things are the way they are.” Baialso said,

If you're asking me if I'm more of a builder of knowledgeough a constructivist
approach to scientific knowledge, or am | more of a yewkl just get this out of
the book and learn what it is, (then) there's no queshiere, I'm not in the mid-
dle. | have stacks of brand-new textbooks that haverre/en been opened.
You need to engage and experience it, that's how you entowou uncover
science, you don't read about it.

On the other hand, Brian holds only expert views on tB& ortion of the VASS (the only sub-
ject to do so0), which is consistent with his committrtera constructivist pedagogy, as is the
fact that he is the least likely of the subject teashio use a textbook. Brian scored in the mid-
dle on the Participant Experiences survey (a 2.0 averageldo 5 scale, where the range of
scores is from 1.52 to 2.43), which | consider to be aicatidn of his initial struggle mastering
classroom discourse. Brian’s student long-term FQOleszdoth in terms of the normalized gain
as well as average score, are the second highest anyosigbjects and compare favorably with
scores from across the universe of Modeling teachers.

| gave Brian an RTOP score of 91 on the first day skolation, noting particularly the
clear expectation among students that he would waitngsae necessary for answers to his guid-
ing questions, his well-tuned ear for student misconceptimnsglso the fact that he tended to
dominate classroom discourse, albeit strictly through guesy. The next day’s score was only
a 73 because students were involved mostly in generatingldetsavia an Excel-based simula-
tion in anticipation of presenting their “findings” duritfze following class and the only student-
directed input in the lesson was a choice of the kg object under test. Thus, given the
preliminary nature of the lesson, there were few opdres for student-directed discourse or
student generated hypotheses. The third day’'s score Wésndy’ a 77 because the simulation
did not allow for much in the way of student explorataf alternative conceptions and problem
solving strategies (but surely much more than would a lectuloreover, many students got
lost in their attempts to generate the quantitativeiosiship between the variables and never
were able to derive it until Brian stepped in with revealrompts.
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Charley

Modeling 3-day Baseline Long-term Student

Instruction RTOP | Student FCI FCI Averages

Teacher Survey Avg. (spring ‘98) %
1999 2007 % % Pre Post| Gain

Allan 185/3.1 135/2.3 90 39.3 24.4 50,3 33.9
Brian n/a 148/2.5 80 43.7 35.8 66{4 477
Charley n/a 149/2.5 70 49.7 n/a n/a | nla
David n/a 130/2.2 84 35.0 37.8 658 45.0
Edward 145/2.4 96/1.6 71 n/a 304 72.0 59.8
Frank 168/2.8 114/1.9 87 41.7 26.0 52.4 35.6
Background

Charley is a member of a local “physics alliancedttl, a group of physics teachers,
university professors, two-year college instructors, addstry professionals that meets several
times during the school year to talk about all things phisiteachers can give and get answers
to content questions, share or refine a lesson, get liglpmnideas for demonstrations and lab
activities, triangulate their curriculum with the twand four-year college instructors, and even
talk about physics education research. It was at onenseeting in the course of his"1§ear
of teaching that Charley heard a presentation about \gdebm a teacher who had gone
through the pilot Workshops. One of Charley’'s beshét& another physics teacher from a
nearby district (and one of my subjects), was at dineesmeeting and the two of them were suf-
ficiently impressed that they decided to apply to the pragrhn his Modeling Workshop appli-
cation letter, Charley said that despite the positivdesnt comments mentioned above,

...l am ready to embark upon a different approach to physigsiatien. | think

it's time for my students to become more responsibi¢hieir instruction and for
the physics curriculum to become student-centered. risteat that the Model-
ing Theory of Instruction will provide a curriculum thailhallow my students to
be active learners utilizing new technologies and studyigdy doing physics.

In the same letter Charley also said,

It is my hope that my students gain an understanding aheutatural world in
terms of the basic laws of physics so that they‘sa@”’ physical interactions as
part of a whole, cogent set of rules that have baehest and systematized by
people.

These responses are particularly intriguing for at lastreasons. First, despite Charley’s
statement that he is desirous of a “different approszhils instruction, his language is sugges-
tive of an empiricist perspective, i.e., physics aset 0f rules” that has been “systematized.”
This is not to say that the content of the Modeling cutluim is not systematic, but the emphasis
of the pedagogy is guided inquiry and developing students’ metatn@ skills and not about
mastering a set of rules. Second is the consistenCharley’s views over time. In response to
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a question about the nature of science during the extendedieéw (and fully eight years after
the writing of his application letter), Charley said,

| would define science as an approach to doing things, utay of finding out
about, really, about anything, and that, it's a procesg gt a way of doing
things. Scientific knowledge is something that | think heenipigeonholed and
put into categories that are sometimes called chgnastt astronomy and biol-
ogy and so forth.

| next asked Charley to expand on what he meant by “précess

It's a process of doing things, of finding out about natamd,not just how things
work, but, at least, coming up with recipes or modelgprasentations that can
be used to describe the world and things physical, atdaastal things that hap-
pen, and basically to codify how the world works.

Recall also that Charley is the teacher | identi&adier as having given apparently conflicting
responses on the VASS. He leans towards the viewphgsics is inherent in the nature of
things and independent of how humans think,” but he alsogdir believes that “the laws of
physics portray the real world by approximation.” Moreo@rarley’s “mixed view” response
to question 11, whether mathematical formulas express ngfahielationships among vari-
ables or provide ways to get numerical answers to probleassumique. Four teachers strongly
believe and one teacher leans towards the beliefdhaufas express meaningful relationships.

Taken together then, Charley’s responses and remarks stlggjess views are not con-
flicted so much as they indicate a practical point efwi That is, | interpret Charley’s views to
mean that he is simply making a statement aboutrtitations of human knowledge and, at the
level he teaches, Charley believes the “laws of phiaresboth good enough and eminently
useful. One of my teacher colleagues aptly describepebsgogical approach as “finding the
acceptable oversimplification.” Consequently, Charldietses it is interesting and worthwhile
for his students to investigate physical phenomena and-eaote | do not say construct — some
of these useful laws. However, these views cleadynat consistent with Modeling’s construc-
tivist perspective and they do not represent a “diffeapproach” or the “student-centered” cur-
riculum Charley alluded to in his application letter.

This interpretation is supported by some other commentdeghaade during the ex-
tended interview and elsewhere that also help explainh&mo longer employs Modeling ex-
cept for just a few weeks at the beginning of the ydaree things seem to have impeded Char-
ley’s implementation of Modeling: pacing and content cage issues, dissatisfaction with cer-
tain pieces of the curriculum, and his students’ mathiempreparation. Charley addressed his
concerns in this response to a question about the relasbingl his decision to limit his imple-
mentation of Modeling:

One, | think my students have a really hard time wighrttathematics in the
physics course, even the mathematics at the levelthatlodeling involves. In
fact, half of my students, or even possibly fewer thahdf my students, are
concurrent in trigonometry, so they're unable to do angtimwolving trigonome-
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try and even some of the algebra students have a haravitimit. The other part
is that, unless it's changed, | was never in love thithModeling approach to en-
ergy; | always found the energy unit to be kind of comigsind personally | did-
n't like it, so originally | would sort of move away frothe Modeling around the
energy time. But | just found that a lot of the worksbgparticularly the work-
sheets involving Newton's laws, although they were venmy, neh, absolutely
wonderful, they took a tremendous amount of time, andihd myself having to
sort of trade time for curriculum. In fact, that®¢her big reason why I've
moved away from Modeling, at least for the latter pathe year, is that | find it
is so time intensive, and our school's bell schedwdaadk that we really don't
meet a lot — just three times a week [which] is kihdhamimal.

Charley reiterated his distress with Modeling’s pacing amdaulum on several addi-
tional occasions:

The very first year | did Modeling, granted it was thetfyear | was doing it, we
did mechanics the entire year and | don't even thinkdHed mechanics. The
second year, being more comfortable with it, | think ineshed mechanics and
only had time left for one of the units — perhaps | did atztt, | forget. The fol-
lowing year | tried to streamline things even further drad was where | decided

| really didn't like the energy unit. | guess sincertli's been about a quarter and
a half of Modeling curriculum.

My biggest issue is not [Modeling’s] value, but | guess lithadtthe school that
wants to "get to rainbows." The school year isn'jlenough to do justice to any
physics curriculum, at least | can't make it work, atygt to both teach kids how
to do science and to also get turned on to the naturauifen

| was impressed with the depth to which the pedagogy had beeloped. It
made sense to me, although | sometimes thought the refateses for energy
(symbols, schema, pie charts) a bit too abstrafelt & dedication to use the
pedagogy as is, but in practice, the students' pace was iexiaglg slow.

Furthermore, the second semester materials seemeambfesscted than the first
semester (mechanics). | didn't think my students wouldit'§et

Charley’s reference to “getting to rainbows” is from a gumy one of the foremost practitioners
of “conceptual”’ physics, Paul Hewitt. The author of higiggarded high school and introduc-
tory-level college physics textbooks, Hewitt decriestwWigbelieves to be excessive instruc-
tional time spent by some teachers on kinematics (@ost definitely the case with some of the
other teachers | observed), which he attributes totéthehers’ love affair with graphical analy-
sis” (seenttp://www.conceptualphysics.com/rainbows. HtnBut even though Charley might
not be as enamored with computer technology as muchmastsachers, he did express his ap-
preciation to the Modeling Workshops for this very reasbfaund the methodology of instruc-
tion more important particularly in terms of using thenpaiters and probes to DO physics.”
Starting off the year with Modeling, therefore, ser@mrley’s purposes as it introduces stu-
dents to computer technology with its probes and graphil/sis software, tools that will be
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valuable later in the year even if the pedagogy is notddatly, like Hewitt, Charley believes
that “most of the fascination of physics lies beyond [kiagcs]” and he is not able to move past
this seeming barrier to full-fledged Modeling.

Observations

Charley teaches in a rather cramped lab space in @&x attached to the gym that has
not been substantially updated since its construatid®76. The room is oddly organized with
the demo bench and blackboards in one corner. Studentatesk®wded in front of the demo
bench and flanked on two sides by large work tables behincdhwha& narrow aisle way and then
countertops with computer workstations. Students filktbenty or so desks and the overflow
sits at the work tables. A peculiar alcove with sitiiet Charley says was once used for photog-
raphy cuts off one corner of the room. There are lossience posters on the walls, various
pieces of equipment lying about the room, and a walkcaioarking the time in radians — the
room has a very lived-in feeling.

The school has a block schedule: all classes me&0forinutes on Monday; periods 2,
4, and 6 meet for 97 minutes on Tuesday and Thursday; and per®ds, and 7 meet for 93
minutes on Wednesday and Friday — Charley, thereforg es@h class three times a week (I
spent four days in Charley’s classroom). Periods Zaar@ pre-calculus, period 4 is an AP(B)
physics class, and periods 3 and 5 are Charley’s regulaicpltjasses. The AP class has 23
students (seven girls, two non-white students). One @hgfass has 25 students (nine girls, two
non-white students) and the other has 29 students (11 gidsi-&mte students). One pre-
calculus class has 35 students (22 girls, 4 non-white sg)damd | have no data for the other
pre-calculus class {6period) as | did not observe it, but Charley mentiohed it also has more
girls than boys. Charley lamented the small nunolbgirls in the physics classes ascribing it to
the recent addition of a second-year advanced biologyg ttet, together with the AP biology
class, is attracting girls away from physics.

Since my observations began on a Tuesday, | obseihedeg's 2° period pre-calculus
class and his"4period AP physics class. Charley’s classes get offstova start — five to ten
minutes may elapse before class really gets underwagyarinthis is due to the school’s peculiar
schedule for announcements and such, but there also sebaan expectation that an extended
“settling time” will be tolerated, especially on theydavith longer periods. Charley has an easy
rapport with his students and he allowed plenty of timejéastions, but his delivery in both
classes was very traditional. In the pre-calculass; he did some standard trigonometric deri-
vations on the front blackboard which took about 50 meuteluding a few student questions.
He then assigned some problems from the textbook for seuttework on in class during which
time he circulated around the room to help and coach stidemtecessary. With five minutes
remaining in the period, Charley asked how many studentsuwaessfully completed the prob-
lems and assigned some homework. AP physics was si@Harley went over the previous
day’s homework by asking students for their answers amnaify or correcting the answers
and presented a formal lecture on electrostatic worlwfoch students were expected to take
notes.

Wednesday’s "3 period physics class opened with Charley instructing stutteisn in
a homework assignment. He then said to the classfieetsk you this: when you stand in front
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of an ordinary bathroom mirror where does your reflecsieem to be?” There were a few sin-
gle-word responses from the class (“in the mirrteldser,” “same,” etc.) after which followed a
terse mini-lecture about reflection and images. Chadenpared a reflection in a mirror to a
sound echo. He next handed out a “Law of Reflectiotivay” worksheet that states that the
purpose of the activity is to “demonstrate the law of ctib@.” The activity is a standard one
seen in many physics classes employing small mirrorpiasdo as to line up a pin with its re-
flection to establish the angles of incidence andetdla. The worksheet does not explicitly
state the law of reflection, but it does have a datketin which students are to enter the “angle
of incidence” and the “angle of reflection” and it dire students to discuss their results on the
back of the paper. Charley circulated around the rooectilig and assisting student groups as
necessary.

In an aside, Charley said to me that this was arogpipte activity for his students be-
cause they “can’t handle the math for geometric optigghen | queried him about this later he
said he meant that his students are unprepared for trigbryonkte also expressed a concern
about not making physics too difficult so that kids keep signinfpughe course.

Most groups finished the activity within 35 minutes or so aft@ch Charley called the
class back to order and asked if anyone could “articthateesults of this activity.” A student
said, “The angles are the same” and Charley then wrdta formal statement of the law of re-
flection on the board. He next directed the studengsitamarize their results in their lab books
in a short paragraph and then passed out another activikghe®t. This activity involved the
use of two plane (flat) mirrors hinged together like ardmothat the mirrors could be opened to
different angles. The worksheet includes diagrambeofitirrors set at 90, 60, 45, and 30 de-
grees apart and asks students first to predict how many irtfegewill see in each configura-
tion and then, after they have collected data onedtieral configurations, to derive a mathemati-
cal relationship between the angle separating the miemad the number of images. Charley ex-
plained how to complete the diagram for the 90-degre®miand then circulated around the
room while students worked on the activity.

There was a great deal of confusion and frustration esgudsy the students and Charley
was kept busy answering questions. Things calmed downstumtents were actually allowed to
use the mirrors to check their predictions, but confuaioout the questions on the worksheet
and how to answer them persisted. Most groups hadmshdd the activity by the time Charley
recalled the class to order and passed out a homewogkaesit, but there seemed to be a clear
expectation that time would be allotted next classotoplete the activity.

Fifth-period physics opened similarly with the discussibaut images in a single plane
mirror and the associated activity. However, befdnar@y had students begin the paired-
mirrors activity, he displayed a slide depicting a yoummgnan wearing a hat with a flower in it
holding up a small mirror behind the flower while she lodKsea reflection and the reflection of
the small mirror in another, larger mirror. The qimshe posed was that if the young woman in
the hat is two feet from the large mirror and holdshgpgmall mirror one foot behind her hat, at
what distance from the young woman does the imagesdfdwer as reflected in the small mir-
ror appear to be in the large mirror? This prompted amndsting discussion and students pro-
posed several answers, but the issue was left unresaltiad ame.
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Friday’s classes both began in the same fashiomléyhdemonstrated a situation similar
to the girl in the mirror problem using a full-length mirand a small, hand-held mirror. Cast as
a homework assignment, the objective for students wdisgoam the setup to determine where
various reflected images appear to be. As Charley disduss expectations for the assignment
he posed the following question, “If mirror images switdh and right, how come top and bot-
tom don't also switch?” Students offered no particuladiferent answers in either class. Char-
ley next redisplayed the slide of the girl and the oniand again asked students for their solu-
tions. As was the case the previous day, studentefétited a range of answers (including a
correct solution, which Charley did not acknowledge)eréhwas no further discussion and
Charley moved directly to the next challenge: howrtaist a mirror be for you to see your full
length reflected in the mirror? Again, students proposedi@ range of solutions (including a
correct answer which, as before, Charley did not aslaage). Charley demonstrated this sce-
nario with the aid of a student helper and a piece olbcard to cover up various portions of the
bottom half of a full-length mirror. The student v&il able to see his entire image with as
much as half the mirror covered by the cardboard. V@lterley displayed the ray diagram so-
lution for this problem he asked if anyone could recalldleof reflection, but no one was able
to do so without consulting his or her notes.

Immediately following the resolution of the full-letginirror problem, Charley an-
nounced, “I'm just going to put some notes on the bdaktk proceeded to list definitions and
descriptions of various aspects of reflection (e.g.usdfvs. specular, etc.). Most students cop-
ied the notes, but one student A Beriod seemed to be asleep during this phase of the lesson.
Next, Charley directed students to complete the maitipiror activity begun on Wednesday,
but first he said, “Let me give you a little more guidahc€harley then drew a diagram for a
mirror configuration (different than the one he diagmaad on Wednesday) on the blackboard.
Students worked on the activity individually or in pairs vathmuch socializing as there was
talk about the investigation (which | found to be typicahlirmy subjects classes and undoubt-
edly is just a natural consequence of the student codtibo process). Charley circulated
among the student groups providing guidance as requested arheddeecessary. With about
five minutes left in class Charley warned the studetits, going to want you folks to turn this
in today,” obviously trying to coax the students into conmpdethe activity. After another min-
ute or so, Charley wrote a homework assignment on taebd=inally, just before the bell rang,
Charley said, “Bell's going to ring in a minute or so — you'dbave to turn this in today.”

There were a few differences in the conduct of diesween 8 and %' periods. Charley
did not provide a second diagram for the multiple miectivity as he had done iff' ®eriod, but
most groups in'8 period completed the activity with time to spare. At tlose of the period,
Charley asked, “How many of you folks feel like you @jptess so, or not at all?” Most students
indicated they “got it.” Charley then asked, “What dwo yhink the point of this activity was?”
Student replies included “to play with mirrors,” “somethingatimages,” “trying to see pat-
terns,” etc. The question evidently was posed rhettyiaa Charley did not acknowledge these
responses in any way. | suspect his intention was toagira little reflection on the day’s activ-
ity as students walked out the door.
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Assessment

In his application letter, Charley seemed to be quiegjuivocal in his desire to find a
“different approach” to his physics instruction. Whesked Charley about his participation at
the Modeling Workshops he said,

My experience at the Modeling Workshops was enjoyableyeepting, and em-
powering. It especially gave me the backbone to introdaoguters and com-
puter-based lab experiments into my instruction. It hédped me to recognize
the strength of my students "preconceptions” about thealavorld and how dif-
ficult in can be to replace such with better modelgias actively engaged in the
workshops. | performed the labs, did worksheets and “imételed” similar to
what | was to expect from my students. It was very \@méuthat | actually did
their work.

These comments suggest that with his positive experarte Workshops, Charley should
have been both motivated and well-prepared to begmptement Modeling in his physics
classes. Moreover, as Charley implies in his respotasgquestions about his Modeling practice,
he was faithful to the methodology of the pedagogyntaks long as an entire school year just
to get through the mechanics curriculum. However, wieskéd Charley how he would de-
scribe the theory of learning behind the Modeling pedagogyitie sa

Honestly? | think I'm not as knowledgeable, comfortable rgtdeding what the
theory behind it is. 1 like the notion of trying to redasemany natural processes
to as few models as possible and | think that's one dhihgs that the Modeling
theory is about; | like that a lot. So it's redilgrd for me to answer.

Thus, in spite of Charley’s dedication to using the pedagag)ys,” it seems that mastering just
the “technical” aspects is insufficient. Without a dappreciation of the epistemological foun-
dations of Modeling, Charley simply could not see anyitnireattempting to sustain the levels
of discourse and student engagement inherent in this pedaBegpite Charley’s stated inten-
tions that his instruction become more “student-centesiad’his students “active learners,” he
did not assimilate the constructivist underpinnings oMbeleling pedagogy. At the close of
the extended interview | asked Charley if there was amythe wanted to add:

| think just a few comments about the Modeling curriculurthink the Modeling
curriculum is absolutely wonderful. | feel, and ag#is is mostly anecdotally, |
feel like my students who learn using the Modeling curriculinay learned the
subject matter deeper, they learned it better, andlipvaibably stay with them
longer than those students who get the more traditiosialiction. But person-
ally | feel so thoroughly torn in a lot of ways. | getrt because, as I've men-
tioned before, | want my students to learn about rainbbres|lly do, [and] |

think they want to learn about rainbows. I'd like to gahit and the Modeling
curriculum is, at least, the amount of time | havehvmy students, my school
year, is just too short, we just don't get to thatlsd feel torn because sometimes
| feel like the Modeling curriculum, although better pregsathem or they learn it
better, and may better prepare them for a careerancg; and sometimes | think
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that some of the students are not oriented or not desifdhat approach and
would much rather experience something that is just exyeriential and defi-
nitely, |1 hate to admit it, fluffy, and so | kind of getrh having to try to teach all
the different approaches. You know, if we had 12 diffesections of physics
and | had to choose what | wanted to teach and if we dwe&k it up into fluffy,
experiential physics and Modeling physics, maybe a collegeqra college-
level physics, you know I'd want to do it all but, of csy | can't be in all of
those places all at once, and maybe that's why | ddethit of everything in
terms of what | do here.

| interpret Charley’s use of “experiential” to referthe sorts of informal hands-on encounters
one might have at a science center or museumisthettperiences intended to amaze, awe, or
otherwise pique one’s interest in the natural world aitkd mo more intellectual responsibilities
than appreciating the experiences for themselves — Huiitg.” Charley also seems to be
making a distinction between Modeling Instruction and “g@l@rep” and “college-level’ phys-
ics, referring to AP-type, that is, test-driven, cogyse which content coverage is paramount.
The clear implication is that the pace of Modelingrunstion as typically presented precludes
meeting the demands of such classes. | reject thHeatipn on intellectual grounds — Modeling
covers the material to a much greater depth than eatypP class possibly can. But Charley is
quite correct in terms of coverage unless special prosane made such as class meetings out-
side the regular school day.

Successful Modeling initially can be demanding on the teadhe@sually means letting
go of a significant percentage of one’s “traditional”’rauum, letting go of complete control
over classroom discourse, letting your students floundmutads they struggle with their own
thinking and learning, and, especially hard for many teacleans)ing how to facilitate rather
than direct student learning. Modeling simply is not aBcieht” as more traditional pedago-
gies in terms of pacing, coverage, and delivery; itasg/ef and often proceeds in an uneven
fashion — much more like real science than a nice, aettreé or a cookbook lab. Despite his
initial willingness after 16 years of teaching to explameew pedagogy, absent a constructivist
perspective Charley can not quite “let go.” His conviciabout what he should teach and the
demands he is willing to place on himself and his studentdupieehim from fully implementing
Modeling.

Charley has a relaxed and comfortable relationship watistidents, he is patient and al-
lows for considerable wait time when he asks questimng sympathetic and responsive to stu-
dents as they wrestle with the material, and he teeted an environment where, at least some
of the time, students work collaboratively to explaredamental principles of physics. For
these reasons Charley achieved an average score of i@ BM©®P during my observations,
above the so-called “reform threshold” of 60, but welblw the scores of most of the other sub-
jects of this study. | note also that Charley hadchigbest baseline student FCI scores (adminis-
tered after nearly a full year’s instruction) of afymy subjects, almost as high as Allan’s long-
term average posttest scores, so his students obvioadaaning some physics. Nevertheless,
| must conclude that Charley has experienced no significansformations in his conceptions
of physics or physics instruction as a result of attenthe Modeling Workshops.
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David

Modeling 3-day Baseline Long-term Student

Instruction RTOP | Student FCI FCI Averages
Teacher Survey Avg. (spring ‘98) %

1999 2007 % % Pre Post| Gain

Allan 185/3.1 135/2.3 90 39.3 244 503 339
Brian n/a 148/2.5 80 43.7 35.8 66{4 477
Charley n/a 149/2.5 70 49.7 n/a n/ja n/a
David n/a 130/2.2 84 35.0 37.8 | 65.8 | 45.0
Edward 145/2.4 96/1.6 71 n/a 304 72.0 59.8
Frank 168/2.8 114/1.9 87 41.7 26,0 524 35.6
Background

In 1998, David earned his MS in Science Education throughandeslearning program.
One of the program requirements was that David completgence practicum in his classroom.
David told me that as he pondered his options for medtiagequirement he knew at least that
he was dissatisfied with certain aspects of his teadmadghus wanted to use the practicum to
address some of these issues.

| got a little tired of it myself; listening to myselfalte on all day. Have three
sections of one class and doing the same thing over anchog over, and the
kids sitting there trying to understand it and trying to regusgitdat | said, not
having to do any thinking on their own, figuring out if they jiadiow the same
algorithm | wrote on the board and repeated the sameltkaid about the sub-
ject during the lecture that somehow they would learnipbyand they never un-
derstood it. It was shocking to see how little they wstded just in regular con-
versation.

Then he just happened to discover the Modeling program.

| was looking for a better way of teaching the studeantd,| ran across the ad for
Modeling, | think it was inThe Physics Teacher NSTAReports that there was
a new program that looked interesting. When | didrélsearch on it | found that
their data supported that the results were due to thehpes] implementing the
information, not on their degrees, [and] that it wasked up by a test called the
FCI that actually gave data on how significant thenieg was. | had already
read many other articles [about] inquiry as part of nagter's program, and was
actually implementing them the spring of that year. aff eummer | went to [the]
Modeling [Workshop] — | had already started changing fiqliiry — and Model-
ing just fit it. So, | signed up for the two summershatt, and it's been well
worth it.

When | later asked about his experience at the Worksbapgg said it was “more important to
my students understanding physics than my undergraduate edwratisas and tied with my
physics courses.”
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When David was hired to teach at his current school, irisipal gave him free rein to
design all his curricula and even his classroom. Theipahcontinued to support David as he
began implementing the Modeling curriculum but not so Hséstant principal. As has been re-
ported by many Modeling teachers, students initially arg wacomfortable when the teacher
refuses to answer questions directly and, instead, ie hkety to respond to a question with still
another question. In addition to this practice, to whieki® is relentlessly faithful, it is also
David’s custom not to directly affirm students’ experinafindings or solutions to problems
during whiteboard presentations. These practices bechomaeaof contention between David
and the assistant principal:

The assistant principal always bothered me about whiyrerhgiving answers:
these kids are not comfortable, it's too hard on thentonknow for sure if they're
right when you let them sit down. Well, if they gotdit down they can be pretty
sure that they're right. But [the AP] still houndednoa to give them answers,
give them answersEven though | explained to [the AP] that they're lilkeohol-
icS, you can't just give them one little answer, yout@avé an alcoholic one little
drink, they will just clamor for more and more and mahey have to realize they
have to do it themselves, they have to think, they gast'take the easy way out,
and | outlasted [the AP].

David had similar problems with the assistant principaltcessor.

Then we got an assistant principal that was a shopedeaal totally linear, just
could not understand the broader picture of it, and [triedptane to put objec-
tives on the board, a daily objective, what the studalhbe doing that day. And
again, toe-to-toe, spent many an hour in [the AP’s] regplaining to [the AP]
you can't do that to these kids, they shut down. Theve'many of these kids
that think science is nothing but a bunch of definitiorig/oli put a word up on
the board that they think that they know they are ddms, think | don't have to
worry about that, | already know what energy is alréady know that. Even
though they may know what the term is they have nowhet it means and how
to use it. So | wore [the AP] out.

David said he also has had problems with parents oveetiis and some have even threatened
him with lawsuits “for not teaching.” But he said thathas received many positive comments
as well:

I've had many parents tell me about how much their kidadela how easy col-
lege was for them, and they've been happy that the kigsdane through the
classes with me, and I've had parents say that [minejhgasnly class their kid
was ever challenged in and for kids who want to go backt&asbig college
they need that. That part of it, you know, you get onevora year that really ap-
preciate what you're doing, forcing their kids, and egjlgdihe profes-
sional/science parents. When they see what inquagdshow their kids are do-
ing stuff and actually doing real science | get a lot of respdrom those parents
in a positive way.
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David said things at school have calmed down in largedo@to positive comments from his
students and the high scores his AP students earn orPthesA He even persuaded his depart-
ment chair, who also teaches physics, to attend thxshiops.

As evidenced by his comments above and the classroom psactibserved, David’'s
commitment to the Modeling pedagogy is steadfast and unshakddbreover, he uses the
pedagogy in all his physics classes, from applied througAPBut he has made significant
modifications to the curriculum over time. Like myet subjects, David said that having a
complete curriculum to take back to school “was venyanant the first year,” but he also said,
“If the first exposure [to Modeling] was one-half timging the materials and then using the rest
of the time developing variables for inquiry labs, theutes would probably have been the same
for me.” Thus, David’s practice has been to “develop mg abs working backwards from
what equation | want and figure out how to craft my varebld hese changes have been in re-
sponse to David’s perceptions of student difficultiefhiabs, especially due to students’ inade-
guate preparation in mathematics. For similar readmnsalso because state law requires that
every student has a textbook for each class and Daviccavtimdt text to be Modeling-friendly,
he replaces or supplements Modeling curricula with mdgeram theMinds on Physicseries:

Minds on Physicfspends a lot] of time on concept development [beijdlseems
to be a little bit of a gap in between its conceptual idgveent and the jump right
to hard math problems. The students seem to havesalitivf a problem mak-
ing that jump. | use the Modeling physics worksheets to btiotegap and that
makes the kids seem a little bit more successful.

David heard about the series via the Modeling listserv ficiwhe is a regular contributor), re-
viewed the books himself, and then cajoled the powerdehtt purchase the texts for him even
though they have not been officially approved by theidi® textbook committee.

Observations

As | indicated above, David designed his own classrogpaidf the addition of a new
wing to the school building. The room is large, perfps< 40’, and is well appointed with
plenty of storage cupboards, student worktables, andfléitssospace. Student workstations are
located along three walls of the room and each workstabmes equipped with an extensive
inventory of probes and other experimental hardware. Baclent has his or her own laptop
computer that has been configured to handle all datactiobeand analysis tasks. Printing and
internet access are managed via a wireless routéetbrathe room. Students sit at three rows
of unfixed benches facing four full-sized sliding whiteboartigctv front even more storage cup-
boards. Samples of student work and a few posters dhe avalls, but what catches the eye are
the flotsam and jetsam of past and present student @rdijeeting nearly every free surface that
is not a workstation. On the other hand, lab equipnsemtatly stored in numbered boxes in the
cupboards under the workstations and, during my observatiteesst students were pretty good
at putting their equipment away at the end of clagse students in all of David’s classes ap-
peared always to know where to go to get what they neededhédever they might be working
on. Everyone seemed very comfortable in this space.
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The school has a rotating block schedule: all eighbgenneet for 43 minutes Monday,
Tuesday, and Friday, and then the schedule cycles thfougperiods each on Wednesday and
Thursday for 85 minutes each period. School is from 7:05 a0 pm, except on Wednes-
day. David arrives at 6:15 each morning. A “teachertasgis” period is offered every day ex-
cept Wednesday from 1:30 to 2:00 so school gets out at 1:30 dnedtay. | found the bell
schedule to be convoluted and confusing — classes seemincabd end at random times — but |
suppose the residents are accustomed to it. Teachebhssig of the eight periods: David’s
schedule was AP(C)period, honors physic$?35", and #' periods, and applied physic 4
and 6" periods. The school also offers a class designatetlysas “physics,” but David’s
“honors” physics course aligns better with the physics esur§ my other subjects in terms of
prerequisites and content. The demographics of Davidisesaare:*1period AP(C) — 13 stu-
dents, all male, three or four Caucasians, one Afiigarrican, at least one Hispanic, the rest
Asian/Pacific Islander; 3period honors physics — 17 students, two girls, a diverseimairf
ethnicities; §' period honors physics — 16 students, six girls, about nineaB&ns; 7 period
honors physics — 11 students, one girl and one Asian nfafesribd applied physics — 23 stu-
dents, four girls, about ten Caucasians; dhgegiod applied physics — 18 students, four girls,
about six Caucasians. | have to admit | had trouble fgergithe ethnicity of quite a few stu-
dents — perhaps a consequence of the locale?

My observations began on a Wednesday morning with Davitseriod honors physics
class (an 85-minute period). The class was very smighit students, only one girl (David said
three students were absent). The students were beginlaibgetivity in Unit 7 — Energy.

They had previously completed a simple Hooke’s Law panadidp activity (various known
masses hanging from a spring-scale), including whiteboasgmii@ions. They also had pre-
pared “pre-lab” write-ups that describe the experimewetalsand procedure to be used for the
lab as well as specifying the relevant independent and depewariables. The lab is intended
to connect the physical work done in stretching a sprieg the elastic potential energy stored
in the spring) and the kinetic energy imparted to a ottedecart rolling on a low-friction track
after the spring is released (corresponding to Phadgedel Formulation Investigation and Ini-
tial Model Formulation).

As the students arrived, they went immediately to tweirkstations and started setting
up the lab with no direction from David. (I commentedlogir apparent efficiency and David
said that it had taken them quite some time to achiasdavel of proficiency.) The experimen-
tal setups were essentially identical among the stgtenps — a very typical situation in high
schools due to the limited availability of lab equipmefs students worked on the lab, David
circulated among the groups asking guiding questions and progiding assistance with the
physical setup. The lab procedures were such that studeassirad the force on the spring as a
function of the distance stretched with a force seasd the subsequent speed of the cart with
an ultrasonic motion detector, the data for which wecended on students’ laptop computers.
Using the graphing functions of the software, students samebusly generated graphs fews.
Axandvvs. At. The class had previously constructeddels for work and kinetic energy so
most of the groups were attempting to find a quantitatiaiogiship between the work done on
the spring (as the area under thes. Ax graph) and the maximum velocity of the cart. One

group was struggling with some confusion between the gefoeralila for work,W = F [AX,
which apparently they had read about somewhestir{ this class according to David), and the
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work done on a springlVs = ]/2!E [AX , but they finally agreed that the relevant parametar wa

simply the area under the vs. Axgraph. | also observed intra-group conversations, most of
which were focused on the lab — more so than | had wdx$én my other subjects’ classes. In
addition, | noted that the lone girl in the class seemexkly to follow the lead of her male part-
ner. He handled the equipment and told her which da&ctyd. To be fair, however, other
students sought out his “advice,” as well. These belawary have stood out more in this class
simply because of its small size. On the other hdesbhite their relatively low numbers, most of
the girls in David’s classes held their own during labs ahitlelvoard presentations and seemed
as comfortable in class as their male colleagues.

Students worked on the lab activity for about an hour amtedtto clean up on their

own. They then moved to the student benches to gerfétad v,,,, vs. Wgraphs on their lap-
tops and, shortly after the students began this work, Zawndunced, “OK, you have 20 min-
utes to get your data for whiteboarding tomorrow.” As tweyked, there was considerable dis-
cussion among and within the groups as to the various cuiamtitelationships. Most students’
Vuax VS Wgraphs indicated that,,,, increased as the square root of the work done on the
spring. Standard practice in the Modeling pedagogy is to stadents create linear graphs to
test for the appropriate power fit. That is, if studedésa are correct, the graph of tguareof

Vyax VS Wshould be linear (i.ev,,- = MW+b). The students struggled with a couple of

conceptual challenges with their graphs. First, thexe some confusion between the work done
on a spring and the work doby a spring. By convention the first is a positive quaraid the
second is negative (because the force exerted byrgspropposite to the direction of stretch).

Plotting VMAX2 vs. Win the second instance gives a graph in the second quadiiaat negative
slope and is much harder for the students to interpreg. s€cond problem was resolving the

units of the slope of the grap(‘n@/s)z/kg(m/s)2 =1/kg) and then connecting the slope to the
mass of the cart. | saw most of the possibletitana on students’ whiteboards.

David’s 3° period honors physics class got off to a slowart sperhaps because it is a
larger class — 17 students (but only 2 girls). iDakd not interact as much with the class be-
cause he was busy grading students’ pre-lab wpge-tie returned them to students because he
includes guiding feedback on the lab itself thaytmight need during class. As time wound
down, it seemed to me that this class had not pesgd quite as far as the earlier class.

The 8" period honors physics class (Thursday morningggeded similarly to the other
two classes, but in this class | observed a 10-minanversation between David and a student
who had misidentified the independent and dependgsidbles on his pre-lab write up. David
was very patient with this student, only askingsjieas, but | got the impression that the stu-
dent’s confusion was unresolved. | suspect thaidDaas satisfied that he had asked suffi-
ciently pointed questions that the student shoaleelbeen able to properly identify the variables
on his own, but | did not ask him about it.

Friday’s 3° period physics class opened with David passing baguiz on momentum
that the students had completed a few days befbines means that David’s curriculum has the
unit on momentum immediately preceding the unienergy, which is the order in théinds on



-B1-

Physicstext. This is not an atypical sequence in high schoysips, but the Modeling curricu-
lum sequence is energy (Unit 7), followed by uniform dacunotion (Unit 8), and lastly mo-
mentum (Unit 9). | have heard that other Modeling tetach®ke similar adjustments to the se-
guence for various reasons, so | am merely taking rigtedifference. In any case, about 10
minutes into the period David announced, “Whiteboards need &adg to go.” Shortly there-
after the first group trooped to the front of the class.

The first group was unprepared both in terms of theirebbiard and their ability to ex-
plain the lab. These facts were made apparent witfirghestudent question about the units of
the slope of the graph; the indicated units were incorii@avid followed up with three ques-
tions about the units of the variables and finally askedytbup, “What's the model behavior?”
(An acceptable response would have been something tofi¢beteht the square of the cart’s
maximum velocity increases with the work done on theagpr The group was not able to ar-
ticulate the model and David asked them to take their.seats

| should mention here that after just a couple of ptasiens it was clear to me that
David had trained his students in asking the structural gbggestions associated with white-
board presentations in the Modeling pedagogy, e.g., ab®stdpe of the graph, the significance
of they-intercept, the choice of units, connecting the shapkeofraph to the observed behav-
ior, the mathematical relationship (equation) betweervémniables, etc. When | queried him
about this during the extended interview, he said,

Well, it's the old Skinnerian thing where you reward thHealv@®r you want, so
15% of their quarter grade is for asking these questiohshefeginning of the
year they're just pointed towards trying to get pointsaliet they realize for a
while that they are learning stuff it just becomes patheir nature to ask those
guestions and learn from them.

David also said that students learn to ask appropriate questmstly by listening to the ques-
tions he asks and that he does make allowances feg few students who are just too shy or
unsure of themselves to ask questions.

The second group moved forward and, just as | have indjd#ie first question was
from a student about the units and meaning of the slopmember of the group responded, cor-
rectly, that the units of the slope wer&dl/ David then asked, “What is the significance of the
size of the slope versus the mass of the cart?é Cbefficient of the slope must be some func-

tion of one-half the mass, i.e(r,n/2)_l). This group, as did others, confused the variables with

the units, that is, the slope was depicted akdfather than 1K/2), substituting the units of the
variable for the variable itself. The group was not éblanswer David’s question so he said,
“Let’s try another group. Thank you.” There was pdipplause from the audience and the
group sat down.

Groups 3 and 4 also had problems resolving this issue wiiape. Finally, David
asked group 4, “What would be the general equation with argghles?” With a bit of coaching

from David and the class, a group member w(ome)_lPE =v?, (where PE is the elastic po-
tential energy stored in the spring and is equivalertigavork done on the spring — concepts
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developed in a previous class). David told the group to sotveE and they wrote 1fav>=

PE. David then asked the group, “What do we callriiZ ?” A student responded, “Kinetic
energy.” The fifth and final group then presented anthalfuestions were from students. The
guestions more or less reinforced what had just beenisk&bwith group 4.

The discourse in David’speriod honors physics classes evolved quite differefithe
first group to present was immediately challenged bythdent audience to reconcile the evi-

dent confusion between units and variables in the equiatigheir v,,,,.> vs. Wgraphs. The

ensuing discussion continued for some 24 minutes with novérteon from David. Eventually
the students managed to resolve the issues. Sinceatiengthip between the variables had
been properly established, the questioning was more prokbiaiven & period. The questions
focused more on how the shape of the graph reflecteahtysecal behavior of the system and on
the influence of the various parameters. One partigutasightful student asked a group how
the slope of the graph might change if the spring’éhsisls were to change (it would not). This
prompted another series of interesting exchanges. lknihethree groups were able to present
their whiteboards. David asked only one question (addresske second group) and students
asked a minimum of twenty questions.

Seventh period faced the same issue$’am@ classroom discourse mostly remained fo-
cused on the units vs. variables problem. Four groups managessémt their work and stu-
dents asked a few more questions than David. In this péoedver, the formal relationship
between the elastic potential energy in the spring amdittetic energy of the cart was never
fully developed. This apparent lack of closure did not apjpediscomfit anyone and there
seemed to be an expectation that the issue would dendéehppropriately in a subsequent
class.

As a matter of course, | also observed David’'s AP(@d)applied physics classes. The
AP class (13 boys; all seniors who have taken at lemsyear of physics, but for some this is
their third year of physics with David) had just finisheldain rotational mechanics for which
they now were presenting whiteboards. The applied phgkiss was finishing up a mousetrap
car competition and moving on to some activities demomngjrtte interference of sound waves
for which they also had to present whiteboards.

Two things stood out in the AP class. First was the goality of the students’ white-
boards; they were nearly impossible to read unless you gresisely what to look for. Second
was the intellectually sophisticated classroom discoamsethat almost all of it was just among
the students. The give and take was similar to whgtéréenced in my graduate courses in phi-
losophy and education (note | dot say physics!). It was obvious that this was expelotddv-
ior, but most of the students seemed genuinely to enjdiywas quite exciting.

The applied physics classes (18 and 20 students, respectiggiig in either class,
mostly sophomores) struggled valiantly to get mousetrapepevcars to roll a set distance — the
closer to the mark, the higher the score. Studentspezrsitted as many practice trials as they
wished and after each one they were free to modify taeg as they deemed necessary. How-
ever, once a student announced that the next run wasstmre, no subsequent runs could be
scored. Most of the students were actively engaged, fewt af them seemed to have lost the
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will to compete, possibly because their cars did nbaozurately or reliably.

On the next day of my observations in applied physics,dseti up two speakers at the
front of the classroom to demonstrate sound wave @rem€e. That is, the sound waves from
the two speakers will interact in such as way as tdelead zones (“antinodes”) and quiet
zones (“nodes” — but these are harder to perceive)asitaithe interaction of the crests and
troughs of waves in a pond. He played a 200Hz tone and irestrilne students to “Grab a me-
terstick and move around till you find a loud spot. We'll adat it looks like when everybody
finds a spot.” After they had done so he directed studem®ve to another loud spot and
measure the distance between the two spots. Hedpeated the procedure with a 400Hz tone
and told students to make other relevant observations #idistribution of student-observers
around the room. Finally, he instructed the students tbagét into their groups (which must
have been assigned in a previous class), talk abaubtiservations, and prepare whiteboards.
While students were working on their whiteboards, David tated around the room checking
off a mechanical-waves vocabulary assignment stuaesris to have completed prior to class
(the mousetrap cars must have been an insertion g&nat some discussion of the characteris-
tics of mechanical waves must have occurred in a previass)cl

The most interesting thing about the whiteboard presentatvas the sophistication of
students’ questions and the complete inability of the styaleisenters to answer them. Students
asked about the importance of the relative positionseo$peakers, the number of speakers, the
distribution of student-observers during the experimemt,athers. This phenomenon did not
seem to upset anyone and the presentations proceeded witligusquestions from David.

One student-presenter, however, was able to correctiyfgplee relationship between the dis-
tance between loud spots and the frequency of the sourad.isTthe wavelength of a sound
wave is inversely proportional to its frequency, sahasftequency of a wave increases the dis-
tance between zones of interference decreases.

T — So, what are you assuming when you say higher frequesgysishorter wave-
length?

S — Wave speed is the same.

T — What in your experience suggests this is true?

S — Concerts.

If the speed of a sound wave were dependent on its freguencits “pitch,” then the sounds
from the instruments in an orchestra, all plucked, stroctved, or blown at the same instant,
would reach an observer at different times and soundfaynch. That they do not is evidence
that sound waves travel at the same speed in a givenmeelardless of frequency, a fact this
student seems to have learned.

The biggest conceptual obstacles seemed to be a pers@téusion between transverse
and longitudinal waves and about which type are sound wadsegyine a quick push (or a series
of pushes) is applied to one end of long spring suchsisla® lying stretched out on the floor
and held in place at the opposite end. Such “pulsestarnhpress and decompress the spring
coils as they travel down the length of the spring.sThan example of a longitudinal wave, as
is sound. In air, sound waves manifest as a seridgeafating high pressure regions, as air
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molecules are forced closer together by collisionk wiher air molecules, and low pressure re-
gions, created by the lower density of air molecutethe regions vacated by the molecules that
had been forced closer together. For a transverse watbe other hand, imagine moving one
end of theSlinky® in a side-to-side motioperpendicularto the length of the spring. Students
seem able to envision longitudinal waves only with difficbecause most “everyday” examples
of wave phenomena are transverse waves such as afipinfl the breeze or the crests and
troughs of water waves.

One student question about the speed of sound in mediatledhesir prompted David to
adjourn the class outside next to a long metal stdir Pavid directed the students to compare
the timing of the sound of a (distant) student’s tap ernrdii to a second tap while they listen
instead with their ears on the rail itself. The vedls long enough that students were able (so
they said) to perceive such a difference. Class reswu/and David closed the lesson with a
brief discussion of constructive versus destructiverfatence using two pieces of corrugated
plastic roofing material as a visual aid.

Assessment

David has a dry, generally unflappable demeanor and a viycttesl sense of humor.
He never once raised his voice or, for that mattexnged his delivery at all, but from time to
time he would drop a subtly sarcastic remark that wouldgalagents a few minutes to absorb
and react to — which they did with uproarious laughteavi®is also deeply committed to in-
quiry-based teaching. He demonstrates this quite cleahig iclassroom practice, as | have
shown.

What is the genesis of this commitment? RecallBfaatid was twenty years in con-
struction before getting his undergraduate degree and sevsrigaehing AP physics, a decid-
edly inquiry-unfriendly curriculum at the time, befaetering his graduate program and attend-
ing the Modeling Workshops. | maintain that David arrivethastposition, in part, as a result of
his experiences teaching physics to struggling students, butdnecdy from the reading and
research he conducted during his graduate studies. Evidentyndasgraduate education pro-
gram did not promote inquiry-based science teaching. Davnlioned to me that he read many
articles about inquiry-based teaching for his graduate progmahading various journal articles
about Modeling, an assertion he includes in his applicdgiber to the program. He writes fur-
ther that he had already “(since fall '97)” institutedngsoof the techniques encompassed by the
Modeling pedagogy such as whiteboards and “peer review ofdabstivities also probably in-
spired by his graduate work. As a consequence he has bedmiwvar: Students learn science
by doing science.

The role of a science teacher is to help their studeats how to behave like sci-
entists, to be critical of information. Just because af your peers put something
up on whiteboard to explain to the rest of the classmibmake it correct, doesn't
make it wrong either. They have to be able to decidengstdhemselves with a
critical eye about what is real and what isn't and hdivtheir own data and

work it in. Teacher' s got to stop being the sage thatybody turns to and looks
for the answer; the kids have to be able to thinkHentselves and, not only in
science, all the way through their life: politics, e¢tbing down the line they have
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to be able to analyze information critically and come ith @ valid conclusion.
Without being given the opportunity in science theretsvery many other oppor-
tunities for a student to learn that critical thinking.

David’s decision to learn and implement the Modeling pedagbgyefore, was influenced by
his graduate work, but most strongly by the Modeling program’sghdal research.

So many things in education are just sound-good, feel-good thezs, is no data,
and if there is any data it was that one person thalaleed it and it never trans-
fers across. The Modeling data shows that it tramsfewhoever uses it; it's the
method. The teacher's part of the loop and the tedc®ss get better over time,
but the method of inquiry, of putting the load on the sttelenwhere they learn
for themselves and become complete humans that vihg imost impressive
thing about it.

David was not the only subject to mention FCI datafastar in his decision to implement
Modeling, but he was the most forceful about it in thptovided him justification for his con-
tinuing efforts with the pedagogy even though his studemss$’gost-Work-shop scores were the
same as the baseline scores.

With this experience and my novice approach to Modelingfinstyyear Model-
ing FCI score was the same as my previous year. [Bo#luse of this experience
| was not shocked by the curriculum and looked forward tayusiime next year.

His years of practice since attending the Workshops $@amwed to reinforce his constructivist
perspectives.

A focus on student learning data continues to inform Davidishieg as evidenced by
his constant refining of his curricula to make the matesadccessible as possible, as well as his
analysis of students’ FCI scores to identify theiraaptual difficulties.

| do a quick look at them [FCI scores] and most of iine it's the [Newton's]
third law stuff that's always driving them crazy; it'shsod to get them past that
third law. They do revert and you always have to loofx ba¢hat third law all
year long, even when we get into electric forces and abafut which one’s pull-
ing and which one’s pushing. You still revert back to thattlaw and it takes a
long time to cure that.

As | reflect on watching David in his classroom and conrgr&ith him, | am reminded of a
manufacturing management technique | practiced as a gusdillyeance engineer, “continuous
quality improvement.” As the term implies, the objiscio use real-time manufacturing process
data to identify and target problem areas and to make inotahohanges in the process with the
ultimate goal of producing defect-free product. This inctly different than the (at the time)
more traditional warranty-returns analysis (product regdroy customers for repair or replace-
ment) and is not dissimilar from the equally traditionalting for end-of-unit test results to as-
sess one’s teaching. Perhaps David is incorporating sometyoe@iiscious” management
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strategies from his past life as a construction managécourse, it may just be that he did a lit-
tle reading about formative assessments.

David said, both in his application letter and eightydater to me, that he would have
pursued some sort of inquiry-based pedagogy whether or maidieeen able to attend the
Modeling Workshops. Of course, Modeling now “just fits,"vid put it, and he finds the
pedagogy “invigorating” and “well worth it.” But besidasch subjective measures, as heartfelt
as they may be, David finds more potent validation in actualent achievement:

One really reassuring thing is because | have threeatitféevels | give the post-
test, the FCI, at the end of the year. When the &mime back to the next level
they take that [pretest] FCI again, and on average,tbeesummer, the kids that
come back to me their score goes up one full point, wioiche means that once
you teach them how to think they don't stop thinking, #esp working it, every-
thing they see reminds them of the physics. Becauseghesgd to thinking
about the physics for themselves it's an added benefithinakeep learning it,
once they learn how, and that's fun.

Despite the 84 | report as David’s three-day averageAR3c0re, he actually scored
much higher on an item-by-item basis. That is, theme weme items for which | was not able
to give David a score because they simply did not apglygtaay’'s lesson and the RTOP does
not provide for “not applicable.” In fact, on my last dagbservation, | scored David at 92 — he
achieved the top measure of 4 on all but four items. h@nday for example, his lesson did not
“make connections with other disciplines” neither weeafworld phenomena explored and
valued,” and David reports on the (2007) MIS that he genettaltg not make much of an effort
to do so. On the other hand, we do see him make justastminection in the applied physics
class in the whiteboard discussion about sound waves aodrt® David also reports that he
seldom expresses to students the qualitative relationstwede variables in a model or expects
them to interpret a mathematical model qualitatively.s H&havior is consistent with his re-
sponse to question 21 on the VASS in which he indicatdseht that the laws of physics are
independent of how humans think. But these self-repotisgdractice appear to contradict the
classroom behavior | observed. Consider his questionga@roup in 3rd period honors physics,
“What is the model behavior?” or his use of the concelytaaientedMinds on Physicand
Modeling textual materials. | suspect that David isrigllis merely that hemphasizethe
guantitative aspects of the subject. This may well bensequence of his years of teaching AP
physics where the focus of the curriculum is preciday, tbut it may also be inhibiting his stu-
dents’ complete assimilation of the material asiggested by the essentially flat trend in his
students’ FCI scores.
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Edward

Modeling 3-day Baseline Long-term Student

Instruction RTOP | Student FCI FCI Averages

Teacher Survey Avg. (spring ‘98) %
1999 2007 % % Pre Post| Gain

Allan 185/3.1 135/2.3 90 39.3 24.4 50,3 33.9
Brian n/a 148/2.5 80 43.7 35.8 66{4 477
Charley n/a 149/2.5 70 49.7 n/a n/ja n/a
David n/a 130/2.2 84 35.0 37.8 658 45.0
Edward 145/2.4 96/1.6 71 n/a 304 | 72.0 | 59.8
Frank 168/2.8 114/1.9 87 41.7 26,0 524 35.6
Background

Edward stumbled into Modeling while surfing the Internet goneein 1997, looking for
project-based lab activities. It so happened that hedaiag a unit on uniform circular motion
at the time and took the opportunity to “try out” the Maaglcurriculum by downloading mate-
rials from the Modeling website.

| tried it and | liked it and | started trying to adaptTihe thing that | really liked
was just before | started looking at Modeling | had sthdoing a lot of project-
based labs and open-ended labs and making my students coné thewiown
procedures and writing them up. | was fascinated by théhactnlike labs that
| had given them, cookbook labs, which they just turnetLike, well, okay,
that’s what the numbers were,” | noticed when theyghes! their own labs, if
something went wrong that they would work and work anckvab it to try and
make it better. | think that's one of the reasonsgsdmre in there, Modeling
popped up and | saw that as a way of doing more of an opéeead enquiry-based
labs.

Recall also that Edward is a member of the same phgtimsce as Charley and that the two of
them heard a presentation about Modeling at one of thengee It was then they decided to
apply to the program and go together if accepted, whiclgwke, they were. In his letter of
application to the Modeling program, Edward summarizes sidritiee major reasons many
physics teachers have sought out this pedagogy:

My first seven years, | taught as | was taught. Mgrsme education consisted
mainly of traditional lecture and weekly labs. While thethod was successful
with me, | have found it less than desirable with tlagomity of my students.
First, | do more work than they do. Second, studentsthes@ry algorithm
bound and do not understand the underlying principles. Third,rgsugeickly
forget recent material; they do not internalize thiderstanding of the physics
taught to them. Fourth, traditional cookbook labs malle tbnnection between
the material being studied and the design of these lefygdntly allows little
cognitive thought on the part of the student. When thedts#an’t correspond or
varies greatly from accepted values, students forge almeldolame the lab de-
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sign or the teacher without thinking of the underlyingtegnatic or experimenter
errors that caused the deviation.

With this eloquent indictment of his own practice, adl @& his anticipatory foray into Model-
ing, Edward was obviously announcing his intention to findva pedagogy. Of his experience
at the Workshops, Edward said that he was an “enthuspesticipant” and that “Modeling
methods have added to my teaching in a positive way and mmakiaily grind of teaching much
more enjoyable for me (and | hope my students as well).”

Edward was the science department chair when he ctadplee Modeling Workshops
so he faced no obstacles to implementation in g#gdand. Edward says also that his administra-
tion has always been very supportive, since, as he,gujust did it, | didn't ask for permission,
and | never had to ask for forgiveness, so it's workéalkay.” On the other hand, like most of
my other subjects, Edward did experience some disgruntldnoemistudents early on.

It was brutal at the beginning. Students went one walysoother and either they
really liked it or they didn't like it. The most inésting thing to me was the stu-
dents who were the most successful in school wererteg who liked it the least
— tell me the answer, tell me the answer. | think stsdexpect it now, | think
the reputation is there; they talk to each other.

However, Edward also described for me a fairly reoestision where he ran afoul of certain
students and their parents:

| had quite a blow out a few years ago with some youtigdathat always got A's
and B's in their classes — “But they're getting a Domryclass, what's wrong with
you?” That's the only time the Modeling method has lmatienged, but at that
point I'd been doing it long enough that nobody said, “Yallyean't do that
anymore.” So they dropped the class. The most amazirgtthime was the
guestion of “What's wrong with you?” Why does it alwagsédto be the
teacher? It was actually one of the worst professexgeriences of my life;
these are real powerful people, they were talkingedthard, they were talking to
the administration.

Edward said that other than this one unfortunate incidenas@ot had any problem with par-
ents. As do many teachers, Edward describes his Modelinguwium and pedagogy at a “back
to school night” event for parents held early in theostlyear. He reports that most parents
have been very accepting of Modeling — especially the Eaveatit scientific careers.

Over the few days of my observations, Edward severaktexpressed his concerns
about the relatively slow pace of the Modeling pedagogy laadirmited content coverage it al-
lows. In particular, for the last two or three yefr's unclear) the state of California has de-
creed that in whichever science class a student meggbhiolled during their freshman, sopho-
more, and junior years, he or she must sit for a pegace assessment in that subject. Thus,
Edward frets about the juniors in his regular physicscls must take the physics examina-
tion because he is not able to cover much electiaeityymagnetism, optics, or thermodynamics —
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typical second semester content. Consequently, Edwamikes/that he sometimes rushes the
Modeling process, to the detriment of student learning,adhmight have more time for con-
tent beyond mechanics. Despite this fact, however, Etlsvieegular physics students do fairly
well on the examination, though a few students scor@Wbhsic” each year (I found no scores
for physics before 2006 on the state test website). Etfsvduniors in AP do even better, as one
would expect. Edward also said that the state testresgent was the reason his school dropped
his 9" grade “physics first” class since the test does ntindisish between developmental lev-
els of a subject — if “physics” is in the course tidgjdents must take the physics test regardless
of their level of preparation.

Another issue of some concern to Edward is that He $eenewhat isolated as a Mod-
eler. He is the only physics teacher in the schadlhis good friend and Modeling Workshop
classmate, Charley, does not really Model much any.more

Because I'm in a vacuum here, | don't have any feedli#igkl miss that interac-
tion, and that's why | like the Modeling Workshops themsehMéewas difficult to
learn how to question and I think I've tried to do a goodhob] don't know,
sometimes | just want to get through stuff, so | féed Bometimes | give it short
shrift on that.

This situation is one of the reasons Modeling progranm s¢afup the Modeling listserv. The
listserv is a venue where Modeling teachers can commeniadt one another, albeit virtually,
to give one another the kind of feedback and support Edwardssto be craving. Of course,
these virtual interactions typically lack the immegiaad the intimacy of face-to-face meetings
such as at workshops.

Observations

Edward’s classroom is not unlike Allan’s in that itasher long and narrow, but it is per-
haps only half the size and feels quite cramped. Tdueeters of one long wall is floor-to-
ceiling windows, though the windows face north and tredsbashes are close to the windows.
Student desks are close-packed in the front, oppositelbdem® bench behind which are two
whiteboards. Eight well-equipped chemistry lab benchielsasx-to-back in two rows com-
pletely fill the rear of the room. Power Macintasimputers and probe interface boxes perch
precariously on a high shelf at each bench. Obviousiy physics and chemistry labs are per-
formed at the lab benches. Little wall space existabse of windows on the one side and stor-
age cabinets on the other, but Edward does have a fearpagtas well as some humorous fly-
ers intended to recruit new physics students from amorghbigistry classes. The room is well
kept and neat except in front at the demo bench andheetedcher’s desk — that is where Ed-
ward “lives,” after all.

Edward’s schedule is three periods of chemistry (masgbhomores and a few juniors)
and one period each of regular and AP(B) physics (junim¥saniors). | recorded the demo-
graphics for only one chemistry clas§’ (®eriod): 21 students: ten girls, and five Hispanic stu-
dents. Edward’s regular physics clas® gériod) also has 21 students, but only eight girls, one
African-American student, and two Hispanic students. TRelass (¥ period) has 19 students
including seven girls and two Hispanic students. The sahboslon a block schedule: all classes
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meet Monday, Tuesday, and Friday for 51 minutes; periods hd% emeet on Wednesday and
periods 2, 4, 6 on Thursday for 111 minutes each. | visitechEtisvclasses near the end of
third quarter on a Thursday, Friday, and Monday so | wagalolbserve each of his physics
classes three times.

Thursday’s AP class opened with a 45 or 50-minute Powerlectare on electric forces
and electric fields that was tightly scripted to matwhtextbook and AP test conventions. The
format of this presentation was nearly identical totwhead observed in Charley’s AP class, so
| suspect the two friends must be sharing teaching tipsighust Edward’s second year of
teaching AP). Edward addressed several questions to Hsearld waited for a response to each
guestion, but any subsequent discussion was limited. Edheatdeviewed the results of a
“sticky tape” electrostatics activity students had caategd previously. By investigating the be-
havior of pieces of cellophane tape that had firshlzeered to one another and then quickly
pulled apart, thereby becoming respectively attractive ealsive to a third piece of tape, stu-
dents verified the bipolar-charge model for electrickymore comprehensive version of this
activity is an integral part of the Modeling unit on &lestatics, but since it can be performed
quickly Edward uses it in his AP class as a paradignteseer Edward then conducted a “per-
sonal response” activity. He passed out sets of four,caadh labeled “A” through “D,” and
displayed several PowerPoint slides with multipleiob@uestions in electrostatics such as
might appear on the AP exam. As each slide wasayisg| students held up cards correspond-
ing to their responses to each question. Edward thed &skeolunteers to explain their selec-
tions. There were few disagreements among the stydbenitsther students were quick to point
out obvious conceptual errors or otherwise correct ti@gsmates. Students seemed to enjoy
the exchanges as they exhibited no hesitation in resgptala question or defending their se-
lections. (I observed no such interactions in Ch&lafp class). This activity lasted about 25
minutes. The remainder of the period, about 15 minutesregasved for working on home-
work, including online assignments.

Edward’s regular physics class started off with a rewaéthe classic “exploding carts”
momentum lab (Unit 9: Momentum) students had completadoirevious class. In this para-
digm lab, a compressed spring is placed between twe @am low-friction track. When the
spring is released, the carts “explode” apart moving in sippdirections. Students measured
the carts’ velocities and, using the previously measuredesasd the carts, calculated and com-
pared their resulting momentums. Several trials werfeqmeed by changing the mass of the
carts. Since the carts initially were stationang initial momentum is zero and, thus, so should
be the final momentum (after taking experimental eintar account, of course). Edward’s re-
view consisted of reminding students about their findingsl@dormula for momentunp =
mv.

The focus of the day’s lesson was to establish tipeilse-momentum theorem, which
Edward did via what | would describe as a highly interacteéure. That is, Edward set up a
demonstration, complete with data probes and softwadegaided a step-by-step investigation
to identify the salient relationships in the system wd@sideration. In fact, a demonstration of
this sort rather than a student lab activity is recontrd by the Modeling curriculum guidelines
for this unit probably because the conceptual leap fromtdiesvsecond law to the impulse-
momentum theorem is difficult to bridge and hard to naa&wvithout the mathematical formula-
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tion already in place. Edward did say later, howetet, he would rather the students had per-
formed the lab themselves, but the unit paradigm labdiahtfour class periods to complete,
including the whiteboard presentations, and he felt presseoiie. Inasmuch as students are
not asked to develop their own models and given that ¢histg comes after the paradigm lab,
this demonstration corresponds best to Phabtodel DeploymentElementary Deployment.

The system in this case consists of a cart owdriotion track. Aboard the cart is a
force probe with a spring attached to the probe’s semsak. hA string is tied to the other end of
the spring and then to one end of the track. Thexgivén a push and after it is released it
moves at a constant speed until it has traveled tigghleri the string. At this point the string
becomes taut and the spring begins to stretch, fowtisd) the cart to a stop and then pulling it in
the reverse direction until the spring returns toataxed length. The cart will once again roll at
a constant speed approximately equal to its initial speeditustiecaptured. An ultrasonic mo-
tion detector is used to collect position and velocitytiuse data for the cart. (Recall that

David’s students used a nearly identical setup to conductinkestigations of energwMAX2
vs. W).

Edward began the interactive lecture/demonstration lmyriectly deriving the impulse-
momentum equation from Newton’s second law. Thddsyard wroteF = ma and
a=Av/At, so F = Amy/At, and consequentlfFAt = Amv. Edward “justified” theAmv by say-
ing that mass changes at very high velocities (a faettbh was certainly not aware of, neither
was he familiar with the changing mass of rocket)wewer, in the Newtonian formulation
mass is always treated as a constant, so the foisnptaperlyF = mAv/At and thus

FAt = mAv, which is the form Edward used during later phases of tni@dgtration. In any
case, Edward proceeded to run the demonstration a few ath#ee while asking students to
describe and explain the behavior of the cart (e.geyvdwoes the cart move with constant speed,
why does the cart slow down, why does the cart speed tp mpjposite direction, what is the
momentum of the cart, what happens when the springsimes etc.). Several students, mostly
boys, were actively engaged during this discussion and esthibda difficulties in properly ex-
plaining the cart’s motion.

Edward next summarized the cart’s behavior by statfag, the cart changes momentum
as the spring brings it to a stop and pulls it back. Wedlthis to explore the impulse-momen-
tum relationship,” which he specified thushat = Impulse =m(v, —v,) . Edward directed the

students to draw predictiwevs. t graphs over the range of the cart’s motion. He thdrew
students’ graphs on the front whiteboard while asking #tigees of each graph from the audi-
ence. Students were happy to offer suggestions and conseatidl a consensus was reached
about the most likely shape of the graph.

The next step was to collect actual data from whichakentalculations so as to compare
the magnitude of the impulse provided by the spring to thegehen momentum experienced by
the cart. To this end, Edward displayed simultaneous comgeberatedr vs. t, X vs. t, andv
vs. tgraphs. The impulse was determined by using the computeaseto find the area under
theFAt graph. Similarly, the change in momentum was caledlatitomatically by the software
using the formulam(v, —v, ,)that Edward had set up previously in the applicatiome rEésults
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appeared to be sufficiently clogeAt = —.5380 kgm/s van(v, —-v, F —.5488 kgm/s) to per-
suade students of the validity of the relationship.

Edward revised the situation by adding mass to the cadsked the students how this
change should affect the critical variables. Thedfistudents’ comments was that the funda-

mental relationshig=At = m(v; —v,) would remain unchanged, but the magnitudes of the im-

pulse and change in momentum would be greater accordihg tocrease in mass — as indeed
they were. Then Edward changed the spring to one vetiffér spring constant and again asked
students about the effect this should have on theaintariables. The students quickly agreed
that a stiffer spring must maké shorter and, consequentlyjarger. As before, their prediction
was rewarded by a successful outcome. Edward closeldthenstration by reviewing the sev-
eralFAt graphs and pointing out, “So we’re going to talk about aveiages, not necessarily
the maximum forces.” | also noted that most ofgtielent discourse during the demonstration
was dominated by three or four male students and, judging lapgsrent passivity of most of
the other students, this was not atypical — an obsenvitiward later corroborated. This activ-
ity consumed about 25 minutes of the period.

Edward moved on to a second deployment activity (alsosmoneling to Phase Kodel
DeploymentElementary Deployment) utilizing a series of shodea excerpts from popular
“action” movies. His purpose was to show students howeddega” extracted from a video
clip and the impulse-momentum formula to explicitly cédte the requisite forces to produce
the action depicted in the scene and thereby judgeeitbdity (which students must do them-
selves during the next class). The first clip was as@®mSupermann which the “man of
steel” flies to the rescue of a falling Lois Lane. ndsthe video software’s frame counter func-
tion as a timer, Edward was able to estimate the duarafibois’ fall, from which he calculated
her initial velocity, and the duration of Superman’s catétom initial contact to a final stop —
which givesAt. Edward exercised the impulse-momentum formula tavghat Superman ex-
erted a force of about 2200 N (494 Ibs) over a periodsaicdnds to stop Lois’ fall. Thisis a
“reasonable” result in that a “real life” person cob&l/e survived it, unlike in the clip Edward
ran next. In a similar scene frorhe Matrix the hero plucks his beloved out of midair, but in
the merest fraction of a second — too fast even to &stithe timing. The unfortunate conclu-
sion is that the heroine would have been obliteratedhedituation occurred in a Newtonian
universe. The students obviously enjoyed this activity bectdney asked many questions about
the specific details of these “rescues” (e.g., whir@éak her back, would her arms be ripped off,
etc.). Edward told me later that students often wiltdgnon to show a video clip or “bring out
the toys.”

Edward returned to his review of the exploding-cartshalstudents had previously
completed to formalize the relevant mathematicaticeiahips. For this lab, Edward had had his
students create a graph of the ratio of the cartsdspesrsus the ratio of their masses (i.e.,
V,/Vg VS. mg/m, ) — an intriguing variation | had not seen or heardedéte. The graph is lin-
ear and the slope of the best-fit line is essentigllyom which students (apparently) concluded
thatv, /vy = mg/m, and thusm,v, = -myv,, (V, andV, are in opposite directions and so
have opposite signs) or, equivalentig,v, + myv, = 0. Edward explained that this shows that
the total momentum of the carts after the “explosis the same as the total momentum before
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the “explosion,” namely, zero, and thus, we have dematestithe principle of the conservation
of momentum,p, = p, (read “p-final equals p-initial”). Edward then wrote owtandard

mathematical expression for the conservation of nmbame of two bodies interacting in one di-
mension (such as in this activityn,v,, + mgv,; = m,v,, + mgV,;. Students seemed comfort-

able with this formulation; at least there were no qaestabout it. Edward asked the class how
this concept applies to the proverbial “bug hitting the winddhand several students were
quick to reply that the bug and windshield both experienesame impulse and consequently
the same change in their momentums. Edward thenvedehe conservation of momentum

expression starting from the equivalence of coincideptlses, i.e.| , = -1, and thus,
My (Va = Voa) = —Mg (Vs —Vpg) , €tC. About forty minutes remained in the period atpbisi.

Edward passed out Unit 9: Worksheet 1 (continuing Phagedel DeploymentEle-
mentary Deployment) and instructed students to start ngkn the problem associated with
their (previously assigned) group number. The worksheetresginat students utilize the im-
pulse and momentum formulas Edward had just developed butencbmservation of momen-
tum. Edward circulated among the student groups mostiggagkiding questions, but he did
provide a few direct answers to students’ questions ableiahviormula was appropriate to the
group’s problem. Edward commented to me later that bethisssontent is somewhat more
abstract than in previous units, students often get stuttheomorksheets because they attempt
to apply formulas indiscriminately:

One of the things that's happening in my classroom ighkastudents are taking
the equations that they've used in other solutions and plygigem in as if they
were going to work every time. So we talk a lot abast farinciples and going
back to what I'm now going to call the “gateway” equations.

Most students appeared to be working collaboratively on éissigned problems; however,
some groups finished quickly and started to socialize. Edreanthded the class that each stu-
dent must individually submit a completed worksheet and stsideturned to work. About 10
minutes before the end of the period Edward instructed ssitteprepare whiteboards of their
assigned problems for presentation during the next class.

The next day | observed Edward’s 2nd period AP physics,dis 3 period chemistry
class, and his"4period physics class. The day’s classes were 5 minute®ist46 minutes)
than normal because of a school-wide assembly. AFhelass took a period-long test. Prior to
the test, however, students placed 2’ x 2’ pressboardipastibetween each occupied desk, es-
sentially creating little study carrels (I had nevegrssuch a thing before).

Edward’s & period chemistry class opened with a quick review of &ksieet problem
in stoichiometry and then adjourned to prepare whitebdardke rest of the problems on the
worksheet. (Edward has adopted the Modeling pedagogy insngito a limited extent and
uses some of the curriculum but he has not yet takéadeling chemistry workshop — although
he mentioned he might next summer.) It took litirleet for students to get their whiteboards
ready since they had completed the worksheet problengwamee of the class and seemed to
know exactly what was expected for a properly prepared bdarel. The chemistry Modeling
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curriculum uses a “bookkeeping” technique for chemicaitieas they call Before-Change-

After (BCA). The emphasis of BCA is to track thenmber of moles of reactants and products
before, during, and after a reaction has occurred.theis an easy matter to calculate masses or
volumes afterwards. That is, the focus of BCA iswhmany” rather than “how much.” What
stood out for me in this class, however, was that Ed\dar all the questioning, both procedural
and conceptual, leaving no opening for student questions. Udenstpresenters, nevertheless,
appeared to have no difficulty answering Edward’s questidnsay be the case that since Ed-
ward had not fully implemented Modeling in chemistry, bd hot yet cultivated a discourse en-
vironment entirely suited for Modeling.

After just a few minutes of “touching up” their boards, shedents in Edward‘spe-
riod physics class quickly proceeded to the whiteboard pedgars of Unit 9: Worksheet 1.
Unlike in the chemistry class, the first question fo first group of presenters was asked by a
student. The question seemed to me to be purposefulbl {fis momentum proportional to
mass?”’). The worksheet problem asks students to comganeotinentums of two objects with
identical velocities but different masses, so the sttslguestion merely recapitulated the work-
sheet. The remainder of the questions for the first gnoenhaps two or three, were from Ed-
ward. This same student asked the first question forettend group and, again, the question
was a paraphrase of the worksheet problem, but the group sttwgith the phrasing of the
guestion. The worksheet problem asks students to comgangotimentums of two objects that
have identical masses but different velocities; speadlfi, one object has twice the velocity of
the other (and, therefore, twice the momentum). sthdent’s question was whether the product
2mvis identical tom(2v). As the group pondered a response, another membex stiitent au-
dience attempted to rephrase the first student’s quebtib@s this did not seem to prompt a
meaningful reply from the group, Edward rephrased the quegtibagain. This time the group
was able to provide a correct response. When | queried Bdaut these exchanges later he
told me that this student is “very exuberant and likesteract” and often asks good questions,
but sometimes does so to the point of distraction.

Edward did all the questioning of the and 4" groups and, given that the problems were
simple calculations, Edward’s questions were similarhpg. | did find it interesting, however,
that the three members of group 4 had arranged to altgrnetie the various steps of their so-
lution. | also observed members of the audience copliggetsolutions onto their worksheets, a
practice | have witnessed in my own classes with stisapproval. Edward did not seem to no-
tice it.

Group 5’s problem concerned the impulse delivered to dakhseruck by a bat. The
“exuberant” student described above jumped in first agamawuestion about whether the an-
gle at which the ball is struck could affect the answet @irectly). A second student asked the
group to clarify their numerical solution (it was aléithard to read). For the sixth group the
challenge was to extend the work of group 5 by solvingherforce of thévall on the bat, which
they did correctly, i.e., the force of the ball tve bat must be equal in magnitude but opposite in
sign to the force of the bat on the ball. Edward {h@sed a more conceptually-oriented question
than he had done for any of the previous groups, undoubtetitfypating the upcoming lesson
on collisions. He asked, “Since we now know thatrtiagnitudes of the forces are equal, what
is the effect of the mass of the ball and bat oim Hezeleration during the impact?” The group
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handled the question well; correctly pointing out thatrtiuch smaller ball must experience a far
greater acceleration than the bat. A student in theelaciel asked about the sign of the force of
the ball on the bat and a group member responded thsigthenust be opposite the force of the
bat on the ball in accordance with Newton'’s third law.

The seventh and final group of the day was tasked withiledileg the length of time a
rocket’s engine must fire for the rocket (constantsh&s attain a particular speed. The problem
requires that students first draw a force diagram ferolcket. This step helps students realize
that they must find theetforce on the rocket (the rocket’s thrust minus thedafcgravity on
the rocket) to find the correct solution to the problemas a little surprised that Edward did not
take this opportunity to revisit his original formulatiohtloe impulse-momentum theoreft
= Amv. This would have been a good time to discuss the constastconstraint on the ele-
mentary form of the theorem and, at least, introdueértictket equation” which incorporates the
time rate of change of the rocket’'s mass as it burnsdpel. As it was, the group properly in-
cluded the relevant forces acting on the rocket to sblv@roblem. At this point, about nine-
teen minutes remained in the period.

Edward next showed another video clip, this time frafaraes Bond movie, for which
he provided students with a worksheet. In this scene,evar suspended by a bungee cord,
jumps from the top of a dam to fall some 722 feet. Athbttom of his fall, just before the cord
begins to retract, he shoots a roped piton into a buildceged beneath him and pulls himself
down. Obviously, the students’ task was to calculat@npelse acting on Bond that makes a
soft landing possible. There was a brief exchangedsstva couple of students and Edward re-
garding the effect of air resistance and whether Berd eaches terminal velocity (he does and
this must be taken into account). Solving the problem algoines that students dredge up pre-
viously learned kinematics and conservation of energyetso so it is more sophisticated than
simply entering numbers into the impulse-momentum egatstudents worked in pairs for the
remainder of the period.

Monday's AP class was much like the previous class thélsame interactive lec-
ture/demonstration format. Edward started off with ev@®oint presentation on electrostatics,
punctuated with many challenges to the student audiencglaireaspects of electrostatic be-
havior depicted in the slides or demonstrated with uarfrops. After the lecture Edward
showed a short video clip, circa 1959, on electric lindsrae from “Physics Video Classics.”

The students in Edward’&®eriod chemistry class moved immediately to the lab
benches in order to complete an activity they had begew adys earlier. They had been wait-
ing for the filtered precipitate from a double-displacetmeaction to dry out so they could
weigh it and add this datum to their data tables. This datsonprovided them with the last bit
of information they needed to complete whiteboardsHerab. This process took about 20
minutes after which the whiteboards were set aside.

Edward then proceeded to work through the combustion of@¢tmsoline): ¢H.s + O,
- CO,+ H,O. As seems to be his practice, Edward constantly sanmltt from the students
to motivate and justify each step of the derivatiodw&rd uses this particular reaction for a few
reasons. First, it is a little more difficult to &ate this reaction than the simpler single- and
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double-displacement reactions with which students aréidmSecond, it is personally relevant
to students since this is the basic reaction that motheir cars. Third, the balanced equation,
2GH; s+ 250 - 16CQ + 18H0, reveals the large amounts of greenhouse gases produced in
the burning of fossil fuels.

For the final 20 minutes of class, students were splitgnbups to work on a “March
Madness” chemistry challenge. This was a workséetetp like the annual NCAA basketball
tournament brackets. Different chemical compounds @atstsit on “opposing” brackets and
the “winner” is the product of the reactants. This protheh becomes a reactant in a new reac-
tion and so on until the final product is revealed. Setudents instead worked on the lab or the
worksheet from the previous class.

Edward opened hisYperiod physics class with another review demonstratidheoéx-
ploding-carts paradigm lab (this was a Monday, aft¢r dlhe difference in this review, how-
ever, was that Edward acknowledged that there was,tingiaempulse delivered by the spring
to the two carts which was not directly investigated inlalbe (My data do not indicate that Ed-
ward said anything about internal versus external forceadh cases but he should have. An
important constraint on the principle of the conseoveof momentum is that it holds only in
“closed” systems, i.e., systems to which no extewrakfs are applied. Since the spring is inter-
nal to the system, the conservation of momentumrieqidy applicable.) Edward continued his
practice of asking students to name, describe, and exgalamaspect of the carts’ behavior as he
performed the demonstration. He also paraphrased studentisients using more appropriate
vocabulary so as to reinforce proper use of the newiriefogy (e.g., “impulse,” “initial mo-
mentum,” “final momentum,” etc.). | noticed that avfstudents did not appear engaged in this
lesson as they had been during the two previous reviews.

After the review, Edward moved on to a series of “pl8-eemonstrations involving col-
lisions (students will perform this lab during the nexsissl). The apparatus was essentially the
same one as described above but with two simple matibisa Edward alternately installed
Velcro strips on each cart to demonstrate inelastisioms (the carts stuck together) and then
similarly polarized magnets to demonstrate elasticsiofis (the carts “bounced” off one an-
other). As before, Edward asked for student input during tieistrations, but he expanded
his focus to include energy considerations (recall thetdaristandard” Modeling curriculum en-
ergy, Unit 7, precedes momentum, Unit 9). When Edward adb@at the system’s total energy,
students were quick to respond that total energy is ale@yserved. “What about kinetic en-
ergy,” Edward asked, “is kinetic energy always consetvegtudents’ responses now were not
so quick and Edward had to provide prompts such as asking studeotsiter what happens
when the pieces of Velcro stick together. Howeveny&rd did not directly answer the question
about kinetic energy, leaving it unresolved for now.

| was particularly struck by the near constant dialagveen Edward and his students but
also by the fact that there were no side discussions@students, though this format perhaps
made it difficult for attentive students to do so. Edwelosed this phase of the lesson with a
demonstration using “happy” and “sad” rubber balls — one h&xeellent bounce (happy), the
other just thuds on the table (sad). Edward asked studeauader this result. About fifteen
minutes remained in the period.
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Edward, obviously reacting to what he had observed of stsideatk on Worksheet 1,
said, “l noticed you guys were using old equations that workddrwther conditions. | want
you to start from first principles — the conservatiommimentum will always work.” He then
passed out Worksheet 2 and directed students to get togetheir igroups and get to work; he
said, “As always, work wisely.” Worksheet 2 presemtsients with a series of problems that
invoke the principle of the conservation of momentumi,8as somewhat surprised that he as-
signed it in advance of the lab, that is, prior to shisf own experimental investigations in-
tended to develop the principle. When | queried him abositdter, Edward said,

Since the computers are going to measure the velo¢it@®gre going to have all
those quantities; they're going to measure the masgelgeyng to measure the
velocities. However, | do see the conservatiomomentum, the use of that
equation, as a segue into collisions and what's going éincadiisions.

Edward circulated around the room as students worked and redgorgtedents’ questions
with guiding questions of his own, though he did sometiroesiren or rephrase students’ solu-
tions. Most students seemed to be on task.

Assessment

Edward is something of an enigma. During my three dalshward’s classroom, | did
not observe what | would call ideal Modeling. There vaas of talk, but it was almost exclu-
sively between Edward and his students. What little tedket was among students was confined
to a few brief exchanges as students worked together oebwehitds or worksheets — the same
sort of talk one might hear in any busy classroom. iag be due to several factors. As | men-
tioned above, the Modeling curriculum guidelines suggesttaraittive lecture/demonstration
for developing the impulse-momentum relationship becatite comparatively abstract nature.
The underlying conceptual challenge for students, of courBiewson’s third law, which stu-
dents investigated somewhat back in Unit 4: Free PaMioldel. Unfortunately, several student
misconceptions are associated with this law that aikerd to instruction, sometimes even
Modeling instruction, and make the law easy to misconstiire most familiar of these miscon-
ceptions, for example, is the belief that objects V@ther mass exert more force than objects
with smaller mass. My point is that the impulse-motaen relationship is distinctly counterin-
tuitive for many students and thus it can be difficulléwvise a paradigm lab in which students
could identify the relevant variables themselves. &loee, “giving” the students the impulse-
momentum equation, as Edward did (but, again, not withoutdahBve participation), may have
been appropriate. Edward’s obligation then was to ensatetidents had ample opportunity to
engage in meaningful discourse about this new idea, Isuh¢hilid not fully accomplish, as de-
scribed above. Moreover, the algorithmic nature of tbeksheet/whiteboard problems makes
their usefulness in this regard somewhat problemati@anyrcase, student learning would have
been better served if more of the questioning had beemstindeted.

Edward, like Allan, also mentioned several times fegliressed for time:
Time, time, | don't have enough. I'm constantly pultimggs together at the last

minute. | saw this interesting video on teachers; itavparody, satire of teach-
ers, and they were asking different teachers whatdbewnd this one person said
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that when | become a teacher I'm going to teach omeftimes. | see people
around me do that. I've never been able to do thathdde lot of jobs, as |
mentioned, | never had a job that wears on me likeotiesdoes because I'm al-
ways thinking about what | could do differently, | alw&y®w | could do some-
thing better, and as a result I'm constantly redoing thihgsome ways that
keeps me sane because I'd go crazy if | had to do thetkangebut I think the
biggest limitation on me is just the time | have tactea

Now it is late in the third quarter and if his juniors arget any exposure to physics beyond me-
chanics before the state test, time is of the esseBo&n this pressure, Edward’s desire to move
things along clearly helped write the script for thesefiew days. Notwithstanding this last
comment, the conduct of class was a carefully orcitestrsequence designed to maximize stu-
dent engagement under the circumstances and | was inpresiseéhe scope and pacing of the
activities.

The other half of the enigma is that Edward’s studextigéed few procedural or con-
ceptual difficulties with the material during lecture/destoations or whiteboard presentations.
With very few exceptions, every student whiteboard in Iniglphysics class and in the one
chemistry class | observed displayed a proper solubidinet assigned problem and every group
successfully explained their solution. It is true, psiht out, that Edward did some coaching
while students prepared their whiteboards, but so does E\etgler | have observed. It may
also be the case that each group had at least onstadbdnt and it was he or she upon whom the
other students relied — also not atypical for a high dgblogsics class. The situation may have
been similar with respect to student participation duringdtdis lecture/demonstrations as well
— the most capable students may have monopolized the shadieot the dialog. On the other
hand, Edward may have sufficiently prepared his student®]aateling, that they were now
able to assimilate the information as presented. Hawesthout more robust evidence of class-
room discourse, | find it difficult to judge the full exteéotwhich Edward has implemented the
Modeling pedagogy.

To be fair to Edward, | only observed a brief momertisfcurriculum, but I did have
the opportunity to speak with him about his teaching. Amohgrdhings, | asked Edward what
he thought was the philosophy behind the Modeling pedagogy:

| think one of the things that it really establishes Madeling classroom is dis-
course, that it really is the conversations thasthdents have with themselves,
[that] the students have with me, and that | have thigim. | think that's really an
inherent aspect of Modeling. It's not something thatkertriaditional class. You
know, you certainly get the give-and-take with a classitr a student but, nev-
ertheless, | think in those situations, and I'm as gagstganyone when | was a stu-
dent, | knew what the right thing to say was, but | didetessarily know why it
was right. But | could tolerate that sort of confli¢tdon't think that's a sign of a
good student. In fact, | think a good student is oneadetolks who come at
you and at you and at you because they don't understand sameBit | think
that the philosophy of Modeling is to get students to use ttabudary, talk
about what they are doing, what they think is happeningt thig think should
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happen. Out of that either they encounter problemsthéhand fix it on their
own or, with careful listening, which is part of being a gddodeling teacher,
you can draw those things out and let them see thenpitiidems] themselves
rather than tell them how this is wrong, this is wyai should think. | think you
really let them work a lot of things out on theirmwit's one of the reasons I'm
sort of hands off in the beginning and get more handswarts the end of a
unit.

This response suggests that Edward has assimilated dmg tiidearning that undergirds Model-
ing, that the purpose of Modeling is to create just suchainomment as Edward describes to
facilitate students’ self-construction of scientifigadlligned conceptions of physical phenomena.
Edward also mentioned that he had attended other progfgmsf@ssional development for
physics teachers (Amusement Park Physics and Compreh@usigeptual Curriculum for
Physics) before going to the first Workshop. Considetuag) he does not use much of the cur-
ricula he acquired from these programs, | asked him wts, @ifjht years, he still keeps Model-

ing:

| like it, I like it a lot. It's a much more interesd way to teach, | find that stu-
dent interest is much higher; they're up there out of eaits, they're moving
around. | don't think you've seen that as much as itlachagopens in here just
because of the timing of all this, but they like it. éan they love to get up and
whiteboard — they're all hams and they want to get upagestBut | guess the
real reason | like it is that it allows me to engduekids in a different way. That
is, they are curious [and] they do want to know how ta dght, so we have
conversations about what that process is all the witt®ut me being, well, |
suppose | am the expert in the room, but | feel like Wish §nother resource in the
room rather than the sage that's up there to tell thleat's going on. 1 find the
interaction with the groups to be the most powerfubu ¥Xnow, it's almost like
being able to tutor these guys in class because you cammgod from board to
board and look at what they're doing, | can ask questimhy@u can deal with
that in a much more informal setting and | find thatlygaowerful.

This language also is consistent with the Modeling phdbgpbut | decided to probe a little
deeper. | asked Edward how he knows his pedagogy is effectiv

There we get some Modeling. | know because they remetnbdétnow because
they've come back to me and told me that. | had a kalsrdn aeronautical engi-
neer now tell me, “Thanks for the force diagrams,stithusing them, you

know.” | thought that was real interesting, and | made ¢ome in, he was out in
the hall, and tell my physics class just to stop themptaining about doing force
diagrams. But | find that they seem to internalizaeate, they do remember what
it is that they've discovered in the lab better erdiscussions we've had here than
they did when | just told them the way it was. Anghen | gave the FCI to my
AP class last year, the Modeling kids smoked them, ahth yerms of who is in
those classes, you know, they shouldn't be scoring highieought that was in-
teresting.
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Edward’s last comment about the FCI, in particular, @@glem to indicate that he has indeed

been successful with Modeling. But in order to asaette extent to which Modeling has tran-
scended mere technique, as it is for Charley, to beeomaching philosophy, | asked Edward

how the Modeling pedagogy is important to his teaching:

| think it fits my style better. | mean even thoughdught | was a very good lec-
turer, I'm fairly low-key in my classroom, | try notle a real dominant force, |
try not to be a real dominant person, and be approach&blé. allows me to be
part of a seminar in here rather than a real traditmord of class. And | like ex-
perimenting, | like to play, that's why I'm a scienty&tu know, | mean that's what
| did. So I feel like although | don't know all the amls®; | know the answers that
they are trying to derive here, it's still kind of furmtork out problems and figure
out ways to do it. | still try to come up with new wagsdo some of the labs and
so in that respect the pedagogy really suits me.

| am convinced that the sentiments expressed above dapebasributed to a teacher who has
experienced a genuine reconceptualization of his rolegphgsacs teacher.

Significantly, Edward did not complete extensive cowsek in physics. Most of his
background was the work he did preparing to teach and in tegahysas the six years prior to
attending the Modeling Workshops (plus the enrichment siesuilescribed above). This limited
background might have made Edward susceptible to the entgirécspective and such a view
is suggested by his responses on the VASS. He was theutmet to present the folk view on
guestions 21 and 22, that is, that the laws of physicadepéendent of how humans think and
portray the real world exactly the way it is. Howeuedward also indicated a certain ambiva-
lence on the other nature of science questions on ti&S\MAat suggest his beliefs were not so
hard and fast. For example, he positioned himself egbatiyeen the statements that Newton’s
laws of motion “will always be used as they are” \@uld eventually be replaced by other
ideas” (question 24). In contrast to these scores is Edwstatement that he “was always inter-
ested in alternative methods of teaching” and the fattié had already experimented with
Modeling curriculum before attending the first Workshdjphus, | believe that with respect to
the VASS, Edward was revealing his inexperience with physither than any particular epis-
temology. Now that he has had the benefit of thekalmops and eight years practice as a Mod-
eling teacher, | think Edward’s scores would be very difietoday.

Edward’'s 3-day RTOP average was a relatively low 71, snbettause of the lack of
hands-on activities and student-to-student discourse Ides@ibed. As Edward points out,
however, this may have been more a timing issue thareadflection of his pedagogy. Ed-
ward’s score is still well above the “reform threkliaf 60 and is due primarily to his relentless
guestioning during interactive lecture/demonstrations andathety of activities in which stu-
dents were engaged. Furthermore, unlike David, for exafBpl®ard made a point of having
students apply their new knowledge to situations outside élssrolom that they might see its
ramifications in the real world (video clips). Finaltile few physics foibles that Edward com-
mitted, though mistakes no physics major would have madeparectly addressed in the
Modeling curriculum notes or student materials and, hareeforgivable. Given all this plus
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his comments during the post observation and extendesli@ws:; his lowest score on the Mod-
eling Instruction Survey (a 1.6 average on a 1 to 5 scakrewhe range of scores extends up to
2.5), and his students’ highest average gains on the F@iclude that Edward did experience a
significant transformation in his conceptions of phyde&arning and teaching at the Modeling
Workshops.
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Frank

Modeling 3-day Baseline Long-term Student

Instruction RTOP | Student FCI FCI Averages

Teacher Survey Avg. (spring ‘98) %
1999 2007 % % Pre Post| Gain

Allan 185/3.1 135/2.3 90 39.3 244 503 339
Brian n/a 148/2.5 80 43.7 35.8 66{4 477
Charley n/a 149/2.5 70 49.7 n/a n/ja n/a
David n/a 130/2.2 84 35.0 37.8 65/8 45.0
Edward 145/2.4 96/1.6 71 n/a 304 72.0 59.8
Frank 168/2.8 114/1.9 87 41.7 26.0 | 524 | 35.6
Background

At the end of Frank’s first year at the school, he asked if would teach a physiology
class for next year’s seniors. Instead, he persuadedithmistration to let him create a physics
class as physics was not offered at that time. Franfraskthe class himself and, the following
year, was able to expand enrollment to include juniorauses; as he said, “l really prefer them
to have physics before chemistry.” However, the adtnation decided not to continue this se-
guence for the upcoming school year preferring to resémmistry for juniors and physics for
seniors since that was the conventional progressibis meant Frank would not be teaching
physics the next year, all the juniors having alreadyrtd® class, and he decided to seek em-
ployment elsewhere. Now that he had his credentiahkhoped to find a position at a public
school since the pay would be better. Frank’s tenut@saschool had lasted four years.

Frank next moved not too far away to a large public sadpool that had a highly re-
garded science program. His daily schedule was three @@tarperiods of senior physics.
Frank said this school was a wonderful place to teaehsttidents were all college-bound and
the curriculum was the renowned “Project Physics” w#hunique emphasis on the history of
physics. Moreover, with 90-minute periods, Frank was abgget through almost the whole text
over the course of the year. Frank said the entireddavas very proud of the reputation of the
science program and he would be there still except dyfansis compelled him to move to
New England. Frank was at this school for three years

After his relocation to New England, Frank spent orse g one school and two years at
another. Frank said he was very unhappy at the secbadldecause the administration made
programmatic changes that swelled the enroliment afi@peducation students in th® grade
physical science classes he was teaching, but they stoppediny instructional assistants to
help with the students. He left that school and moweedthird school where his assignment was
“all physics, all the time.” He was very happy astbchool and remained there 12 years until he
decided to remove his family to the desert Southwestssohiild could attend a public high
school for the performing arts — where Frank also naeftes. It was Frank’s first year at this
school when | observed him.

In 1996, Frank’s roommate from his graduate school days, viteomad first met as an
undergraduate and by this time was a physicist at Los Alaseas him the first pages of several
articles from theAmerican Journal of Physicgcluding “A Modeling Method for High School
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Physics Instruction” (Wells, Hestenes & Swackhamer, 198%8jigued, Frank asked his friend
for the rest of the paper. After reading the artiEl@nk applied to the program but had to post-
pone his participation for a year because of the bfrthisochild. Thus, Frank attended his first
Workshop in 1998 following his f4year as a teacher.

Frank was by no means new to inquiry-based physicsiatgtn, however. Frank told
me that during his time at the girls’ school he had beawedy involved with a local “teachers’
institute” that promoted a very hands-on approach to sigaching. Furthermore, in his letter
of application to the Modeling program, he wrote that tkpeeience had been “an invaluable
resource in developing my abilities to teach the concdgibysics in a way which was accessi-
ble to most studentbut their misconceptions persisted throughout the course and seemed to
change only minimally by the end of the academic’y@atics added). Frank goes on to say
that he had become aware of physics education reseat®80 when he reafl Guide to Intro-
ductory Physics Teachirgy Arnold Arons. In reading this book, Frank says had"“that
many of the issues | was confronting were the subjectioént research and debate.” In the
same letter, Frank wrote that a few years later heleadpportunity to “conduct hands-on ex-
periments using computer-based motion detectors” and tleeXperience convinced me that
this was one of the most effective teaching tools I'd eeen and that, properly used, it could
help students to confront their misconceptions aboullifferences between velocity and accel-
eration.” Finally, Frank says that after reading “Ad&ling Method for High School Physics
Instruction” he “recognized that Malcolm Wells and Davidckstdéaes had developed a program
that addressed virtually all of the shortcomings | hadgrezd in my own methodology.” Thus,
in the space of a paragraph or two, Frank had laid owvbletion of his conceptions of teach-
ing that eventually led him to the Modeling Workshops.

When | asked Frank about his experience at the Modelinggdhops he had this to say,
It was, without a doubt, the best professional developegrerience of my ca-

reer. Our entire group of 24 participants took to behavingstikdents so well

that we had to institute a 25-cent fine system to pentdzee who said some-

thing so outrageous that even our most clueless studerd Wwave been embar-
rassed. It paid for a really nice party at the end @fitbrkshop, too! [But] the
pedagogy was really the hook for me. | knew the coratleeady but was looking

for a method of teaching that would work better for nugstts.

| asked Frank what it was about the Workshop that madeasuchpression on him:

The Workshop was different than any other workshop kit been to. For one
thing was a lot longer. But the difference was that@sn't a workshop where
somebody just told you how to do stuff; it was a worksivbpre you did the
whole mechanics curriculum in four weeks. Usually whewn go to a workshop
you get a sample of something, a little bit of this atti Ibit of that, but you
don't do the whole thing. And you also don't get a chémpeactice it. We did
everything. The nice thing about it was you could just sitetland over the
course of the four weeks it was like, “Yeah, this wilink a lot better than what
I'm doing”; you could really see the value of what was kapyy.
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| was intrigued by his last comment, so | asked him whaad that he saw there that he thought
was of such great value compared to what he had been da@ngppattending his first Work-
shop:

A lot of it was the whiteboarding. It's like | getlaanice to see inside my kids'
heads, my students' heads, which | don't get any other Wtaink the other piece
was the way it's organized, the way the curriculumwtag the method’s organ-
ized makes sense to me. You start with the experibemause, | forget who said
it, but physics at its heart is an experimental scieéhout the experiment then
you have all these great theories, but if you nevethesh. It goes back to what
science is and what scientific knowledge is. You stih the experiment and
then you try to explain it and then maybe that explanajenerates a new ex-
periment.

With respect to implementing Modeling in his classroommicl, of course, he did first at
his previous position in New England, Frank said he hasifao obstacles at either school from
any constituency — not even from students:

I'm very up front with them. When they walked in at skext of year, | was very
up front. | said, “I'm going to do something different fraumat you're used to
but it works and I've got the proof that it works. So you'negto be asked,
you're going to be doing these things differently, yogtiag to be up here,
you're going to be talking. The only way it's going to werK you share with me
what you're thinking because that's the key piecekrbiv what you're thinking

| can help you get to where | want, what | want youddhinking. But if you
don't share it with me don't complain to me later wiaumn don't get it because if
you're not letting me know what you're thinking | carétchyou.” My admini-
stration was very supportive, they provided computers amgynfor sensors.

| have always considered myself extraordinarily luckye principal at [the
school in New England] said, | had both of his kidslass, you know, he said,
“You do it, you do what you think's best, just tell me Hozan support you.”
One of the things | think that really helped was on dpmrse night to have dif-
ferent experiments set up and whiteboards, different empats set up for the
parents to see what the kids were doing. A lot of itie Would come with their
parents on that night and they would come in and theydagay, “This is what
we're doing and it's really cool, we get to do this sanff we're playing with the
computers.” The parents that were professional engiasérscientists came in
and said, “You know, this is the way it should have bdenwhen | was in high
school.”

| also asked Frank about his initial experiences witm#ve pedagogy:

It was a huge change when | went from 75-80% lecture pegganbf material to
95% not lecturing and it still remains that walhe first couple of years were

really slow, but | worked through that. | still go througk first units on motion
pretty slowly because | think they're really importantl basic; if the kid doesn't
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get acceleration, the rest of year is pretty muctgootg to work for them.

Like David, Frank has made substantial revisions to thedlifag curriculum materials,
including, he said, completely rewriting Unit 4: Free R&tMotion. His motivations, however,
are different. Frank has been a Modeling Workshop instrgatoe the first summer after com-
pleting the Workshops himself (2000). In addition, he iassiduous reader of physics educa-
tion research. These two unique sources of informa&idwe proven invaluable to Frank in terms
of provoking new ways of thinking about his curriculum, sashhe lesson | observed, but al-
ways within the context of the Modeling pedagogy.

A lot of it is learning from people that already know fhhysics, but, they're
learning to teach this new way, too, and they have idéhasy say, “Oh, what
about this, this might work better for my students,” teihige that, and so there's
going to be new ideas. The other thing is, | think it ek in 2002, somebody
atthe ___ University started a physics alliance up theréthatutvas too far for me
to travel, an hour and a half each way, and | thoughteahyt we have one in
near where | live? So | got some money from ___ Colege&h is in the city
right across the river from where | taught, to actuadly teachers to come to a
monthly meeting and talk about physics. We got dinner and &&ldar show-
ing up, that kind of stuff, and actually everybody had a cdgyrans, and so that
started in January, 2003 and | don't think | ever missed aingeek was a good
opportunity.

Observations

The main facility of Frank’s school is a convertedyinstory Spanish-style office build-
ing located just outside the downtown area of the ditiye school faces onto grassy lot and has a
pleasant courtyard between its two parallel wings. Aaldkti classrooms are leased from a
church across the street. Frank’s classroom occtimespace vacated by an ambulance service.
The space is comprised of three or four small officesraoms that Frank uses for a personal
office, equipment and chemical storage, and a quiet stedyfar students; a larger room, per-
haps 25’ x 35’, that serves as his classroom; and @oestr Student tables fill two-thirds of the
larger room, surrounded on two sides by counters with stepye below and work space on
top, including a couple of sinks. Six or seven computevamous vintages sit on the counter-
tops and Frank has a full compliment of PASCO interfamees and probes. The room is small
enough that the student tables must be moved to allonaeasygs to the computers and the ta-
bles themselves are often used during labs. A screargewhiteboard, bookcases, bits of
equipment and assorted paraphernalia, plus Frank’s tedesie and computer fill the remaining
third of the room. A bank of windows along Frank’s thifdlree room and a glass door provide
some natural light. However, the room has only 7-é®ilings and it seemed somewhat dark.
Walkie-talkies comprise the intra-school communicasgstem.

Core classes are conducted only in the morning, four pgr@dgay, from 7:45 until
12:15. Classes are usually 60-minutes long, but the scheduksrmtarovide for two 90-
minute periods plus one 60-minute period on Wednesday and Frideyrest of Frank’s day is
spent meeting with his grade-level team and, during third quareeking with students prepar-
ing for their senior project presentations. | observeshiEs classes over a four-day period,
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Monday through Thursday, near the end of third quartemkResmaches two periods of physics,
1% and ¥ periods, and two periods of chemistr{f! @nd 4" periods. Due to scheduling re-
qguirements Frank’s physics classes are tracked accdaodstgdents’ math level placements.
First-period physics has 20 students, including six boys andam€aucasian; 3period phys-
ics has 18 students, including six boy&:(®riod chemistry has 16 students, including three
boys; and % period chemistry has 20 students, including seven boysepEfar the single non-
Caucasian student ifi' period, all Frank’s students are white.

When | observed Frank’s physics classes he was jushgtan Unit 5: Constant Force
Particle Model, though he had already done projectileomathich is normally part of Unit 6:
2-Dimensional Particle Models. Frank said he is “wayitd’ in his curriculum compared to
previous years, in part because this is his first yetlreagchool, but also because the non-
academic demands on students’ time are so extensivieetiias had to slow down to give stu-
dents more time to stay caught up on homework. | arnivédank’s classroom in time to watch
his physics classes begin an investigation of Newttird taw (corresponding to Phase 5:
Model Formulation Investigation and initial model formulation). Asthttentive reader should
have surmised by now, Newton’s third law is a particuldifficult concept for students to as-
similate and a source of frustration for conscientlugsics teachers, myself included. It was
with more than usual interest, therefore, that | olesethe proceedings. We begin at 7:45 on a
Monday morning in Frank’s®iperiod physics class, which he described as his “highdr-mat
level class.”

Frank passed out a very detailed worksheet he had prepaliathgugix activities ex-
ploring Newton'’s third law in different situations. afik told me later that he designed the ac-
tivities based on work of Bao, Hogg & Zollman (2002) tllentifies the contextual nature of
students’ misconceptions about Newton'’s third law. Theastisolated four themes in their
analysis of student reasoning in problem-solving situatiovsving Newton'’s third law: veloc-
ity, mass, “pushing,” and acceleration. For example esstondents believe that in a collision of
two objects with the same mass, the object with thatgranitial velocity will exert the greater
force. Similarly, students believe that in a cadlisbf two objects with different masses, the ob-
ject with greater mass will exert the greater forcé one object is pushing another object, the
object doing the pushing exerts the greater force. AndJyiinbne object has an initial accel-
eration, the accelerating object will exert the grefatere. In these last two cases, the objects’
masses are assumed to be equal. Thus, the activitibe arksheet give students the opportu-
nity to investigate the interaction between two objetesach context. A critical feature of each
activity is a force sensor of some type constanthasared the forces exerted by each object dur-
ing their interaction, which was displayed on a computeegged vs. At graph. In most cases
the sensors are force-probes mounted on dynamicsocdréstery-powered toy vehicles, but one
exploration has students pushing off one another witle fplates (bathroom scale-sized force
sensors with handles).

To start the activity, students first must have answeréatcas” question on the work-
sheet that asks them to predict which object in the ggenario will exert the greater force and
to provide an explanation for their predictions. The wieeks includes space for students’ pre-
dictions, observations and data, force diagrams, andusimes (as well as a photo of the setup
for each activity — it was clearly the product of sevamlr’'s work). For this class period, stu-
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dents were required to record their predictions, datapbservations, and to start answering the
five questions in the conclusion.

Students worked in groups of three or four and progressed sedyeht@lgh the sta-
tions, each group starting at a different station.nlEk@as constantly circulating around the class
and kept students on a schedule of six or seven minuteadh activity, which seemed to be
adequate, though Frank did have to attend to a couplevgiuter glitches along the way. |
overheard some wonderful exchanges among the studehtsyagued about their predictions,
voicing every misconception Bao, Hogg & Zollman (2002) hadrmle=sd; the negotiating and
bantering; and registering shock when hes. At graphs weralwaysnearly identical. | ob-
served very little off-task behavior. Frank closed thssby telling students, “Think about what
forces are acting, starting with your first activity.”

Events in 3 period physics proceeded similarly except Frank spent timoeeon his
introductory remarks (this is his “lower-level” classe went over the worksheet and proce-
dures and emphasized that students should carefully reémttlsequestions as well as the ques-
tions in the conclusion before starting an activite also told students there was no need to do
force diagrams at this time. After the last rotatimough the activities, Frank settled the class
and responded to some students’ concerns about the srpalitigs in the~ vs. At graphs for
any given activity, ascribing them to subtle differencethe sensors’ calibrations and sensitivi-
ties. As any science teacher will attest, if thehea proposes that two quantities are the same
based on measurements, some students will insist thgutmntities be absolutely identical and
look askance at arguments about the inherent uncertama@y measurement. However, stu-
dents seemed to accept Frank’s explanation. Frank dlosedhss by exhorting students to,
“Think about what forces were acting on the objects arat wieir motions were like. What
were the other forces (e.g., gravity, friction, and rarforce) that were acting? Also think
about a force diagram for this situation.”

Frank’s 2% and 4" period chemistry classes were kept busy doing a lab deratmgtthe
conservation of matter.

Frank opened Tuesday’s 1st period physics class by immgdatéhg the tone: “I want
to start on the force diagrams today, but first whatydid find out in the activities? Speak, call
on one another. [Student] you go first.” The conversgtroceeded as follows:

S — The forces were equal.

T —Let’s talk about which forces we're talking about.

S — Gravity and support forces canceled so the rest mubkeldorces between
objects which also were equal.

T — What do the rest of you think? I'm not callingmeople, just speak if you
have something to say.

A — A few murmurs of agreement from student audience (A).

T — [to S] Draw a picture, include the forces.

S — [Went up to whiteboard and drew a picture of the setupana‘®ob,” push-
ing a car]

T — Can you draw some of the forces?
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S — [Force diagram mostly correct, except did not showligoéaction/reaction
forces]

T — Which two forces did we measure?

A — The action/reaction forces.

S — [Adjusted diagram to show action/reaction forces ¢qual

T — So these forces (pointing to the action/reactiar) pee equal and opposite.
But what about the motion of the objects? Do thesags have to be the
same?

A —No.

Frank continued asking undirected questions specificaliygrny get students to say that the ac-
tion and reaction forces act on different objectsat’i$) forces do not exist except as coincident
pairs — if an object experiences a force of any kind tthemist be exerting an equal and opposite
force on the agent. Students seemed to be strugglinghaitietminology. | noted also that

boys monopolized most of the discussion.

Frank next directed students to talk in their groups and tormeonsensus on the an-
swers to the worksheet questions. After about 10 minktask said, “Let’s summarize what
you’ve concluded. I'll write it down, but you do thdkiag.” One student offered his conclu-
sion which Frank paraphrased: “The forces are equaténasid they act in opposite directions.”
To this he added a comment from a second student: “Thegtdbatance’ because they don't
act on the same object.” Frank reiterated this lasit gaying that the term “balanced” is used
when then the sum of forces osiagleobject is zero. Frank then summarized the relationship
between action/reaction forces yet again, but thie tiemmade a distinction between internal
forces, which act on a single object, and forces @qatimseparate objects. Frank closed the class
with a brief demonstration on drawing force diagramsrftaracting objects. He instructed stu-
dents to complete a diagram for each of the activindspaepare a whiteboard diagram for one
of the activities to present during the next class.

As in the previous day's®period class, Frank did a lot more talking thanSipériod:
“What we’re going to do today is talk about the resytts found yesterday, what was confusing
about it, and how to resolve that confusion.” He themmarized the six cases with respect to
the relative motion of the objects: stationary, canstelocity, accelerating, pushing, or pulling.
Frank next solicited students’ observations about theitges and directly questioned individual
students so as to elicit a more precise description ¢ehich forces were equal, how do you
know the forces were equal, how did the objects behavg, éiiter one such exchange Frank
asked, “Are these activities examples of the samet®ituas, say, a book resting on a table? At
this point this should be something of a mystery to you tteaforces are the same independent
of the motion of the objects.” The conversationsvMeein Frank and each of the groups contin-
ued for a few more minutes. Frank waited patiently fspo@ses to his questions.

In the next phase of the lesson, Frank asked studentsitoasize their conclusions for
the activities:

T — Let’s go through the questions. What did you find dugPs write those
things down.
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S1 — Isn’t this Newton’s third law?

T - Hey, somebody's been reading, doing researdéar....

T - [Listing student comments on whiteboard] Forcesyd come in pairs,
equal in size, in opposite directions

S1 — Why are the forces equal when the masses aren't?

T — We don’'t know why, but we know that they are. T$isot a cause and ef-
fect relationship. We have both forces or none — imatetji
Who will draw a force diagram for their activity?

S2 — [Same example a¥ geriod. Initial force diagram syntactically correumif
force vector magnitudes incorrect]

T - Anybody have questions about the size of theeg®c

S1 — Shouldn’t there be the force of Bob on thg@aBob’s diagram]?

S2 — No. The force of Bob is on the car’s diagram.

S2 — [Coached by another student, S2 has amended the drawidgate con-
gruence of the action/reaction forces, but did not chéengghs of force
vectors]

T — [Corrected S2’s drawing]

S3 — Since the objects are connected, couldn’'t we et &s one object?

T — Ooh! Good question! Sure, but how would we changéotice diagram
for the combined object? [Brief discussion about intiefioraes followed]

T - This is known as Newton'’s third law, as [S1] shid,since | never named
the other two...

| noted that a few students were not fully engaged during wilitte discussion. Moreover, as
the text above indicates as well as other student @mts do not include, some students ap-
peared to have a tenuous grasp of these concepts.

Frank closed this class as he h&gpériod by demonstrating the steps for drawing a force
diagram, but solicited student input at each step (e.g.at\dinces are acting on Object A, etc.).
His final words were, “What | want you to do for nexhé¢ is draw [force] diagrams for each
situation. Use the grid (on the worksheet).”

Frank’s chemistry classes presented whiteboards foabthiéy had completed during
the previous class. Like Edward, Frank uses some of duelg chemistry curricula, but he
has not yet taken the Workshop, and student whiteboardsprepared in the Before-Change-
After (BCA) format | had seen in Edward’s chemistrgsdes. Also like Edward, Frank con-
ducted all the questioning himself. Unlike Edward, howevenkrasked few procedural ques-
tions but instead asked conceptually-oriented questiongyciended to reinforce the principle
of the conservation of matter (e.g., what was tinéilng reactant, what if there had been
more/less of this or that reactant, what quantitietaae not conserved during the reaction, etc.).

On Wednesday, Frank’s first two periods were his cheynidasses. Frank had previ-
ously assigned readings frothe Making of the Atomic Bonhly Richard Rhodes to give stu-
dents an historical perspective on models of the a{&arhaps the “Project Physics” approach
still influence’s Frank’s teaching?) Frank proceeded to ptes&cture, without electronic vis-
ual aids, about the evolution of scientific models ofdtan (e.g., J. J. Thompson’s “plum pud-
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ding” model, Ernst Rutherford’s nuclear model, Niels B®lsolar system” model, etc.), punc-
tuated with questions to the student audience about the egifterend against the different
models. The students did not appear to be well engaged andavesevhat unresponsive to
Frank’s questions in both classes.

Wednesday’s third period was Frank®geriod physics class. Students’ first task was to
prepare whiteboard force diagrams for the Newton'’s thinddctivities completed in the previ-
ous class. Frank told students, “Concentrate on tleenwiolg: Label all forces agent/object, label
each object separately, and force arrows should be pairtthat is, forces of the same mag-
nitude in different directions should be more or less #imees” As students got to work, Frank
reminded them, “Remember, force diagrams should correspdhd tmotion of the objects.”
About five minutes later, Frank, clearly reacting to wiehad seen on one group’s whiteboard,
announced, “Be sure you indicate which is which. Draittla picture [of the scenario].”
Twenty-three minutes into the period, by which time a geoups had been ready for some time
and were starting to socialize, Frank said, “Let’s gatatl. Let’s experiment — put the tables in
a circle.” This statement suggests that Frank had not prévmsled students to arrange the
tables this way, so | suspect my presence may have hadistimence. However this may be,
this format proved to be effective for both physics clagséerms of student participation.

When | queried Frank about this later he said that heushadvpnted to try something different,
but he, too, was impressed by the level of student engagiemen

The first group to present had the case of a person pustpmgst a wall (actually, push-
ing on a force sensor attached to the wall with andtree sensor). Their force diagram in-
cluded the force of the agent (person) on the wallerpdrson’s own force diagram (a force or
“free body” diagram properly includes only the foreesing onthe object and none of the forces
the object may be exerting). A student in the audi@nceediately challenged the group on this
point. The conversation proceeded as follows:

T — Let’s pick one diagram [each whiteboard has twgr@ims, one for each ob-
ject] and look at those forces. Are there any fotbastrouble anyone?

S1 — The person’s diagram has the force of the perstreomall.

S2 — What force opposes that force? [i.e., the foftke person on the wall —
this student has not yet realized that this force is shineorrectly]

T - You guys need to resolve this for yourselves. [Miiseussion among stu-
dents focusing on the (improperly shown) action/readboces and that the
force of friction on the person and the wall musth®same since neither
object is accelerating]

T - Every force that acts on an object should el thie label for the object
[e.q., the force of friction on the person is writtgps]. Are all four hori-
zontal forces the same?

A — Yes.

T — Why?

A — Because the acceleration is zero.

T — We measured it, they're always equal!
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The second group had no problems with their whiteboard;ramk asked the group if
their “force of road on car” was meant to indicate fbrce of friction (as opposed to the normal
force — it was). The third group had a minor problem rditating the equality of forces (with
congruency marks drawn on the force vectors), which ¢berected after Frank asked them,
“So, what’s equal in your diagram?” The fourth group’séodiagrams were correct, but a stu-
dent in the audience asked them, “Are the frictionderequal?” The answer is not immediately
obvious in this case (a powered vehicle pushing an un-poweredeyebecause the force of
(rolling) friction depends on the mass of the vehiclevals as the coefficient of friction between
the tires and the ground. The conversation proceeded@sd:

G — [Frank] said we’ll get to it later.

T — Does it matter?

G — [Shrugs and mumbling]

T — Can you explain how this corresponds to the motion?

G — [Adequate response]

T — Who's accelerating? How does the force diagshow this?

G — They both are during the push; the force of the puahger than the force
of friction.

T — What happens after they stop pushing?

G — Friction will slow them down.

The fifth and last group of the day had a similar sexfesxchanges.

Thursday’s schedule also began with the two chemistissek, but this day they were
only 60 minutes long. Students finished their whiteboard prasems and Frank wrapped up
this phase of the unit by listing the results (the ratproducts to reactants, plus error) the vari-
ous groups had gotten for the lab. The ratios ranged.8@mto 1.138 and everyone seemed
satisfied that matter was, in fact, conserved duringehetion.

Third-period physics was Frank’s first physics class otidye Since this class had not
met the previous day, the students’ task was to prepare waittforce diagrams for the work-
sheet activities. Frank had assigned the force diagraimsraework, but it was apparent very
few students had completed them in advance of classtudlents worked on their whiteboards,
Frank did a lot more coaching and asking guiding questionssitidss than he had iff feriod.
He reminded the class that their force diagrams dap®bap shot” of the forces acting on the
objects at the instant of their interaction (i.ecpdision or push). The whiteboard presentations
proceeded more or less as they hadipdriod, but | noted that Frank did most, but not all, of
the questioning. | also had the sense that Frank’s coashmgnore overt than ir'pperiod be-
cause the students seemed better prepared than | expesgddhany two day’'s observations.
In any case, what stood out during this class was Fras&iephasis of the principle that, “We
know the action/reaction forces are equal becauseeasumed them so.” This was the first time
| had heard Newton'’s third law so emphatically expressed@urely empirical relationship
rather than simply as an “axiom” inherent in the Newaa world view. Recall that Frank had
told his students, referring to the equality of actionkieadorces, “We don’t know why, but we
know that they are.” He is absolutely correct. | somes ask my own students, however, to
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consider how things might be different if action/rg@c forces were not equal, but this approach
may presume they already have an intuitive graspeofelationship they often do not.

First-period physics, Frank’s fourth period of the dayisfied up with the last white-
board presentation (colliding vehicles). Frank used thasion to lead a discussion carefully
comparing the behavior of the vehicles to the force dragnad the~ vs. At graph. Frank then
directed students to work on a set of review questioastinipation of whiteboarding one prob-
lem for presentation next week and a unit test thevialig day. The review questions were
highly quantitative and require that students decompose Venters in two dimensions (e.g., a
mass sitting on a frictionless wedge connected by a rep@asses through a pulley secured to
the top of the wedge to a second, hanging mass). Theanseatere very different from any-
thing | had seen in class. | did not ask Frank how hepreghred his students to solve these
problems.

Assessment

Frank utilized alternative, hands-on teaching techniques iednlg career. Though these
techniques helped make physics more “accessible” toudsmsts, they often were not able to
overcome the resilient nature of his students’ misqotiaes. A few years later, Frank became
aware of the relatively new field of physics educatiesearch and saw discussed and dissected
in print many of the frustrations he faced daily in H&sses. But the true epiphany came when
he had the occasion to read the full text of “A MaugIMethod of High School Physics Instruc-
tion” and attended the Modeling Workshops. In a schololk such as this dissertation, it is
sometimes difficult to put into words the true deptlieeling with which a subject may express
himself or herself. As you read the following passage fnoy extended interview with Frank,
please understand that at times he struggled with hiserao | had asked him why he decided
to apply to the Modeling program:

I'd been unhappy for a little while about what I thought sttele/ere learning. |
was looking for something that would work better than wheds doing. | don't
know if I knew what | was looking for, but I think | knewhen | found it or at
least it was worth looking into something that seemed teersanse to me after
reading the article about Malcolm Wells and how hegkd. That was really kind
of the inspiration for that. | think probably when &svgetting ready to move,
when | was cleaning out my classroom back in [New Hmjlat the end of last
year, oddly enough | came across that first page ofrtiedeathat my friend, liter-
ally the page that he sent me, it was in something.owKrstill have it because |
put it aside. [Long pause] | remember pulling it out and sayiisgchanged my
life because now I'm taking my family, moving across thentry, and the reason
I'm doing it is because of what | learned, you know, fteanning this method. If
that hadn't happened | never would've heard about this s¢meekr would have
had that opportunity for my son when he comes herelitanally a life-changing
experience for me and for my family. It was such aingexperience to find
that in my papers, just that, you know, that that wagu know, it was like one
sheet of paper can change so much...
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Frank’s response is very similar to Brian’s, but thatisgent is probably shared by most of my
subjects (and many other teachers, as well, as regortélddeling program staff). Frank was
casting about for a better way of teaching physics, bdicheot quite know what it should look
like. After reading the article about Malcolm Wellg, \was primed for his experience at the first
Modeling Workshop and has since become a Workshop leatiet. Filank has now fully em-
braced Modeling is indisputable. What can we say about duisige?

Frank is conscientious is in his implementation efModeling pedagogy and adheres to
the Modeling Cycle with great fidelity, as | have show#ar the lesson | observed, he closely
followed the sequence in the Modeling curriculum guidelingshb also enhanced and enriched
the experience for his students by extending the lessanltmle other activities meant specifi-
cally to address persistent misconceptions identifiederpltysics education research literature.
This is not to say that my other subjects ignore thgoitant source of information, rather Frank
is more deliberate in accessing and applying it and has ewtribaited to the literature himself.

| think one of the things that had the most impact on & getting to know the
research that was out there, the physics educatioarcésehat's really been a big
piece. Every month when the Physics Teacher comie ¢xJP comes my wife
knows that I'll be gone reading somewhere for the neut br so to see what's in
there. It's really influenced my teaching becausenkiHimean right away |
started using the FCI, things like that, but more regersiing the Lawson test
[Classroom Test of Scientific Reasoning] to try to finthe connections between
the student’s skill set when they come into the cdashow they're going to do;
can | find some connections or something | can do to helpttidents along
while they're in my classes or something | can mayh® thelp them before they
get here. One of the reasons I'm here is that tleeg apen to the idea of trying
some of the work of Philip Adey and Michael Shayer indixéh, seventh, eighth
grade here using the “Thinking Science” [curriculum].

Frank is also similar to Brian in his delivery. Heelsrdoes other than ask questions and
his questions emphasize the conceptual over the techniped@edural aspects of an activity or
whiteboard presentation. His questioning style is vetigpaand non-judgmental, but | noticed
that boys tended to monopolize student discourse eenlassroom full of girls. Whether this
says more about girls, boys, or physics instruction ifean¢o me. Frank, however, is the only
one of my subjects to have taught in an all girls’ sthbough it was several years in the past.
Frank is also new to the school this year and this raag had some affect as he has not had the
time to establish his reputation with the students arffl Stevertheless, from what | observed,
Frank is well-regarded by his students and they were caabterin his classroom. Recall that
this is a performing arts school with twice as many gisl¥oys, so perhaps the reader can imag-
ine the occasional singing, posing, and drama that occancedust occur regularly even in sci-
ence classes.

Frank had been teaching physics for about 12 years befatteineled the first Modeling
Workshop and took the VASS, so one should expect him todhes@sonably “expert” perspec-
tive, which he did. Only on questions 18 and 21 does he pr@seixed” view. Question 18
reads, “How well | do on physics exams depends on howlwatt: (a) recall material in the
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way it was presented in class vs. (b) solve problemsatlkasomewhat different from ones | have
seen before.” Frank’s response to this question surslgWaved since attending the Modeling
Workshops:

What I'd like for them to bring away from [my classjust a way of thinking,
you know, maybe nothing particularly about physics, but aaf@yaluating
whether something makes sense — does that pass thetSaeggtest.

Question 21 asks the respondent whether he or she beheviasvs of physics are “inherent in
the nature of things and independent of how humans thinkiegnted by physicists to organ-
ize their knowledge about the natural world.” Frank wgonly subject to select the “mixed”
option, but | maintain that his choice is a truer i&ften of what all my subjects actually believe
about the character of physical laws. It would be @sgng to see if Frank’s views on this issue
have changed.

Frank’'s 3-day RTOP average was 87, second highest amongpyagts. Frank was es-
pecially well-attuned to students’ misconceptions howpresented, effective at asking ques-
tions that “triggered divergent modes of thinking,” and pravidevariety of means for students
to explore phenomena illustrative of Newton'’s third laihe post-activity questions and white-
boards were crucial in promoting students’ self-reflecbout their own learning and student
guestions and comments often determined the focus andatirettlassroom discourse. These
observations are entirely consistent with Frank’&rsglorts of Modeling practice on the MIS.
The 54-point change in scores between the 1999 and 2007 sarggysmarily due to his fully
exploiting whiteboard sessions, following the Modeling cuiftion, and emphasizing conceptual
understanding of models.

What is difficult to reconcile with this glowing reation of Frank’s Modeling pedigree
are the relatively low average FCI gains of his regpitgssics students (second lowest among
my subjects). Moreover, the contrast with his hostudents is striking; about a 15% difference
on average but as high as 30% in 2006 at his school in Newriehgl’he consensus opinion in
the Modeling community is that students’ preparation inheraiatics and the corresponding de-
velopment of their cognitive reasoning skills accountsafeignificant percentage of the variance
in students’ scores (an opinion with which Frank concims)] have not tested this hypothesis.
| am happy to report, however, that Frank’s newest stadealized a substantial improvement
in average gain compared to all previous years, a resuikks tentatively attributing to their
music training (the 8% difference in average gain betweffperiod, “higher level” class,
and his &' period class is not statistically significant). Taet that many of Frank’s students
are comfortable in front of an audience may be ardmning factor, as well.
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Conclusions

By the time they attended their first Modeling Workshbyp, teachers in this study, all
within the 45 to 64 age bracket, had been teaching for 22, 4, 96and 13 years, respectively,
and came to their profession via distinctly differemites. None of these teachers has a degree
in physics, though three of them have degrees with a ghgsiphasis, and only two of them
have been teachers their entire professional car@énss, among physics teachers they repre-
sent a fairly broad cross-section of background and expzi(except for race, gender, and
age!). But how they became physics teachers is peaiptieethis study. | wanted to understand
how they becamblodelingphysics teachers and why, after eight years of pradtieeof the six
are still devoted to this pedagogy and why the sixth is halso wanted to understand and ac-
count for the differences in their practice; why, desfhe same training, the students of some of
these teachers realize significantly higher learning ghars others.

The three questions that guided this inquiry were:

=

How and to what extent does the design of the Ntagipedagogy induce conceptual change

in teachers’ conceptions of physics content and pedagogy?

2. What factors, including teachers’ beliefs and backgrasgndgell as their participation in the
community of discourse embodied by the workshops and teelhg program generally,
influence their implementation of the Modeling pedagogyheir classrooms?

3. How might the program be redesigned to increase theetwh high performing teachers

and, similarly, how might teachers be supported afienpdeting a workshop so as to reach

high levels of implementation?

1. How and to what extent does the design of the Modelingg@agogy induce conceptual
change in teachers’ conceptions of physics content and pedagogy?

Conceptual Change and Modeling Theory

The central proposition of the conceptual change theblearning is that before a new
conception can be accommodated there first must batidisEtion with a current conception.
Consequently, a major premise of this project has bestrsome physics teachers’ dissatisfac-
tion with the persistent ineffectiveness of theaditional, didactic style of teaching in promoting
student learning of elementary physics concepts should inddubhem a cognitive dissonance
between how they teach and what students learn. dlipithis dissonance has been mitigated
by laying the failure to learn at the feet of the stuslamid not on the pedagogy. | hypothesized,
on the other hand, that for many teachers attendiniltitkeling Workshops this teacher-as-
transmitter/student-as-receptacle conception of teachithdearning was overturned. As teach-
ers were exposed to and practiced an alternative pedaggdyethen to realize thathat stu-
dents learn depends mostloowthey learn.

In particular, the Modeling pedagogy is built on a consitristttheory of learning most
closely associated with the work of Bruner (1960) in wheahners “construct” new ideas and
concepts based on current and prior knowledge. A key elevheanstructivist theory is that
the cognitive structure of human knowledge is in the fofmental models A contribution of
physics education research to this theory of learnindgp@as that one consequence of human
cognition is that many of students’ mental models aboutigdiyshenomena are invariably mis-
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aligned with the scientific world view. Moreover, teésisconceptions” interfere with student
learning and often are resilient to instruction, esplyatadiactic instruction.

| hypothesized, therefore, that by attending Modeling Wars teachers experienced,
first and foremost, a change in their conceptiohaf students learphysicstowards a more
constructivist perspective. The inevitable corollaryhie hypothesis is that teachers also ex-
perienced a concurrent change in their conceptiohswfto teaclphysics Thus, | proposed
that the immediate cause of this conceptual changeeaakdrs’ apprehension thaarning and
teaching in physics are fundamentally concerned with constructing sciaihtisdigned concep-
tual models of physical phenomenBhis realization comes to many Workshop teachersstlmo
as a revelation handed down from on high. It restrastthre way they think about their stu-
dents, their practice, and physics itself. | reviewawidence supporting these propositions be-
low after | describe the context in which this allegedaeptual change takes place.

Modeling Workshops Scaffold and Reinforce Teachers’ Conceptual Change

If we concede that teachers have assimilated theModeling principle, it is a relatively
straightforward process for them to accept, as factdfe strategy for promoting this sort of
learning, a student-centered, discourse-oriented pedagogyadh sthidents are actively and col-
laboratively engaged in their own learning. Much ofithpetus for this pedagogy comes from
the practice of science itself, but even more is feonpirical research conducted by Malcolm
Wells for his Ph.D. dissertation and later by otherhag worked to refine the pedagogy (Wells,
Hestenes & Swackhamer, 1995). Thus, the Workshops weagneésntentionally to incorpo-
rate the very principles as well as the pedagogy itheaed teachers would emulate in their
own classrooms. Wells, Hestenes, Swackhamer, ancsathe contributed to the format of the
Workshops were convinced that teachers could not be exptecpassively absorb a pedagogy
diametrically opposed to traditional physics instructianthie same didactic teaching style the
Modeling Method was meant to replace. Teachers mustnineersed” in the same environment
intended for their students, collaboratively constrgctime same models utilizing the same dis-
course as they collaboratively construct new conceptibteaching and learning for them-
selves. They must have a visceral experience withatine sort of active learning they hope to
promote when they get back to school.

| have proposed that teachers attending Modeling Workshxpesience conceptual
change that transformed their conceptions of teachiddeanning in physics. | have also de-
scribed how the pedagogy of the Modeling Workshops scaffoldgdesnforced this conceptual
change by engaging teachers in the same process oforatiab model building as is intended
for their students. | now review the evidence for th@eg@ositions.

Teachers’ Experiences at Modeling Workshops

When | asked my subjects what about their experiendée &vorkshops prompted them
to drastically reform their teaching, their responseswaried but consistent. Allan said most
valuable to him was “participating as a student.” For Biia@ Workshops “changed the way he
thought about teaching and learning” so as to change his fmengdacher-centered to student-
centered instruction. Charley said, “It helped me togaize the strength of my students ‘pre-
conceptions’ about the natural world and how difficuttaih be to replace such with better mod-
els.” David’s response was similar to Allan’s: “We jugdpat the opportunities to experience
what our students would from inquiry labs to whiteboardiomework.” Edward’s reply was
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particularly thoughtful: “I [was] very impressed witletstoryline and simple models developed.
| think most teachers have the long view that Modelingrsff The difference is that students
[will] also get explicit exposure to ideas that took thobas taught in a more traditional style
years to ‘see.” Frank had a different take: “A lotitolvas the whiteboarding. | get a chance to
see inside my students' heads which | don't get any othyer Mhink the other piece was the
way it's organized; the way the method’s organized makeseso me.”

The Modeling pedagogy has three essential componentsotieanthe Modeling cycle,
and classroom discourse. Undergirding these three feuhéational principle that students
must be actively engaged in their own learning. Ea¢heofeachers’ comments above suggests
which of these facets was most resonant for theteaéVorkshop (though these recollections
are eight- or nine-years old). Allan, Brian, and Daeisbionded to active student learning; Char-
ley and Edward to the models; and Frank to the Modeling eyweeclassroom discourse. For
myself, it was the Modeling cycle (like Frank) and tverarching storyline connecting the
models (like Edward). | have a Master’s degree in physigsthe Workshop was the first time |
saw Newtonian mechanics presented in a single, coHememwork rather than as a series of
disjointed factoids and formulas. Of course, it isiclifit to untangle any one component from
the others as they are really a connected whole. uBeany successful theory of learning must
presuppose a correct theory of knowing, the essentiatipamd appeal of the Modeling peda-
gogy lie in Wells and Hestenes’ insight that since husmaake sense of the physical world via
models so should teaching about the physical world. | &apkined how teachers’ participa-
tion in the Modeling Workshops initiated the conceptual gbgrocess but what sustained it?

Modeling Workshops Promote Professional Community

Besides the content, two characteristics distinguisiMbdeling Workshops from many
other, more typical programs of professional developmé&he first is the aforementioned “im-
mersion” format. The second is the duration: four-wédkjme sessions over two consecutive
summers. Moreover, since many, if not most, of thigg@ants came to the Workshops from
distant locales, they required housing, typically inegeg dorms vacated for the summer. In ad-
dition, the Workshop leaders ensured that teachers engagadous team-building and extra-
curricular group activities such as outings to local @@real venues, museums, restaurants, and
the like. Inthese respects, as well as in othkesyWorkshops were not unlike “summer camp.”
The picture should be clear: about twenty veteran physashers, each of whom has chosen to
attend the Workshop with at least some intention of @awipyg his or her craft, working collabo-
ratively and interacting socially several hours a delgéarn an entirely new pedagogy. The in-
escapable conclusion is that the Workshops are, indeadpsaof “professional community”
(e.g., Lieberman, 1990; Westheimer, 1998; and Wenger, McDe&n&rtyder, 2002) — that is, a
collaborative group of teachers intentionally creatétl an overarching mission to support in-
creased student learning.

The community thus created performed two vital functioil vespect to the Modeling
program’s mission. First, it supported and reinforcedhealearning by providing opportunities
to collaboratively practice the new pedagogy and thergpsreled teachers’ “enactment zones”
(Spillane, 1999) so as to “enable teachers to adopt perggreotitside their own bounded prac-
tice” (Gallucci, 2003). Such communities “promote sharegsved doing things, allow for the
rapid flow of information, create mutually defining idigies, and provide a venue for local lore
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and shared stories” (Gallucci, 2003). Second, membersHie toimmunity encouraged “inter-
nal accountability,” that is, “the set of processegmhy teachers apply shared expectations to
their own work and to that of their colleagues” (Newma€ing & Rigdon, 1997). This internal
accountability undoubtedly was evident during the Workshéjeser pressure alone saw to that.
But | believe it extended further still, to teachemnsmoclassrooms, especially during the induc-
tion period when the novice Modelers struggled most wighpedagogy. Despite various obsta-
cles, not the least of which was adopting a radicaffgr@nt pedagogy, these teachers soldiered
on even though no external mandate for reform had ibgewsed. Teachers’ personal integrity,
their abiding faith in the ultimate effectivenesstud pedagogy, and the sense of allegiance to
the community of Modelers instilled at the Workshopswtained them through the induction
period.

The Role of the Virtual Community

The internal accountability within the community of Méte diminishes with time, dis-
tance, and experience. The bond between teacheugitistll collegial, inevitably weakens
without continuous reinforcement. Also, as teachecsime more experienced and, presumably,
expert with the pedagogy, they will naturally tend to ratyre on their own judgment and refer
less often to the curriculum manual, the Modeling websitether external sources of support.
Nevertheless, both the Modeling website and the Modasitggtv play critical roles in main-
taining the community across time and space. The Modektigite serves as an information
clearinghouse, but the listserv is an example of wihairigold (cited in Ellis, Oldridge & Vas-
concelos, 2004) calls a “gift culture where informat®thie gift.” That is to say, subscribers to
the listserv are “members of a virtual community [whajvide information freely to the com-
munity, not in the expectation of immediate rewardibuhe expectation of diffuse reciproca-
tion.” Subscribers know that if they post a questioruaiodeling, a lab activity, a worksheet,
or what have you to the listserv someone will regippadm turn, he or she may eventually return
the favor. All manner of queries and bits of informatiwa posted to the listserv from employ-
ment opportunities to threaded discussions about physicstesuasearch. Thus, active par-
ticipation in the virtual community can reinforce teasheelf-identities as Modelers. Four of
my six subjects report that they are “active membefi@Modeling community. They consult
the website regularly for updated curriculum materiats to stay current with the “state of the
art.” They are subscribers to the listserv as amedl read the postings on a daily basis. All four
have posted to the listserv in recent months, thougte snore often than others.

Modeling Curriculum Materials

It is also crucial not to underestimate the importaridceewell-developed and complete
first-semester Modeling curriculum manual each teadwived at the Workshop. Other fac-
tors notwithstanding, all my subjects said that it wouldehiaeen difficult to impossible to im-
plement the Modeling pedagogy without these materials.eRdmy subjects have made sub-
stantial revisions to the materials since the Workshaydsas Brian puts it, “the chances of slip-
ping back into old, familiar ways would have been muchtgréaithout them.

Charley: The Exception

None of this, however, was quite enough for Charley arfthkanostly, but not entirely,
forsaken Modeling. Inthe end, it is how Charley peseghis role as a physics teacher that, de-
spite a good-faith effort on his part, finally convinced baislip back into old, familiar ways:”




-99-

My biggest issue is not [Modeling’s] value, but | guess lithadtthe school that
wants to "get to rainbows." The school year isn'jlenough to do justice to any
physics curriculum, at least | can't make it work, atrgt to both teach kids how
to do science and to also get turned on to the naturauifen

So much of physics, even elementary physics, lies “begmeahanics” and Charley wants his
students to see as much of it as he can show thenme ifag be other issues at play here, how-
ever. For example, why did it take Charley an eny@ to get through mechanics his first year
Modeling? Or, if he found the mathematics of the unipamectiles (Unit 6: 2-D Particle Mod-
els) too difficult for his students, why did he not ameiierit? After all, one can solve some
projectile motion problems without the use of trigonometfnally, if he did not like the way
energy is presented in the Modeling curriculum, why diddterevise it to his liking?

There are always alternatives to specific elementseoModeling curriculum and many
teachers have made such refinements. What must aogehof course, is the pedagogy. |
sense an inflexibility in Charley’s approach to Modeling WwHisuspect rendered it awkward
and difficult for him. Much of Modeling is about adaptingdapting to what students reveal
about their learning, to the ebb and flow of classro@oadirse, and oneself to become a facilita-
tor of student learning. Perhaps, after 16 years of tegcGimarley could not adapt.

2. What factors, including teachers’ beliefs and backgrounds well as their participation
in the community of discourse embodied by the workshops arttie Modeling program
generally, influence their implementation of the Modelig pedagogy in their class-
rooms?

Unpacking the Pedagogical Content Knowledge Construct

| have demonstrated that five of my six subjects experepaEfound changes in their
conceptions of teaching and learning in physics as a desglt 0f attending the Modeling
Workshops. Consequently, their physics pedagogical cokitemtledge (PCK) was dramati-
cally transformed as evidenced by the complete overtbfdteir previous practice in favor of
the radically different Modeling pedagogy. How, then, adoascount for differences in their
practice? Can they be reduced to mere differences sdmedrstyle or are there deeper sources?

The answer to these questions lies in discerning the wayiich teachers’ PCK has
metamorphosed. To conduct this analysis, let us recorGatsen’s (1999) four components of
PCK in science: knowledge of students’ common miscormeptknowledge of specific science
curricula, knowledge of topic-specific instructional stggs, and knowledge of the purposes for
teaching science, and ask how and to what extent eabbsg tomponents has been modified.

Students’ Common Misconceptions in Physics

Enhancing teachers’ knowledge of students’ common misptines in physics is an in-
tegral part of the Modeling Workshop pedagogy. Lists of ststdensconceptions compiled by
Halloun, Hestenes, and Wells as well as by other physiucation researchers (e.g., McDermott
& Redish, 1999), and even by Workshop attendees, are exaamdeatiscussed. More impor-
tantly, misconceptions specific to each instructiométl and how they are manifested in student
discourse and other student work are thoroughly elabor&tdect, one of the more dubious
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pleasures of participating in Modeling Workshops is the dppay for teachers to behave like
their students and “model” student misconceptions so that teachers might practice their So-
cratic questioning.

In any case, teachers’ knowledge of students’ commeaoamceptions is vastly im-
proved, if initially only on a theoretical level. Mybjects all report that it took and still takes
time to learn to recognize and appropriately respond torgtsidaisconceptions, but they all
agree that their knowledge of students’ misconceptiossgneatly enlarged at the Workshops.
Furthermore, the Modeling program staff reports, anecdptaly some of the most effective
Modeling teachers seem to have a profound awaren@sdivitiual student’s misconceptions.

Brian, David, and Frank demonstrated a sound grasp of studestsinceptions based
on the kinds and frequency of questions they asked during stutdgeboard presentations.
David had trained his students to ask many procedural questioioh, alowed him to concen-
trate on the more conceptually-oriented questions andk Fraohcompletely revamped a lab ac-
tivity specifically incorporating physics education reseamlstudent misconceptions. Both
Allan’s and Edward’s questioning tended to be more focused omssudeocedural rather than
propositional knowledge. Consequently, | am less suvatahe depth of their knowledge of
students’ misconceptions.

Teachers’ Knowledge of Science Curricula

Teachers’ knowledge of specific science curriculathimcase, coherent, comprehen-
sive, and scientifically-aligned models of physical phmeena embedded in a well-defined theo-
retical framework — is at the core of the Workshop pedagtigyg.all about the models. | need
not recapitulate the details about the models in thdelileg curriculum or how Workshop
teachers acquire this knowledge base, but we can askewltedthers are explicit in their devel-
opment of the models in their own pedagogy.

Unfortunately, | do not feel | observed teachers long enaufrtn a complete judg-
ment on this issue. | did, however, observe each Mugledacher progress instruction at least
through Phases 5 and 6 (Model Formulation) of a Modelioteqpavid and Frank), and three
teachers (Allan, Brian, and Edward) got to Phase 7 (IMiadel Deployment). Each teacher
did indeed have students employ the multiple represensafggaphs, vector diagrams, mathe-
matical formulas, and verbal descriptions) that atutstthe conceptual model, but | have no
data (or recollection) indicating that any teachethwhe lone exception of David, ever even
used the word “model” in class. | suspect also that é&aelters have time to explicitly validate
the models developed in class (i.e., to specify the doarrange over which a model is appli-
cable — corresponding to Phase 9: Paradigmatic Synth@sisyefore, | tentatively conclude
that although the teachers are reasonably conscieatimug having students develop a complete
model specification, they are less careful about Ingehe construct so developadnodeland
delineating its operational limitations. This practicgyrteave students in much the same situa-
tion they were prior to instruction with*aaive physical causality consist[ing] of a rich system
of elements that are organized only in a limited degre&e@@ia & Sherin, 1998). Reaching the
validation stage was not stressed in the early Worksti®®5 — 1999), but | am told that this
deficiency in the Workshop pedagogy has since been addrestsel Mpdeling Instruction pro-



- 101 -

gram staff. However, my subjects may need additiordépsional development in this aspect
of the pedagogy.

Teachers’ Knowledge of Topic-Specific Instructional Strategies — Modeigsugpurse

Here, | restrict my discussion of teachers’ knowledf®pic-specific instructional
strategies to the issue of classroom discourse managamemost other strategies will be com-
mon to any physics classroom. We are now at thehesigt of Modeling and | have described
this defining attribute of the pedagogy as well as therdassdiscourse practices of my sub-
jects in detail. Classroom discourse managemeneiskii most critical to student learning in a
Modeling classroom (Wells, Hestenes & Swackhamer, 19685bien, 2002) and the one in
which the most conspicuous differences appeared amonghjgcts. Since each teacher was
similarly instructed in classroom discourse managenteheaNorkshops, the differences in
their practice must come in large part from the deptieathers’ apprehension of the essential
purposes of classroom discourse in the Modeling theoseohing. Classroom dynamics play a
role as well, of course, but this is controlled forame extent by the similar demographics of
the subjects’ classes. Wells, Hestenes & Swackhamer (22pB)n the purpose of classroom
discourse thusly:

As students are led to articulate their reasoning icolkese of solving a problem
or analyzing an experiment, their naive beliefs abouptysical world surface
naturally. Rather than dismiss these beliefs as iacgrMalcolm learned to en-
courage students to elaborate them and evaluate themme&to the issue at
hand in collaborative discourse with other studdntthe context of modeling ac-
tivities students have a framework for testing and correcting tvairideasges-
pecially in regard to relevance and coherence with adears. [Emphasis in the
original.]

Students need the immediacy of conversation; it providak katal-time feedback for students as
they construct their understanding. This goes beyondsenpking students’ prior concep-
tions; it allows them to pose questions from their unigwelving perspectives and challenge
others’ assertions as they struggle to make sense abtitept under consideration.

Two key features must be present to support this sortalleictual engagement in the
classroom. First, the teacher must create a legpoammunity that promotes scientific inquiry
and the public sharing of ideas. There is an anticip&xeeitement to authentic inquiry that can
stoke the interest of almost any student. As David S&&las much a real science as anybody
else does and it as new to them as any other newced®to a professional.” Of course, emu-
lating a scientist also means presenting one’s ideapublic forum. It is during this teacher-
mediated discourse, via Socratic questioning, that studargsbnceptions are elicited, con-
fronted, and, hopefully, resolved. However, many hidgloetstudents are uncomfortable per-
forming in front of their peers. The very idea of appgawrong or foolish can silence them as
can few other forces. Thus, they need “a climatesgdeet for what others [have] to say”
(RTOP item 20). Several of my subjects report diffiesitivith shy or reticent students, but they
also report that their more able students have no gualth intellectual risk-taking and look
forward to whiteboard sessions.



- 102 -

The second key feature is ensuring a high proportion of sttioletudent discourse. On
one level, this is a built-in characteristic of ledeling pedagogy. As students work collabora-
tively on lab activities and whiteboard preparation, moictheir discourse will be directed at
jointly constructing the model under consideration. Timegd this “safe place” because many
students are much more likely to take intellectual ngils their peers in small groups than in
front of the class. More difficult is engaging studentthe public debate, but it is just as cru-
cial. Indeed, the teacher may mediate the discussidrconduct some questioning, but ideally
students should be active interrogators for it is irhgliscourse that learning becomes “an inter-
individually triggered process of convergent conceptual chafigat, 1988). In the end, how-
ever, the teaches the final arbiter of the “truth” because the conveosationcludes only when
the teacher is satisfied that student representat@vres lleen reconciled with the model specifi-
cation.

To be fair to all my subjects and to mitigate somewhatcomments that follow, there
wasconsiderable between-student discourse during lab activwittewkiteboard preparation in
all the Modeling classes | observed. These are imgoréanues for student discourse that | did
not always get to observe closely. Therefore, dlieviing observations and conclusions apply
only to whole-class discussions.

Allan reported that his teaching has radically changee sittending the Workshops
and that he adheres faithfully to the Modeling methodoldggwever, his Socratic questioning
focused more on the procedural and he has not creatediagyé&arning community that sup-
ports public student discourse. That the potential for aledmmunity is there was aptly dem-
onstrated on the occasion when one entire classonaseive a grade based on a single, ran-
domly selected whiteboard. Brian’s questioning is much rmomneeptually oriented that
Allan’s, but he, too, does not seem to have createdm@rlgacommunity. | heard very little pub-
lic student discourse in his class as almost all tHegli@as between Brian and student-
presenters. The situation was similar with respestudent discourse in Edward’s class, but the
lesson format did not allow for many opportunities. AlD&vid’s classes and Frank’s two
physics classes had active public discourse. It was ylartic interesting that the whole-class
discussions in Brian's second-year physics class asawéil David’s APand conceptual physics
classes (all Modeling classes) were much more animatedrdhusiastic than in any of the
regular physics classes (except for the single instanoeea of Allan’s classes, as described
above). As | noted above, David has gone to somehsgtrain his students in Socratic ques-
tioning and participation is part of their grade. As membéesperforming arts community,
many of Frank’s students are perfectly comfortableantfof an audience, but | observed also
that in Frank’s two physics classes boys tended to doenihatdiscussion despite being a small
minority in either class. David’s deep-seated constrigttonvictions and Frank’s familiarity
with physics education research (and the fact that adviedeling Workshop leader!) may well
account for their appreciation of the role of discounsa Modeling physics class.

The problem of overbearing boys and reticent girlshiees a long-standing concern in
the physics education community and the subject of consiéereg#arch (for an overview see
McCullough, 2002). Though the Modeling pedagogy makes no atterapdress this issue di-
rectly, the mandate of the learning community surelytramtend to ensuring an equal opportu-
nity for participation in every phase of a Modeling cyc&mple strategies, such as the circle
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whiteboard sessions that so impressed Frank, may do maféiéviate students’ anxiety during
whole-class discussion and encourage engage-ment. Sodaifdaeachers form students in
single-sex and even same-language groups for similasngea®Other teachers spend time early
in the year developing the learning community with vart@asn-building activities. In each
case the goal is the same: increasing students’ coled@itto foster full participation in the
learning process.

There is another message here, as well. At bessttieg a learning community is a diffi-
cult undertaking for most teachers. Moreover, allovenglents the full measure of time they
need to digest and discuss every fine point may be askingplessible given the typical con-
straints on a high school physics class. Under thasditons, getting “beyond mechanics” in a
single year might be as elusive as finding the provepaitbf gold at the end of the rainbow.
This is the essential “less is more” tension Modelewrhers face: is it better that students have
a deep understanding of relatively few concepts or shoudlsts at least be exposed to the
broad array of topics they will see in a typical eg# survey course? Modeling teachers’ em-
phasis on mechanics seems to stem mostly from théaf bethe primacy of mechanics as the
foundation for student learning in physics, but they alponte¢hat the Modeling curriculum in
this area is better developed than for “second” semegigs. Coincidentally, some support for
this emphasis can be found in the work of Sadler &2@01). In a study of 1,933 randomly
selected introductory- level college physics students, fthayd that in terms of preparing high
school students for success in college physics “coverimgitad set of topics, dealing primarily
with issues in mechanics, appears to be beneficial.”

The Purposes for Teaching Science

The last of Carlsen’s (1999) components is knowledge giuhgoses for teaching sci-
ence, which in this case means physics. Most physiceaesateach physics presumably be-
cause they believe that physics provides a fascinatindedtid perspective on the natural
world. However, Sadler & Tai (2001) cite a finding frorh3@6 National Center for Education
Statistics report that indicates 89% of high school misyeachers also “feel ‘preparing students
for further study in science’ is a moderate to majopleasis in their courses.” Allan, Brian, and
Frank each mentioned this during our extended interviewsidaSharley, but more important to
them and to the other two teachers was teaching studethigk critically. Of course, it is also
true that many physics teachers think “physics is phudtha fact that physics has social value
is just a happy coincidence. However this may bajdeissume that physics teachers find their
profession worthwhile and want to be effective. 8wie for them then becomes one of deter-
mining the best physics pedagogy and that judgment, in tysends on the teachers’ views on
science education and their conceptions of teaching andirig and their roles as science teach-
ers. As mentioned earlier, some science educatioarckses (e.g., Tsai, 2006) believe these
views are strongly influenced by the teachers’ viewthemature of science, but | have shown
that this is not necessarily the case. For examlien believes that “numbers represent the
truth” and that his role as a science teacher iprwide students with an opportunity to learn
about collecting numbers and data.” Despite this evigembpiricist perspective, Allan is a
committed Modeler. Ultimately, most teachers aretpralccreatures and want to do what
“works best.” This sometimes allows them to folldwe fprescriptions of a pedagogy without
completely embracing the underlying theory of learning. Withihat underlying perspective,
however, their effectiveness must be limited.
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Table 5, below, is a very informal assessment oti@at observed Modeling behavior in
the context of the four-component pedagogical content lednel construct: Student miscon-
ceptions: the relative frequency of conceptual vs. proceduestions; Explicit models: the ex-
tent to which a teacher was deliberate in the develapofea conceptual modak a model
Discourse management: a learning community was presersuadrted a high proportion of
public between-student discourse as well as small group dis;dRwle of teacher: extent to
which the teacher demonstrated an integrated understaridimg Modeling theory of learning
via classroom practice.

Table 5
Indications of Modeling Behavior

Student Explicit Discourse Role of
Teacher Misconceptions Models Management Teacher
Allan +/— - +/— +/—
Brian + — +/— +
David + + + +
Edward +/— — +— +—
Frank + - + +

+ Strong indication  +/— Some indication — Weak indication

3. How might the program be redesigned to increase the nurabof high performing
teachers and, similarly, how might teachers be supported t&f completing a workshop
So as to reach high levels of implementation?

| have identified a few areas in which the subjectéisfdtudy could have benefited from
more robust instruction and/or practice at the Workshampstel validation, creating learning
communities that promote public student discourse, and ardaegerstanding of the theory of
learning behind the Modeling pedagogy. Most of these issuedkaweaddressed by Dwain
Desbien (2002) in research he conducted for his own Modeliregtfas.D. dissertation entitled
“Modeling Discourse Management Compared to Other ClassManagement Styles in Uni-
versity Physics.” Though Desbien conducted his reseam@tvai-year college, | believe his
findings are generally applicable to the high school enwrent with little modification. Des-
bien identifies seven essential components to Mod&lisgourse Management: deliberate crea-
tion of a cooperative learning community, explicit neadtli@ creation of models, creation of
shared inter-individual meaning, “seeding,” intentionak latclosure, inter-student discussion,
and formative evaluation. The reader should be suftigierersed in the Modeling theory of
learning to have a good sense of what is implied for egatpractice by most of these compo-
nents, but a few of them merit further explication.

Seeding occurs when “the instructor seeds a small codéiee group with a question or
a hint” during whiteboard preparation that then arises abyuturing whole-class discussion.
For Desbien, seeding is a very deliberate act that esjythe instructor have an “agenda” for the
whole-class discussion in terms of his or her insiwael goals for the lesson. By intentional
lack of closure, Desbien means issues and questions raisegl Whole-class discussion may be
left unresolved at the end of class so that “studemtsneee to wrestle with the issues outside
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class and return with new ideas to share.” Finatigmhtive assessment does not refer directly
to student learning but rather to the teachers’ practi@sbiBn recommends teachers take “co-
pious” notes during class and use them to reflect on thlet@n of the lesson. He suggests
teachers ask themselves questions such as “Did | intetsemeuch during discussion?” and
“What ideas surfaced that | was not prepared for?”

With the exception of an intentional lack of closumpiative evaluation, as he defines
it, and the possible exception of seeding, Desbien’s comp®aee explicit in the Modeling
pedagogy and the others are, at least, implicit. | bdezach of these behaviors to one or ex-
tent or another during my field research for this studgvid’s practice, perhaps, came closest to
Desbien’s conception of Modeling Discourse Management. opkeative word for Desbien is
“deliberate” and it is this deliberateness that is mgsfiom the classroom discourse practices of
most of my subjects. | am not sure of the degree to wbédhien’s recommendations have
been incorporated into the Modeling Workshop pedagogy, but theds of this study clearly
support their inclusion.

What about teachers, such as the subjects of this sthdywill not have received the
benefit of Desbien’s research? Students’ FCI scoredaighe first two or three years after my
subjects completed the Workshops and the trend then ydat®aerhaps their practice can be re-
invigorated by some professional development focused sgabifon Modeling Discourse
Management. Though Desbien’s dissertation has beerdpmstbe Modeling website, the in-
formation has yet to be formatted so as to be easdgssible to teachers. | recommend creating
an online professional development course in Modeling DissoManagement for graduate
Modelers. Since they have had training in and practite twe Modeling pedagogy, they have
the conceptual tools that will enable them to assimila¢ information and incorporate it into
their own practice. The Modeling listserv can contiraupdrform its role as a venue for ques-
tion and feedback in support of the professional developowurse.

Implications

In many respects this project has been a confirmatody stit confirms the utility of
Carlsen (1999) and others’ schemes for categorizing teaém®wledge domains as a means of
understanding teachers and teaching. Especially usefokbashe construct of pedagogical
content knowledge. Parsing teacher knowledge in this walylesh me to consider the impact of
different aspects of the pedagogy of the Modeling Workshogshe Modeling pedagogy itself
on teachers’ conceptions of teaching and learning.

This study confirms the applicability of the conceptluslimye theory of learning towards
understanding the motive forces that provoke and promatagels in teachers’ conceptions of
their profession and in their core practices. Fostobthe teachers that were the subjects of this
study and for many other teachers as well, attendinlyltdaeling Workshops induced a trans-
formation that was sudden, profound, and permanent. Tileyotjust learn a new pedagogy;
they re-conceptualized their self-identities as teach&hss does not mean that every program of
professional development must or even should seekitwanthis sort of conceptual change. |
would argue, however, that if the goal of a program ofgssional development is to promote
lasting changes in teachers’ core practice, whethpad®f a systemic reform initiative or just
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for a relative handful of teachers, the program dessyweuld be well advised to consider the
results of this study.

Conceptual change theory also helped shed light on what mlgbit such transforma-
tions. Charley actively participated in both Workshapd practiced Modeling for almost three
years before “slipping back into old, familiar waysModeling did not become the self-defining
professional characteristic for Charley as it hasriyg other subjects because his experiences
with the pedagogy could not overcome his long-standing ammydeeld beliefs in his role as a
physics teacher.

This study confirms the empirical and theoretical wafrkeacher educators who research
and design programs of professional development for nmatis@ence teachers such as Loucks-
Horsley et al (2003). Their advocacy especially ofrfiension experiences” and building “pro-
fessional culture” (professional community) are congdjevalidated in this project and should
be taken to heart by other designers. Of course, isdime non-mandated context in which
Modeling Instruction is offered, neither immersion nailding professional culture can succeed
if teachers do not accept the fundamental premise qirtdgram.

Finally, this study confirms much about Modeling and Modelirgers with which the
Modeling program staff is already familiar. They havkegourse, observed Modelers in their
classrooms over the years and many teachers are rleaséit shy about sharing their trials
and travails via the Modeling listserv and at other vemtieze Modelers might congregate. |
hope, however, that | was able to bring new insightnwaapplication of the pedagogical content
knowledge model and the conceptual change theory of leathahghey might better target their
efforts to further enhance teachers’ learning experiesickgure Workshops.
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Future Research

This project was just one of spate of recent Ph.Dridem about Modeling by current
and former Modeling teachers (d&¢p://modeling.asu.edior a complete listing). Most of the
other dissertations have quite logically focused oreffexts of Modeling on student learning,
but one investigates the effect of Modeling’s constwisttperspective on teachers, and another
promotes reform in Modeling teachers’ classroom discanesegagement. Though none of us
have reached the bar set over twenty years ago by MaWells, who, after all, developed the
pedagogy, the impact of Modeling on us, our practice, andaraers has been...transfor-
mational. What does this say about physics teachatrshidir perceptions of teaching and them-
selves as teachers could be so overturned by a couplareiéek workshops? Perhaps the
reader now begins to understand why some Modeling teash@ggressively proselytize the
pedagogy when given the chance; they are “born again’ectsavModeling has spread to chem-
istry, physical science, and even biology — no scielass dhas been spared. What this all sug-
gests is the need for a deeper investigation into thetoggacience aspects of science and sci-
ence education just as has been proposed by David He§2606€3% in his paper “Notes for a
Modeling Theory of Science, Cognition and Instructionwaluld also be interested in replicat-
ing the cognitive and motivational research of Kang, Sohan, Noh & Koh (2005) with Mod-
eling teachers to possibly develop a predictive model ofchéest potential for effectively man-
aging classroom discourse. Lastly, | would like to oleséose few teachers who the Modeling
program staff have identified as able to complete tHeyéar's Modeling curriculum. How do
they do it and how do their students do on the FCI?
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Appendix 1
Modeling Method in Physics Instruction Curriculum

1% semester curriculum — Mechanics

Scientific thinking in experimental settings
Constant velocity particle model

Uniform acceleration particle model

Free particle (FP) model

Constant force particle (CFP) model
Particle models in 2 dimensions

Energy

Central force particle model

Impulsive force particle model

2" semester curriculum — Waves, Sound, Light, Electricity 8Magnetism

Mechanical waves:
Oscillating particle model
Mechanical waves in 1 dimension
Longitudinal waves and sound
Mechanical waves in 2 dimensions

Particle, wave, and photon models of light
Microscopic (charge) model of electricity and magnetism
Modeling-modified CASTLE (Capacitor Aided System for Tiaag Electricity) curriculum
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Appendix 2

Sample Syllabus for 4 Week Immersion Course - Mechanics

Prepared by Jane Jackson, Modeling Workshop Group, Arizaba Shiversity

Syllabus/Agenda

Week 1

Tue |(am) Welcome, Introduction of participants, Schedules, Worgstescription,

goals, ASU grading parameters, FCI overview, Pre-testigj:

Day 1 |(pm) Unit I: Scientific Thinking in Experimental Settings Pendulum lab,

Graphical Methods, lab report format, grading of lab noa&b
Reading: Hestenes, “Wherefore a science of teaching” (on magl@lebsite)

Wed | (am) Discussion of reading, clarification if Unit | lab. laite-ups, work-
sheets/test unit 1,

Day 2 | (pm) white boarding, presentation criteria, discuss unit nasdJnit Il: Par-
ticle with Constant Velocity, Battery-powered vehicle lab, post-lab d
cussion, motion maps, deployment

Readings:McDermott, "Guest Comment: How we teach..."
Arons, ch 1 (special attn: sections 8, 9, 11, 12)
Thu (am) Discussion of readings, problems, worksheets/presentations
(pm) Introduce ultrasonic motion detector and video analysig, IUTest, dis-
Day 3 cussion of adaptations
Readings:Hake, "Socratic Pedagogy in the...", Arons 2.1-2.6
Fri (am) Discussion of readingé&/nit 11l: Uniformly Accelerating Particle
Day 4 Model, ball-on-rail lab, white board results

Readings:Hestenes, "A Modeling Method for HS Physics Instruction.”




Week 2
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Mon
Day 5

(am) Discussion of readingpost-lab extension: instantaneous velocity, acas
tion, motion maps, model deployment lab, and deploymerk-wor
sheet/white board

(pm) Intro to Graphs and Tracksnstructional comments, descriptive particlg
models, more deployment exercises. wrap up unit lll nasetiestfree
fall w/ picket fence, video analysis or motion detector;

Reading: Arons 2.7-19, Mestre, "Learning and Instruction in Prelegel.."

bler

Tues
Day 6

(am) Discussion of readingJnit IV: Free Particle Model-inertia & interac-
tions inertia demo (Newton 1), the force concept, force diagrastatics
lab, the normal force demo questioning strategies

(pm) Tension forces, spring scales, force probes, pairegddurn in journals
(expected to include formal presentation of labs, articleeflections
and material adaptations to educational environment)

Reading: Minstrell, “Explaining the at rest condition...”,

Wed
Day 7

(am) discussion of readingdeployment worksheets/white board,
(pm) Discussion of reading, more deployment exercises unihaYérials, test

Reading: Beichner: Tug-K article and test

Thu
Day 8

(am) discussion of readingkinit V: CDP Model-force and acceleration
weight vs. mass lab, lab write-up modified Atwood's maclkabgcom-
pare different equipment)

(pm) white board results of previous days labs, post-lab exterdavivation of
Newton 2, lab write-up

Reading:Arons 3.1-4,Camp and Clement introductory reading

Fri
Day 9

(am) discussion of readingslewton 3, critique activities, deployment work-
sheets/whiteboard

Reading: Arons 3.5-9, Hammer, “More than misconceptions...”
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Ige)

Week 3
Mon | (am) Discuss reading, Finish whiteboarding, Unit V test
Day 10| (pm) friction lab: pre lab and data collection, white bodviddel development
Reading: Arons 3.15-24, Biechner, “Video based labs ....”
Tue | (am) Discuss reading, deployment activities, alternativesiesit test
Day 11| (pm) Unit VI: Particle Models in Two Dimensions,combinations of FP and
CDP models, deployment, turn in journals
Reading: Arons 3.10-14;
(am) worksheets/whiteboard, projectile motion lab,
Wed | (pm) explore use of Video Technology, alternative testst Te
Day 12
Reading: Arons 4.1-5;
(am) Discuss Readingg)nit VII: Work, Energy, & Power, Stretched spring
Thu lab, work on lab notebooks, graph, whiteboard prep & pectitiques.
Day 13| (pm) finish critiques, worksheets,
Reading: Making Work Work, by Gregg Swackhamer (on modeling webpa
(am) discuss readings, Gravitational potential energy, vikar&tic energy lab,
Fri

Day 14

Reading: Arons 4.8-9, Hestenes: Modeling Methodology for Physits ..
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[

Week 4
(am) Further discussion of working/heating as means of changiagal en-
Mon ergy of system; discussion of readings
Day 15 | (pm) Unit VIII: Central Force Model , uniform circular motion lab, col-
lect/analyze data;
Reading: Arons 5.1-4
(am) discuss readingleployment worksheets, instructional comments
Tue
Day 16 | (pm) central force applications, and extensions. Turnunnals
Reading: Arons, 5.5-6
(am) discuss readings, circular motion lab practicum. Alere tests and tes
Wed ing. FCI posttest
Day 17 | (pm) Unit IX: Impulsive Force Model, conservation of linear momentum la
use of air tracks, PASCO carts and video analysis,atalkga, plot -
nal VS finitial, submission of lesson plans for those contracting for g
A grade
Reading: Hestenes, Wells, and Swackhamer, “Force Concept lomgnt
Thu (am) discussion of readings, deployment worksheets, instnadtcomments.
Day 18
(pm) worksheets/tests on Impulsive force.
Reading: Hake, “Interactive engagement vs. traditional methods...”
Fri (am) MBT test and discussion, implementation discussiook bt 2° semester

Day 19

models
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Appendix 3
Modeling Workshop 11

Survey of Participant Experiences

Academic Year 98-99

Name:

This survey is intended to assist the staff ofMoeleling Instructiorproject in the evaluation of the pro-
ject as required by the National Science Foundatibfost of the survey consists of multiple choice
guestions, with opportunities to comment following eachice of related questions. The final section is

a series of short answer questions; space for generat@atsiis provided at the end.
Please answer all questions based on your experience thgiagademic ye&8-99
Please writdN/A next to any question that does not apply to your situation.

If there are issues related to a given section thaiyaild like to comment on, please write your com-

ments in the provided space, and continue on the back agddpeative page if necessary.
Your cooperation is greatly appreciated.

Method (Modeling Cycle):

1. How often do you ask students to work in [4]
groups in your phySiCS class? Regularly Frequently Sometimes Seldom Never
2. How often do you ask different groups to [4]
debate their ideas in class? Regularly Frequently Sometimes Seldom Never
3. How often do you use whiteboards? [4]
Regularly Frequently Sometimes  Seldom Never
4. How often do you lecture? [4]
Regularly Frequently Sometimes  Seldom Never
5. How often do you use handouts provided in [4]
last summer’s WOFkShOp? Regularly Frequently Sometimes  Seldom Never
6. How often do you use a standard physics [4]
textbook? Regularly Frequently Sometimes  Seldom Never
7. How often do you follow the modeling cycle [4]
phases of modeievelopmenanddeploymen?t Regularly Frequently Sometimes  Seldom Never
8. How do you rate your own understanding of [4]
the instructional modeling cycle? Verygood  Good Fair Poor Nil
9. Which of the modeling cycle components [4]
referred to above are most helpful for your Modeling  Group  whiteboards Handouts  Other
ases WoOrl
students (check all that apply)? P
10. What is your students’ overall reaction to the [4]
modeling cycle’? Very Favorable Neutral Not that  Not favorable
favorable favorable at all
11. How do you rate your overall implementation
of the modeling cycle? Very good Good Fair Poor Nil
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12. In your opinion, and with respect to its impact
on your students’ understanding of the course Much better
materials, how does the modeling cycle
compare to traditional lecturing?

Better About the same Worse

[4]

Much worse

13. By comparison to what you originally [4]
expected, how good was the impact of the Much better ~ Better About the same Worse  Much worse
modeling cycle on student understanding of
physics?

Comments:

Technology:

14. Is there standard laboratory equipment in your
regular classroom? YES NG

15. Is your classroom or laboratory equipped with
MBL or CBL materials? MBL CBL Neither

16. How many computers do you regularly have [4]
access to in your classroom/laboratory? gormore  6or7 4ors5 1t03 None

17. How many students work at each laboratory [4]
station (check all that apply)? One Two Three Four  Five or more

18. How often do you use computers or graphing [4]
calculators in your teaching? Regularly Frequently Sometimes Seldom Never

19. How often do you engage students in [4]
experimental activities? Regularly Frequently Sometimes Seldom Never

20. What is your students’ reaction to the use of [4]
computers/graphing calculators in their Very  Favorable  Neutral  Notthat Not favorable
activities? favorable favorable at all

21. In your opinion, and with respect to its impact [4]
on your students’ understanding of the course Much better  Better About the same Worse — Much worse
materials, how do MBL/CBL activities
compare to traditional laboratory activities?

22. By comparison to what you originally [4]
expected, how good was the impact of MBL Or Much better  Better About the same Worse ~ Much worse
CBL on student understanding of physics?

Comments:

M odel-based Content:

23. How well was the Mechanics part of your

course structured aroubdsic model3 Very well Good Fair Poor Nil

[4]
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24. How do you rate your own understanding
modelsandmodelingin Mechanics? Verygood  Good Fair Poor Nil

25. How well were parts of your course other than [4]
Mechanics structured aroubdsic model3 Very well Good Fair Poor Nil

26. By comparison to last year, how much [4]
material were you able to cover this year? Much more  More About the same Less Much less

27. By comparison to year, how deep was your [4]
coverage of the same materials this year? Much more  More  About the same Less Much less

28. What is your students’ reaction to structuring [4]
the content of your course aroumdbdels Very  Favorable  Neutral  Notthat Not favorable
instead of using the traditional sequence of ~ "rable favorable atal
materials?

29. In your opinion, and with respect to its impact [4]
on your students’ understanding of the course Much better  Better About the same Worse — Much worse
materials, how does model-based content
compare to traditional course content?

30. By comparison to last year, how good was the [4]
impact of model-based content on student Much better  Better About the same Worse  Much worse
understanding of physics?

Comments:

Assessment:

31. By comparison to last year, how did your [4]
students do on your exams this year? Much better ~ Better About the same Worse  Much worse

32. By comparison to last year, how well did your [4]
students do this year on national, state or othemuch better  Better About the same Worse  Much worse
regional exams?

33. How often do you assign practicums or special [4]
Iong term projects? Regularly Frequently Sometimes  Seldom Never

34. If applicable, how did students do this year on [4]
such projects by comparison to previous Much better  Better About the same Worse  Much worse
years?

35. How often do you use non-traditional [4]
assessment means like journals or portfolioS? Regularly Frequently Sometimes — Seldom Never

36. If applicable, how did students perform thiarye [4]
on such means by comparison to previous yeamsieh better Better About the same Worse  Much worse

37. How serious are your students in taking the

FCI?

Very Serious A little Not serious | do not
serious  enough  serious at all know
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38. How serious are your students in taking the

VASS? Very Serious A little Not serious | do not
serious enough serious at all know
Comments:
Classes:
39. What type(s) of physics courses did you teach
this year’? Regular Honors AP Technical Other

40. If applicable, which of these courses benefited
the most from thenodelingapproach (check Regular  Honors AP Technical  Other
all that apply)?

41. By comparison to last year, how was the level

of com petence your students started at this Much better Better About the sameWorse Much worse
year?

Comments:

School Environment:
42. How supportive is your school administration

N
]
[=]
[]

of the mode”ng approach? Very well Good Fair Poor Nil
43. How supportive are your peers at school of the
modeling approach? Very well Good Fair Poor Nil
44. How good is the cooperation among physics
teachers in your school district? Very good  Good Fair Poor Nil
45. Did you have any class interruption this year?
- YES NO
If so, please explain in comments below.
Comments:
46. Which of the following three categoriesst
. . 1 3
reflects the socioeconomic status of yscinoolP?
Upper Income/ Middle Income Low Income/
Advantaged Disadvantaged

Comments:
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47. Which of the following three categoribest

reflects the socioeconomic status of ystudents?
Upper Income/ Middle Income Low Income/

Comments: Advantaged Disadvantaged

48.Which of the followingbestdescribes your approach to grading students wghact tan-going
assessment and feedbadkomework grades, lab grades, etc.)? (plemsle)
(a) Grades maximally distinguish student performancg @ading “on a curve”).

(b) Grades reflect a pre-set level of perfance (e.g. all students could receive an “A” éith
work meets a certain standard).

(© Other approach; Please explain below.

Comments:

48.Which of the followingbestdescribes your approach to grading students wipect tesemester/
final grades and major examination® (please circle)

(a) Grades maximally distinguish student performancg @ading “on a curve”).

(b) Grades reflect a pre-set levelafgrmance (e.g. all students could receive anifAtieir
work meets a certain standard).

(©) Other approach; Please explainwel

Comments:

Optional:
Additional comments regarding your teaching
experience
during the 98-99 academic yes
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Graph of FCI vs. PE 98-99 goes here.



- 123 -

Appendix 5

Interview Protocols

The following interview questions will guide interviewstivieachers involved in Modeling instruction
(this interview will take place after all classroom olaéipns and subsequent interviews have been com-
pleted):

Basic background information: college major, years teagbtiygics, years since Modeling Workshop,
classes taught, student demographics, etc.

How would you define science and scientific knowledge?

How would you describe the role of a science teacher?

What do see as the critical factors that affect yoachig practices?

Please describe your typical approach to teaching physics.

Why did you decide to attend a Modeling Workshop?

Has your teaching practice changed as a result of attendfiogleling Workshop? How?
What do you think it is about Modeling that prompted you to chgogeteaching practices?
In what ways is the Modeling pedagogy important to your teaching? Why (or why not)?

How would you describe the theory of learning behind the Modelidggugy?
0 Where do you think this philosophy comes from?

What do you see as the desired outcomes for Modeling insin@cti
o Short term?
0 Longterm?

How do you measure the effectiveness of your instruction?

How have your curriculum and/or pedagogy evolved over the yearsysingeturned to the classroom
following the Modeling Workshop? Why? What about pacing and ageer

How have others responded to your efforts to implement Modkisiguction?
0 Your departmental colleagues? How closely alignedus spproach with those of your
subject/departmental colleagues?
Your department head?
The school administration?
Students?
Parents?
o Others?
How, if at all, does the school, district, or state contap@act your implementation of Modeling?
0 What role does the school’'s leadership structure play?

Oo0ooo
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o What influence do district or state education policies haxg, the state’s subject learn-
ing standards and/or student assessments, and/or titnet’digrade level expectations?

The following questions are for the interview immediafellowing a classroom observation
(see Appendix 6 for the classroom observation protoddie intent of these questions is to elu-
cidate a teacher’s perspective on the extent to whilesson just observed is aligned with the
teacher’s learning goals.

What were your specific student learning goals for thi©3s

Which activities supported each of your student learning goals?

How did these particular activities support your studemhieg goals?

To what extent do you feel you achieved your student legqugoals?

In what ways did anything interfere with your studentriesy goals?

What was particularly effective about the lesson®what way was it effective?

Was there anything you felt was ineffective about theole8 In what way was it ineffec-
tive?

8. How would you characterize your students’ response tessen?

9. How will you assess student learning for this lesson?

10.How has your presentation of this material changed siogeattendance at a Modeling
Workshop?

NoakwhNpE
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Reformed Teaching Observation Protocol (RTOP)
Dajve Sawada Michael Piburn

External Evaluator Intermal Evaluator
and

Kathleen Faleoner, Jeff Turley, Fussell Benford and Irens Bloom
Evaluation Facilitarion Group (EFGI

Techmical Raport Mo, [IN00-1

Arizona Collaborative for Excellence in the Preparation of Teachers
Anzona State Toversity

BACKGROUND INFORMATION

Mame of teacher Ampounced Observaton”
e, na, & c:\.|l|l||||
Location of class
it schoal fodadm )
Years of Teaching Teaching Cemification
h-a ar 3-12)
Sunject observed (rrada level
Cazervar Cate of observation
Start time End time

. CONTEXTUAL BACKGROUND AMND ACTIVITIES

Io the space provided elow please give a bref descrprion of the lesson observed, the classroom se1ting in
which the lesson wook place (space. semting amangements, ic.), and amy relevant details about the smudents
(mumber, gender, sthriciny) and teacher that youw think are myportans. Use diagrams if they seam appropriacz.

2 Rindaion

!"-t:ln'n a 2000 Ariona Board of Ragans
Al Rights Reservid g iafl
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1. LESS0OM DESIGM AND IMPLEMENTATION

b
1

2

3

L]

3)

. COMTENT

10

2000 R

Never

Cieourred
Tha instruciioal stategies and activities respectsd smdents” prior [
kpowledee and the preconceptions inherent thersin.
Tha leszon was dasigned to engage shidents as members of 2 [
learming commumnity.
In this lessor, smedent exploratzon praceded formal presentaton. a
This lesson encouraged stadents to seek and value alemative modes 0
of investization or of problem solving,
The focns and drecten of the leszon was often determinad by idsas i}
onginating with stadents.

Propositional knowlaedge
Tha lesson mvelved fmdamental concepts of the sulject 0
The leszon promeded smonply coberent concephzal npderstanding. 0
Thea tzacher had 2 solid grasp of the subject marter confent inherent 0
in the lesson.
Elements of abstraction (Le., symbelic reprasentations, theory 0
building) ware encouraged when it was mpartant to do so.
Commeciions with other comtent disciplines and or real world 0
phenomena were explared and valued.
Procedural Knowledge

Smdents nied a varety of means (madels, drawings, graphs, 0
concrete materials, manipalatves, #ic ) to reprasent pheromena,
Smdents made predicilons, estimatons and'or ypotheses and 0
devized means: for festing them
Smdents were actively engapged m thought-provoking activity that 0
aften ipvelved the critical assessment of procedurss,
Smdents were reflactive abouat their leaming. 0
Intallactaal riger, constractive criticism, and the challspems of idsas 0

werz valued
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Coarirme recording salient svents hars.

Time Descmiption of Events

2000 Rinatiion
Crgyeet Al 2000 Arizona Bangrad off Regants
Al Righis Reservind pdald
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V. CLASSEOOM CULTURE

15

2m

13

24

15

Communicative Interactions MNaver
Oieourred
Sadents were involved in the communication of their ideas to H
others usmg a vanety of means and media.
The teacher’s questions miggersd divergen: modes of thinking. 0
Thare was a high propordon of smdent talk and a sizpificant amoumn: 0
of if occuared berwaan and amang stdenes.
Smpdent questtons and comments offer determined the focus and o
direction of classreom discourse.
Thare was a climate of respect for what others bad to say. 0
Stodent/Teacher Relationships
Active parmicipaton of siedents was encouraged and valued. 0
Smydents were encouraged 1o gemerate comjecmres, Alematve 0
solunon smazgies, and ways of interpretng evidance.
In zeperal the tzacher was patisnt with stadants. 1]
The teacher acted as a resource parzon., working io suppart amd o
enhiance studeaf iovestgaiions.
The metaphor “weacher as listener™ was very characteristc of this 0

classropom.

Additional comments you may wizh to make about this lesson.

20 Ridinion

E?m‘; 2000 Arisona Bord o R gess
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Appendix 7

Modeling Instruction Survey

97-98 academic year

This survey is intended to: (a) identify aspects of the hmoglapproach that help students learn
physics meaningfully, and (b) evaluate the project as medjby theNational Science Founda-
tion.

Please:
» Allocate enough quality time to fill out this survey witie utmost care possible.

* Write your name and the date on the ParSCORE answet, simel bubble in your answers to
the survey questions using a No. 2 pencil. The answer oftioa#i questions are given be-
low.

not on any other consideration you might have about phiystisiction or the modeling pro-
ject.

* Understand that the list of items in this survey ishegiexhaustive nor exclusive, and that no
one item is considered beforehand as indicative odjtiladity of instruction.

» Write, on a separate sheet(s), any comments you hawu afy survey items or related is-
sues you deem necessary for good modeling instruction.

» Return the ParSCORE answer sheet along with your cotsnrethe enclosed envelope by
November 30, 1998

» Keep this questionnaire and copies of the returned matéoiaiuture reference.

Your cooperation is greatly appreciated.

Please tell us how often you do each of the following 1€@s in your physics course(s). Mark
only one answer for each question on the ParSCORE giegta No. 2 pencil. The answer op-
tions are:

(A Regularly i.e., every time the issue arises.
Often i.e., about every other time.

(© Sometimes i.e., about one fourth of the time.
DO Seldom i.e., about once a semester

E® Never



10.
11.

12.

13.

14.

15.

16.

17.
18.
19.
20.
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Provide the students with examples of applicable redbvgituations when introducing a
new construct (i.e., a concept, a law, a model, olo#mgr conceptual entity).

Revisit the same construct and show how it applies faréifit contexts after having intro-
duced this construct and shown how it applies in specifitests.

Provide the students with counter-examples of real vamughtions where a construct does
not apply after having introduced this construct and shownithapyplies.

Introduce a new construct on a need basis, i.e., otdy lafting students realize that con-
structs that they know so far are not adequate to desurénglain a given situation or set
of situations.

Express to the students the relationship among variouseotssqualitatively (i.e., without
any mathematical formalism).

Compare and contrast related scalar and vector conceptsd{stance and displacement,
speed and velocity).

Do dimensional analysis to set up or verify the unita obncept.

Teach students to develop well-defined rules for the atlowathematical operations with
any concept or law (e.g., the rule that says that ne feectors can be added unless the re-
spective forces are acting on the same object).

Teach students to make the distinction between a géaserconstruct (e.g., one of kinemat-
ics) and an explanatory one (e.g., one of dynamics).

Plan your instruction based on the models laid out immgdeling theory.

Maintain a story line of contextual nature (i.e., révise same real world situations under
new conditions) as you go from one model to another.

Maintain a story line of conceptual nature (e.g., corasd@m laws) as you go from one
model to another.

Compare the implications of the same concept (estpcity or force) within the context of
different models.

Compare the implications of the same law (e.g., Nelstlaws) within the context of dif-
ferent models.

Ask students to identify “objects” and “agents” and th@eesve properties when dealing
with a situation that involves an interaction betwago or more objects.

Reuvisit situations already covered in mechanics whertgach (or intend to) courses other
than mechanics.

Use examples from the history of physics.
Use examples from scientific fields other than physics.
Discuss explicitly the role of mathematics in physics

Use motion maps (paths aadrows showing velocity and acceleration at diffesoxi-
tions) when dealing with objects in motion.



21.

22.

23.

24,

25.
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Show corresponding arrow diagrams when dealing with vectaeepts (e.g., force or ve-
locity superposition diagrams).

Use different mathematical representations (diagrgnaghs, equations...) for the same
situation.

Compare different mathematical representations in athatyshows the scope and limita-
tions of each representation.

Give students a mathematical representation of artmbsind ask them to interpret it quali-
tatively.

Make the distinction between average values expressbd form of ratios and instantane-
ous values expressed in the form of derivatives whenndeaith time-dependent concepts
like velocity or acceleration.

Please take a break now before you move on to the following questions.

26.

27.

28.
29.
30.

31.
32.
33.
34.

35.
36.

37.

38.

Teach students to first identify givens and unknowns amdgéarch for the right equa-
tion(s) in solving non-trivial problems.

Teach students to identify the appropriate model beforeethey know what the “ques-
tions” are about in solving non-trivial problems.

Assign open-ended problems that do not ask explicitfntba specific concept.
Assign problems with superfluous data that are not needsuv® the problems.

Assign problems with missing information and which reqtheg students make their own
assumptions.

Ask students explicitly to solve the same problem in ntioaa way.
Ask students to justify their way of solving a non-tripabblem.
Ask students to check their “answers” and establish viadidlity.

Give a “solution” to an undefined problem and ask studentsatee up a real world situa-
tion for which the solution applies.

Give the solution to a new problem and then ask for stadgméstions.

Ask students to compare their own solutions for assigndalgms to the correct solution
developed in class and identify the sources of errdram solutions.

Follow up the solution of a given problem with a simpaoblem to which the same solu-
tion applies.

Follow up the solution of a given problem with a seemirggtyilar problem to which the
solution of the former problem does not apply.



39.

40.
4].
42.
43.

44,
45,
46.

47.
48.

49.
50.
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Teach students to develop a step-by-step prescription fongaypical problems after
solving a number of problems that are within the domaih@tame model.

Teach students to develop rules for reasoning by analogy.
Get students engaged in experimental activities in class.
Prescribe in some detail the steps that students negdtiwough in running an experiment.

Have students figure out on their own the “dependent™imadgpendent” variables that
may be involved in an experiment.

Ask students to formulate their own hypotheses about tveasables.
Ask students to formulate qualitatively the relationship mgnearious variables.

Lay out explicitly the plans for reports that studered to turn in after running an experi-
ment.

Ask students to analyze experimental data from diffgpengpectives in their lab reports.

Ask students to extrapolate experimental results begfemébrmulation of relationships
among various variables.

Ask students to justify in their reports their way oflgpag experimental data.
Ask students to do error analysis in their lab reports.

Please take a break now before you move on to the following questions.

51.
52.
53.
54.

55.
56.
57.
58.

59.

60.

Assign typical textbook problems as homework.
Assign home experiments.
Give students reading assignments to do before discussimggbective topic in class.

Give assignments in which students must apply what tlaey la physics to aspects of their
daily life.

Allow students to try out original ideas of their owrclass.
Spend more than a quarter of a class period lecturing.
Ask students to give examples of real world situationsrevla construct applies.

Ask students to give counter-examples of real world sitnatwhere a construct does not
apply.

Present students with a variety of real world situatimd ask them to classify these situa-
tions following schemes of their own.

Cause student misconceptions about a discussed topic teesexfawitly.



61.

62.
63.
64.
65.
66.
67.
68.
69.
70.
71.
72.
73.

74.

75.

76.

77.

78.
79.

80.
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Point out a misconception when it surfaces in studelgsourse, and provide the correct
alternative.

Ask students to substantiate any claim they make in.class

Ask students to critique claims made by their peers irsclas

Have students use whiteboards to present their finding$aiboratory experiment.

Have students use whiteboards to present their solutdmesmework problems.

Have more than one group of students do whiteboard préeestan a given class period.
Set yourself a predetermined purposeful agenda for whiteboesdmations.

Allow students to prepare their whiteboards according to thien preferences.

Ask students to work in teams for more than half ascigeriod.

Ask students to do their homework assignments in teams.

Ask students whether they were left with any unresolsedes by the end of a class period.
Solicit from the students a summary of the fundamdesalons learned in a class period.

Indicate to the students the materials they need toanee from a textbook or any other
written text.

Require that students get the correct numerical answerceive some credit on homework
problems.

Require that students get the correct numerical answerceive some credit on test prob-
lems.

Return homework assignments to students and give themmeectwacorrect their mistakes
on their own before you do the final grading.

Return quizzes or tests to students and give them aehaworrect their mistakes on their
own before you do the final grading.

Ask students to grade their peers’ assignments.

Give assignments in which students need to discover tlkefoerew constructs or new
approaches that have not been covered in class yet.

Give quizzes that meet your own predetermined perfornmgtaceards irrespective of stu-
dents’ competence.

Please take a break now before you move on to the following questions.

81.

82.

Teach that any physics construct must correspond to sbhje®or phenomena in the real
world.

Teach that physicists look for patterns in real wolgkots and phenomena.



83.

84.

85.

86.

87.

88.
89.
90.
91.
92.
93.
94.
95.

96.
97.
98.
99.
100.
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Teach that any scientific endeavor must be conductedwtitbiframework of a well-
defined theory.

Teach that the primary or salient features of realdvabjects and phenomena may not be
exposed directly to our senses.

Teach that scientific constructs are human invent@masnot actual aspects of the real
world.

Teach that scientific constructs are only partiat@spntations of some aspects of the real
world.

Teach that all scientific constructs are arrived aajffgyroximation and that no construct may
be absolute.

Teach that scientific constructs may apply anywhetkaruniverse.

Take time after class to evaluate what goes on iass @eriod.

Share ideas that work in your class with your colleagues

Share problems that you face in your class with youeaglies.

Solicit the assistance of educational researchensttiitions of higher education.
Design instruction to meet requirements of standarcbzedandatory tests.
Design instruction explicitly to help students developerent worldviews.

Refer to research-based instruction materials otherttizse of the modeling workshops in
designing physics instruction.

Refer to the National Science Education Standards igrdeg physics instruction.
Refer to physics/science education journals in designing phwgsicaction.

Refer to works on educational theories like Construetivas Conceptual Change.
Refer to works on the history of science in designing iphyastruction.

Refer to works on the philosophy of science in designing piysstruction.

Thank you



