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Chapter 5: Using Complex Problems to Evaluate Coherencein
Physics Understanding

I ntroduction

In this chapter we examine how students approadch complex problems that
require the integration of multiple schemas. In order for studentsto solve mmplex
problems, it isimportant that our students integrate the knowledge from diff erent
physics topicsinto a mherent padkage. When given a problem-solving task students
will adivate aschemathat they will use to solve the problem. Unfortunately, the
schemathat is adivated is often not sufficient to solve the problem and it is difficult
for many of our studentsto adivate the relevant schema. We dso begin discussng
isolated schemas in students' qualitative and quantitative knowledge.

The first study we present involves one-on-one interviews with advanced
students gudying physics. These students were given a problem involving the
concepts of dynamics and the work-energy theorem. The data shows a dea
distinction in students who are ale to go badk and forth between knowledge for
related topics and students who do not exhibit coherence between different physics
topics. We present interview transcripts along with reasoning maps that represent the
students' solutionsto the problem. The transcripts and maps can help reseachers and
instructors look for coherence between different physics topics.

After looking at the case studies with advanced students we look at the way
classes of undergraduate students in the Physics 161 course perform on two variations
of the dynamics-work energy problem. We present responses to an ungraded quz, a
bridging problem, and a one-on-one interview protocol. We find that many of the
undergraduate students exhibit schemas that are tharaderized by locd coherence, but
not by the global coherencethat would charaderize an expert problem solver. The
data also shows that qualitative force-based questions cause the studentsto adivate a
force schema, which was isolated from the mncepts of work and energy. Students
who were not presented with the qualitative questions were more likely to apply their
knowledge of work and energy to solve the problem.

To show the pervasivenessof these difficulties, we dso present data from the
physics 262 class Student responses to two versions of a problem involving the work
done by a piston in a thermodynamic processare analyzed. The data shows that
qualitative questions, asked on one version of the problem, caused students to perform
worse on the question. When students were not presented with the qualitative
guestions they were more likely to adivate aquantitative schemathey could use to
solve the problem.

Dynamics and Work-Energy Problem
Introduction

Two versions of a dynamics-work energy problem were administered to
advanced physics gudents and undergraduate engineeaing students. The original
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version was given to undergraduate students in a bridging problem format and in a
one-on-one interview format in the Spring ‘97 semester. A revised version was
written in the Fall ‘97 semester. It has been given as a one-on-one problem-solving
interview with advanced students and as an ungraded quiz with undergraduate
engineaing mgjors. All studentsinvolved in these studies had completed instruction
on the material.

Graduate Student Interviews

We presented the dynamics-work energy problem to six students enrolled in
graduate dasss at the University of Maryland, as a problem-solving interview.* The
problem was written by the author and is $own in Figure 5 - 1 along with a model
solution. The graduate students were first given a short version of the question,
consisting of only partsa and d. The long version, shown in the figure, was given to
one of the students (after he was having dfficulty solving the short version) to help
him solve the problem.

In a problem-solving interview the researcher provides the student with a
problem and asks the student to solve the problem explaining what he or sheis
thinking and writing.? It was usually not difficult to get the students to talk about the
physics. In addition to getting the studentsto explain their work out loud, the
reseacher must be caeful not to guide the students. Instead, the reseacher must ask
guestions to get the students to provide a ¢ea record of their understanding and
reasoning. The transcripts presented in the disertation include the code name of the
student and the gender of the student. The transcripts contain the following short-hand
notation: [ ] indicae comments about the interview added after the fad, {—} isa
short pause, [pause] isalong pause, {...} indicates that unimportant words were
purposely omitted from the transcript, and (IA) indicaes that the words were
inaudible.

The poal of volunteea's contained one upper-level undergraduate student who
was enrolled in graduate level classs, threefirst-yea graduate students, and two
semnd-yea graduate students. The complete transcriptions of the alvanced student
interviews presented in this dissertation are included in Appendix C.

The threefirst-yea graduate students had many conceptual difficulties with the
problem. The two-second yea and the upper-level undergraduate student answered
the question corredly, with little or no prompting. The undergraduate student seemed
to exhibit the most coherent knowledge. He would continuoudly go badk and forth
between the concepts of work-energy and forces. These excerpts of the interview
transcripts provide insight into how advanced students olve this problem. (The
names presented are ade names chosen by the students.)
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A hand applies aforceto a ya postion Fine ostion
small 1 kg block from “A” of plock o
to “C.” The block starts at % " Y
rest at point “A” and then o friction
comesto rest at point “C.” A

The block moves along a ) L
frictionless sirfacefrom “A” to “B” and then travels an equal distance dong a
surfacewith friction from “B” to “C” with the force of the hand remaining
constant. The forceof the hand is2 N to the right and the distancefrom“A” to
“C” is2m. (Seefigure &ove.)

P
~friction L}
C
< im >

w

v

a) Draw afreebody diagram for the block N srtaceon ok
when itisat “P.”
b) Isthe magnitude of the net force ating on
surfaceon Hock hand on thock

the block at “M” greder than, lessthan, or
equal to the magnitude of the net force W it on ook
ading at “P’? Explain your reasoning.
Sncethe change in kinetic energy from Ato B andfromB to C are
equd, the magnitudes of the net works are equd therefore the
magntudes of the net forces are equd.

c) i. Draw avedor representing the accéeration of the block a “P.” If the
acceeration is zero state that explicitly.

Sncethe blockis comingto rest at C andthe force of the hand andthe force
fromthefriction are @wnstant the accderation must be toward the | ft.

ii. Doesthe magnitude of the accéeration increase, deaease, or remain the
same & the block moves from “B” to “C”? Explain.

The magnitude of the acod eration vedor remains the same since the two for ceg
acting an the block are @nstarnt.

d) Calculate the wefficient of kinetic friction p.

From (b) we knowthat T - f = - T andf = umg therefore u=.41

Figure5-1

Revised version d the original bridging problemwith amodel solution. This problem
was asked as an ungaded quzin the Physics 161 class
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Eagle

A model solution to this problem would involve the goplication of multiple
physics principles and concepts. In particular we would like to seethe students tying
the ideas of the work-energy theorem to the ideas of force This particular sedion of a
transcript is from the interview with Eagle, the upper level undergraduate student.
Eagle integrates different physics concepts into a schemathat he usesto solve the
problem. Inthis edion of the interview, Eagle islooking for the wefficient of kinetic
friction. He has drealy drawn a @rred freebody diagram.

E: Let's e—the block travds anequd distance (1A) with the forceremaining
constant —Let's £e— (IA) —let me think —doesit say anything abou the
spead —it doesn't —oh dkay | see— | suppase the forceis being appied urtil
the end d the trajedory andthe block stops due to the friction and nothat the
handstops.

I: The handkeeps appyingfromAto C.

E: Okay — Sol’ m going to calculate the knetic energy that the block has urtil
point B—

I: How come you re doing that?

E: To find ou what the total —what the energy it loses onthe friction surface
is—which shoud tell me —yes of course —what the force acting aganst it
was. Sothat isgoingto be 2 Newtonstimes 1 meter, which is 1 Joule andthat
isequd to %2 mv squared — ... v being the veocity of the block— andthat is
exactly what it is going to lose which means the force—the friction force
shoud be equd to 4 Newtonsin the other diredion—meaning ... in the
diredion C to A, or to the left — Sothat the net forcebeing appied onthe
blockis 2 Newtons in the other diredion so that the lossof energy is equd to
the gain o energy in thefirst half of the trajedory.

At this point Eagle is conneding the ideas of force and work-energy and using
the two concepts to solve the problem. He makes these mnnedions throughout.

I: How did you know the lossin energy was the same as the gain in energy?

E: Becauseit started at rest andit ends at rest — | suppcse. | asuumethat is
what it means when it travds an equd distance— ... [Rereals part of the
guestion.] Sothe forceis 4 Newtons, which is equd to the magnitude of the
normal forcetimes u —the knetic friction coefficient— ... © the normal force
isequd to the weight of the blockwhich is 1 kilogramtimes9.8 so — i is
equd to 4 over 9.8 whichisabou .4.
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I: ... Canyou compare the magntude of the net forceat M to the net forceat P
— how would they @mpare?

E: The magritude of the net forces? —well theyshoud be equd and oppaite

I: And howv did you know that?

E: By the same argument — because | asume that the forcedue to friction —
which is constant alongthe whale surface since the weight of the block doesn’t
change —I assumed that it was equd and oppaite to the force— I’ m sorry —
I mean the sum of the force being appied by the hand andhe friction shoud
be totally equd and oppaite to just the force appied by the hand onthe block
so that the lossof energy is equd alongthe same distancetravd ed — so they
will be equd and oppaite.

The question concerning the magnitude of the net forces on the two regions
was particularly difficult. Eagle answers corredly without hesitation by applying the
integrated knowledge in his s£hemafor this problem. Even some of the graduate
students who solved for p corredly answered the question about the net force
incorredly (at least at first.)

Peter

Peter isa2™ yea graduate student. Like Eagle, he solved the problem
corredly in a short amount of time. Unlike Eagle, he used a dynamics s£hemato
solve the problem, instead of a single schema wntaining knowledge of dynamics and
work-energy. It isinteresting that even though Peter has corredly solved the problem
he first states that the magnitude of the net force d P is smaller than the magnitude of
the net force @ M. He does corred himself soon after. The excerpt below is taken
from the interview.

P: ... ©it will be minus4 over 2—which isthe same accderation — but
oppaitesign ... and nav we @n dugit backinto this equaion (pointsto F -
uN = —ma) for the forceandthe wefficient of friction andso we have 2
Newtons—we are going to pu numbers immediately — 2 minus i, will be
equd to F plusma over N — i is2 Nemons plus ...I'musing here the
absolute \alues of the accderation over the 10 ... © wearegoingto have0.4.

I: How does the net forceat M compare to the net forceat P?
P: Umm—the net forceat P is snaller than & M — by the amourt of the
kinetic friction. The net forceis gnaller by thisamount because —the y

components of the two forces are ancded ou. Sothe only difference—they
will be ancdled ou at point A too— andthe only difference mmes at point P
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because of the introduction d the forceof friction, which isdireded oppaite
to the appied force

I: Socanyou d-aw me a vedor for the net forceat point P— how would that
look?

P: It would look — almost caught me there —yeah the force of frictionis
bigger thanthe force—thisis net force—sincethe accderationis negative—
so negative ydiredion — net force— according to the famous Newton's
secondLaw shoud ... I'll put it hereto suppat my statement —the net force
shoud bein the same diredion as accderation —

Granola

Granola, a 1% yea graduate student, exhibited many conceptual difficulties
while solving this problem. In addition we see alac of coherencein his knowledge,
evident from hisinability to go bad and forth between the two topics and his
contradictory statements in the interview.

Granolaidentifies al the forcesin the freebody diagram corredly. He later
incorredly describes the force of the hand to be greder at point P becaise the block is
till moving toward the right. Thisindicates that Granola has the cmmmon
misconception that forceis proportional to velocity. In addition, Granola states that at
point C the force of the hand would be egual to the force of friction. (Although thisis
true dter the block has gopped, it seems that Granola makes the statement becaise the
velocity iszero at C and not because it remains at zero.) When solving for the
coefficient of friction Granola sets the two forces equal and solves for 1. But this
solution does not fed right to him. In the interview Granolatriesto draw from
different physics principles when his analysis using dynamics does not seem corred,
but these dternate principles leal to dead ends and Granola goes badk to thinking
about the forces.

G: Yeah. Sowait maybe that shoud beright. [pause] That'snot right at all
— ... it doesn’t seemright to me —just giveme a secmnd—1 just started to
solveit assuming it would be easy —then realized maybe it wasn't as easy asl|
though. Could dso dothe work —the work from here [pointsto A] to there
[pointsto B] —nothat’s got nathing to dowith it —no—friction—2
Newtons —the force of the handremains constant — because according to
this—thiswouldn't be stopped there — it would stop there if thiswere the
case —... if thiswere the aseif it was 9.8 Newtons and 2Newtons because
that isthe same drcumstancethat we haveat B —so it would stop & B the
way | haveit set up—why would it stop & C? Thereis something abou the 1
meter that I' mnot getting—1I’ mnat thinking very well. There hasto be
something to dowith ... the vdocity —with the handforcel’ mthinking—so |
think —there is mething to dowith friction appaently —
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This excerpt shows that Granolais using pieces of his knowledge to try to
trigger some procedure that he can use to solve the problem. Inthis snall excerpt he
brings up work, the force of the hand, the force of friction, the 1 meter, and the
velocity. Unfortunately, these items lead to deal ends even though these ideas are dl
closely related to the work energy theorem and the definition of work, stating that

AKE =W = Z F [d . Granolaistherefore unable to adivate aschema wntaining

knowledge &out work and energy. Without links between these pieces of knowledge
Granola cannot get to the work-energy theorem. Eventually Granola obtains the
corred solution to the problem after some asdgstancefrom the interviewer.

Erica

Another student who had serious conceptual difficulties with the material was
Erica Like Granola, Ericadrew a mrred free-body diagram for the block but seemed
to be mnfusing velocity with accéeration throughout the interview. One way to look
at thistype of error isin terms of diSess's p-prims. P-prims are small logicd building
blocks that can be gplied in many different situations.®> The particular p-prim that
seansto come up here is the maintaining agent p-prim, which states that a forceis
required to keep an objed moving.* A sedion of the transcript follows.

I: How does this force|[friction] compare to that force [hand]?

E: Well if it’s dill moving forward then this [points to force of hand] is bigger
then this [points to friction forcgl —it’s not enoughto stopit.

This gatement is particularly interesting because Ericastates NIl corredly
during the interview. Erica dso believes that oncethe block is gopped the net force
hasto be zeo, despite the fad that she states NIl corredly. The excerpt below shows
that Ericais very unwilli ng to give this up, even though she has already written down
the dgebraic form of NII. Here we seethat her qualitative responses and her
quantitative responses are contradicting ead other even though they are being
presented very closely in time. Ericaseemsto have a onceptual form of NIl (force

implies motion), which direaly contradicts the quantitative form of NII ( Z F =ma).
I: Sowhat happens at point C?

E: It stops—zero —vdocity equds 20 —...Oh —I seewhat your saying—
but that is because the forceis nat acting arymore —the handis not pushing
anymore —

I: The hand atsall the way to pant C.

E: Oh—s0it just stops at point C —for noreason? —...

I: The forceof the handis remaining constant from point A to pant C
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E: Then if thereis no impediment there then friction is greater thanthe hand
pushing it.

I: How did you know that? How did you know friction was greater?

E: How? Because the force of the handis the same — so friction must have
dominated that.

I: How did you know it dominated?
E: Becauseit cameto astop—

I: Before, you said this force[pointsto force of hand] was greater thanthe
forceof friction.

E: Cause it was movingthat way ... — The mefficient must have been — No —
Not the oefficient — 1 don t know —if the force of the handis the same then
the friction must have been dfferent.

Advanced students reasoning maps

These interviews $ow that even advanced students exhibit fragmentation
between related physics topics. Threeof the six students had many contradictory
remarksin their interviews. These mntradictions were often hard for the students to
resolve. Thiswas partialy due to aweak conceptual understanding of the material
and not attaching conceptual meaning to the equations. These students were dso
unable to go bad and forth between the ideas of force and work and energy.

We present reasoning maps to represent some of the interview data. Each
main statement from the interview is presented in the map, with alink to the next
statement and ead statement is coded. Statements are shaded lightly (yellow in the
color version) if they are based on ideas that come from dynamics knowledge, dark
gray (blue in the mlor version) if they come from work and energy, spedkled if it is
unclea where they come from, and shaded darkly (red in the @lor version) with
words written in italics if the statement was made by the interviewer.

The maps $ow that the threestudents who had dfficulty with the problem had
distinct force and work-energy schemas and had dfficulty going between them. The
maps of two of the threestudents who had dfficulty with this problem are shown in
Figure5- 2and Figure5- 3. Figure 5 - 2 isamap of Granolasinterview. We can
seethat he primarily uses the ideas of force and dynamicsin the interview. Although
he mentions datements about work and energy they lead to dead ends and he goes
bad to thinking about the forces and the motion of the block.> The map also shows
that Granola makes many contradictory remarksin hisinterview. Some of these
inconsistencies would not exist if the gopropriate links were made between diff erent
knowledge dements.
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All four Fn=F when Fn>F fromB
forcesonthe |, velocityis || toCsince
FBD zero moving right
Work
) 4
F=pumg Fris
/\‘ constant

SFu>2Fp Net force Friction can't Fn=F; v’/d=2a; impliesa

because [y means || bepushing |, when 1, issameontwo

deaeased by acceeration something v=0 surfaces but that
friction backwards can't be
|
GIVEN:
Sum of forces=
mass times

acceleleration
This acceleration If awastothe Changein | was thinking
hasto be the same right it would velocity is of friction as Solves

asthisone—except ™ bemoving [P acoderation [®| beingvelocity [ problem
opposite direction faster here dependent
Figure5- 2

Reasoning map showing the main statements from Granda’s interview.
The map shows that although e tried to bring upthe ideas of work and
energy theyleadto dead ends.

Ericdsmap is diownin Figure 5 - 3. It showsthat she dso triesto solve the
problems by thinking about the forces involved in the situation through most of the
interview. | asked her threequestions relating to the work-energy theorem but she had
difficulty tying these ideas into her analysis using forces.

In contrast, the other threestudents performed very well on the problem.
These threestudents provide us with a picture of how experts might solve the problem.
Conredions between content knowledge ae made more eaily for these students. In
addition the experts had more crred conceptual knowledge that they attached to the
equations.
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Two maps are shown in Figure 5 - 4 and Figure 5 - 5 for the students who
solved the problem corredly. Even though both students did not have difficulty with
the problem and ead students’ statements were consistent and corred, the two
solutions were quite different. Eagle went badk and forth between his knowledge of
dynamics and his knowledge for work and energy. Peter primarily used the ideas that
would be asciated with a dynamics shema. When Peter needed some alditional
information he used a formula from kinematics. (Thisformula wuld also be
interpreted as coming from the work-energy theorem but Peter did not explicitly make
this connedion.) We have shaded the statement lightly (yellow) because he uses the
form of the equation usually introduced in dynamics. Peter’s reasoning map shows
that he has a awherent force schema but we cannot say anything about his work-energy
schema or how well these topics are integrated. Eagle's map is siown in Figure 5 - 4
and Peter'smap is $ownin Figure 5 - 5.

All four F=uN 2N = pN; 2N It's not
forcesonthe | N —f=0 | | accelerating; since
FBD constant force
v
Fn>F; since Accderation Velocity isO Friction must V;and
moving || inconstant || at Cbecuse |, have Viare
forward so velocity is hand is not dominated both
increasing pushing because it zero
Compare the Compar e the net
AKE's Works
- - Was=Wac sinceth
Velocity starts from Sum of forces equals AKEas=AKEsc As=Vec SNCE the
h o forceis congtant and
0 and increases and ma; Fr=ma and F- the distance is the
then starts F=maso they can't same
decreasing a B be equal
|
How does net Work
relate to AKE?
v
Summeation of Work equals AKE But then friction
forces so Works are equals zero
different
Figure5-3

Erica's reasoning map shoning that even with hints from the interviewer it
was difficult for her to reconcil e the dynamics information with the work
andenergy information.
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The interviews and the reasoning maps siow what we mean by a schema.
They are strong petterns of asciation between particular knowledge dementsin
response to a given context. They show that for different individuals the same
knowledge can be conneded in different ways and for different individuals
connedions can ke strong or wek.

In addition, we observed that Granola had a similar cognitive style (i. e. he
could also be described as alateral thinker.) In hisinterview he atempted to trigger
other types of knowledge, from different physics topics, recdl the excerpt where he
brings up work, velocity, and the distancethe block travels. Inthat sedion of the
interview heis thinking laterally by attempting to adivate knowledge from different
topics. But because his £hemas are isolated, these d@temptslead to dead ends.

All four
forceson
FBD

Calculate the
AKE until B

Fi applied
till end —
stops due to
friction

Find Energy
it loses to
friction

]

> >

v
Friction force
should be equal to
4N so that the net
forceis 2N

Loss of energy is
equd to the gain of
energy —since it
starts and ends at rest

| p Solves
problem

Compare the net
forceat M to the

net force at P.

Magnitude of the
net force should
be equal and

opposite

_»

Theloss of energy is
equd to the gain of
energy aongthe
same distance

Figure5-5

Eagl€e's reasoning map showing that he was able to go bak and
forth between the schemas for forceandwork and energy.

All four Fn-Fris F-Npy equals
forcesonthe |, accelerationwhich | -ma
FBD will be negative.
|
v
Fn/m=2ad Same formula gives Solves
tofindvg [™ same acderation, but problem
opposite sign
Compare the SRw>ZFp by Net force Actualy
net force at the anount | ] shouldbein |,| thenet
M to the net of kinetic same direction forces are
forceat P friction. asa the same
Figure5-4

Peter's reasoning map showing that even thoudh he used the
knowledge from the dynamics hema dmost exdusivdy he was
able to solvethe problemin very few steps.
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Analysis of Ungraded Quiz

A short version and along version of the question shown in Figure 5 - 1 was
given to studentsin the physics 161 course without tutorials. Only the questionsin
boldface @peaed on both the short and the long version of the problem.

Physics 161 was divided into three dasses and ead classwas taught by a
different instructor. The question was asked in the redtation sedions of the dassin the
format of an ungraded quiz. The short version of the question was administered to 40
students and the long version was administered to 69 students. The short version of
the question was asked in the two smaller classes and the long version was asked in
thelarge dass Because the quiz was asked in the redtation sedions, and not all
students attend redtations, not all studentsin the dassparticipated in the study. The
quiz was alotted 15minutes of the redtation.

The results on the ungraded quiz indicae that, although many instructors
would like to believe that conceptual questions help the students trigger the rred
answer, it can adually hurt their performance. These results are both surprising and
disturbing. Many instructors believe that our students think, lean, and organizetheir
knowledge the way we (physicists) do, except that they have lessphysics content
knowledge.® Thisleals ssome instructors to a number of assuumptions as they tead
their course. They often ignore student epistemologies and ignore the way students
organizetheir knowledge. We, asinstructors, often assume that if we can get students
to lean a set of items, they will organizetheir knowledge of this st of items the same
way we have them organized. In redity our students often do not make the same links
between different items that we do. Cuesthat help us adivate aset of different
interrelated schemas do not necessarily help our students adivate those schemas. In
addition, some of these aues, or triggers, can cause students to adivate aparticular
schemathat may be isolated from the relevant schema for a given task.

We will first discussthe student responses on the long version of the question
and then show the results of a mmparison on the responsesto the last part of the
guestion, which was answered by students on both versions of the problem.

Part a of the question asked students to draw a free-body diagram for the block
when it was on the surfacewith friction. Almost all students corredly identified all
four forces on the block. In most casesit was difficult to ched the relative
magnitudes of the forces, and in pradice students are usually not expeded to make
their forces consistent with one another unlessthe forces are equal.

On part b of the problem, only 12% of the students answered corredly. The
results are shownin Table5 - 1. The most common error, given by 56% of the
students, was that the magnitude of the net force on the non-friction surfacewas
greaer than the magnitude of the net force on the friction surface We can explain this
error in terms of diSess8's Ohm's P-prim.” The Ohm' s primitive cmes from the
compensating type of reasoning that is asciated with Ohm's Law.® A part of the
Ohm's primitive states that an “increased resistance leads to lessresult.”® Because the
block first travels over a non-friction surface ad then over a surfacewith friction the
resistance on the block increases thereby deaeasing the result, which in this case can
be interpreted as the net force. Thistype of response is common with both the
undergraduate engineaing students and the advanced physics gudents.
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N=69

Compare Correct: The Incorrect: Fne | INcorrect: Frg
magnitude of net forceis | greater on non- greater on
net force & equal frictionsurface | friction surface
MtoP
12% + 4% 56% * 6% 26% £ 5%
Table5-1

Performance on the question asking students to compare the magnitudes
of the net forcesin the two regions. This question proved to be exremely
difficult for the students.

There were dso alarge number of students gating that the net force on the
frictionless sirfacewould be less One way to explain this result is that students were
not considering the vedor nature of the forces and were just thinking of the net force
as the number of forces ading on the block. Thisis evident from some of the
students' responses. Two examples of student responses siowing ead type of
incorred response ae shown in Figure 5 - 6. They have been typed from the student
papers.

In part ¢ the students are asked two conceptual questions about the accéeration
vedor on the surfacewith friction. The results, shown in Table 5 - 2, indicae that
41% of the students answered corredly, that the diredion of the accéeration veaor
wasto theleft. Only 32% of the students gated that the magnitude of the accéeration
vedor does not change & the block moves from point B to point C, where it comesto
rest. Theseresults are cnsistent with previous work indicaing that students often
trea accderation asif it were proportional to velocity.’® There were dso a significant
percentage of students gating that the accéeration of the block at point P was zero.

Casel: "lItisgreater at M | Case2: "[It ig] lessthan
Two sample because there isno [at M] because frictionis
student frictional forceworking | beinginvoked at point P
r esponses against the Frang.” in addition to the 2N."
Figure5-6

Sample student responses comparing the net force on the friction surface
to the nonfriction surface

The results on the qualitative questions indicae that students gill have many
conceptual difficulties with NII, even though instruction on Newton's laws were
completed afew weeks before this gudy was conducted. We ae now in a position to
examine the student responses on the final part of the problem, where students are
asked to cdculate the mefficient of kinetic friction.
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Figure 5 - 7 shows the results on the quantitative asped of this problem for the
students taking both the long and the short version. It shows the percentage of corred
responses as well as the percentage of students stting the net force on the block equal
to zero on the region with friction. We should also note that only students who had
enough time to attempt the final part were included in the analysis. Therefore, al the
percentages listed include only the students who answered the final question. Even
though students had covered this material in lecdure and had homework assgnments
on the material fewer than 30% of the students answered this question corredly.

Student performancewas sgnificantly different on the two versions of the
problem. The results $row that students performed better on the short version of the
problem.

N=69
Accderation Correct: Vedor Incorrect; Zero | Incorrect: Vector
vector at direded to the inthedirection o
point P left motion
41% + 6% 20% + 5% 19% + 5%
How does Correct: Incorrect:
the vector Accderationis | Accderaionis
change? constant decreasing
3206+ 6% 55% + 6%
Table5-2

Performance on the questions concerning the accderation vedor of the
block on the surfacewith friction.

We would also like to examine the methods of solution used by the students
who answered corredly. We can seefrom Figure 5 - 7 that more students used the
ideas of work-energy to solve the question on the short version of the problem. Most
of the students who did not solve the problem using work-energy used the ideas from
kinematics to try to solve for the accéeration of the block from point B to point C.

Larkin talks gedficdly about schemas for force and work-energy, but does
not talk about how these schemas are linked.**  If the mnceptual questions lead
students into a dynamics or force schema and that schema s not linked to the work or
work and energy schema, the students may try to solve the problem using only the
force schema. Previous research hes also shown that novice problem solvers tend to
focus on the surfacefeaures of aproblem.*? Since dl the mnceptua questions focus
on forceit is possble that our students responded by triggering a dynamics shema.
Thiswas adually the intent of providing the mnceptual questions. But, we hoped that
our students would use the dynamics shemato adivate the work-energy schema.
Based on our results thisis not the cae. In contrast, experts will tend to bring alarger
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Responses on Calculation of p

45 ~
40
35+
30 - T
25 N Used
20 - Eneroy
15 | Thei)rem
10

Used
Work-
Energy

Theorem

% of Students

Corred Incorred: Set net force equal to
zero
[ Short Version (N=37)

Type of Question
Ml Long Version (N=55) ype ofQ

Data does nat include students that did not compl ete the problem.
Unfinished: 8% on short version, 20% on long version

Figure5-7

Performance on the quartitative part of the problem showing that students
performed better onthe short version. The graph dso indicates that the
methods of solution onthe long andshort version are different.

set of knowledge that is integrated to the problem-solving task. Experts will also be
more ale to adivate alditional schemaif needed.

In addition to schemas for organizing spedfic physics content, the data dso
suggeststhat our students often have isolated schemas for their qualitative knowledge
and their quantitative knowledge within a given physics topic. The qualitative and
quantitative questions provide information on the mherence between qualitative and
quantitative knowledge. There aetwo main types of errors gudents can make.
Students may be ale to solve for the efficient of kinetic friction corredly yet have
serious conceptual errors, or they may have qualitative ideas that they do not apply
when answering the final quantitative question.

Table 5 - 3 shows examples of student inconsistencies on this problem. Even
though some of the students could solve the quantitative question corredly many of
those answering corredly had serious conceptual difficulties. Answering the
quantitative question corredly requiresthat the student use the fad that the
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magnitudes of the accéerations are equal in the two regions. (Note that only 8
students answered part d corredly on the long version.) We observe that five of the
eight students, who answered the final part corredly, stated incorredly that the
magnitude of the net force was different in the two regions. In addition, threeof the
students who solved for the wefficient of friction corredly stated that the accéeration
vedor was deaeasing from point B to point C. Perhaps an even more surprising result
isthat seven of the students who drew a non-zero accéeration vedor in part ¢ set the
net force eual to zero when solving the quantitative question.

Of the students who Incorrect: Stated that | Incorrect: Stated that
could cdculate p the magnitude of the | the aceleration vedor
correctly many made net forceinthetwo | deaeases as the block
serious conceptual regions were different | movesfromB to C
errors. on part B
5 students 3 students N=8

Of the studentswho had | Incorrect; Stated that
anonzero accderation the net forcewas
vedor some answered equal to zero when

inconsistently onthe solvingfor .
quantitative part.
7 students N=41
Table5-3

Inconsistencies in the student responses on the handblock problem.

InFigure 5 - 8 we represent the possble paths of solution to the two versions
with solution maps. The solution maps indicate strong paths and wea paths by the
thicknessof the lines that link the different responses. This allows us to map the
number of students going from one response to the next response and allows usto see
what types of responses to a cetain part of the question tend to trigger certain
responses on the next part. To make the maps easier to real, links that are sufficiently
wedk are excluded. It isimportant to note that the solution maps gow the paths of
solution for the antire dass they do not tell us about individual students. Therefore
we canot say that most of the students followed the thick linesto the final part of the
guestion. Among other things, the maps do show that the mnceptua questions ean to
scater the responses away from a crred analysis using the work-energy theorem.

The data from the ungraded quiz indicaes that, for our students, physics
content knowledge may be organized by schemas that are only wealy linked. 1f our
students were developing coherencein their content knowledge, qualitative questions
would tend to help in solving these problems, instead of hurt. In the problem
discussd in this chapter, quaitative questions that lead students to a force schema
tended to isolate them from other pieces of knowledge that could have been helpful in
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solving the problem. We have dso begun to seethat many of our students form
isolated schema for their qualitative and quantitative knowledge.

Draw FBD Compare the Sketch How doesthe Calculate the
for block at magnitude of accéeration acderation coefficient of
point P. the net forces vedor. vedor change? kinetic friction.
Corred:

dynamics

Corred: Corred:

Equal T

Correct Grea To the
Than Right

Corred:
work-energy

Net force
zero

dynamics

|

Other Less Than Zero Increasing

Wrong:
work-energy

Unfinished

other /
unfinished

Other Unfinished

LongVersion d the Problem

Corred:
dynamics

Corred:
work-energy
Net force
zero

Wrong:

Corred

Oth dynamics
er

Wrong:
Short Version d the Problem work-energy

other /
unfinished

Paths of solutions onthe longversion andthe short version d the problem. The
intermediate qudit ative questions ssem to lead students away from using the ideas of
work and energy.

Figure5- 8
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Bridging Problem Analysis

The results presented so far in this chapter have described isolated student
schemas for different physicstopics. The data dso indicaes that many of our students
have isolated schema for their qualitative and their quantitative knowledge in
Newtonian dynamics. We have observed that many of our students answer
inconsistently on the qualitative and quantitative parts of a single question. The
following results concentrate on the qualitative and the quantitative schemas our
students use in answering a similar question involving dynamics and work and energy.

An older version of the problem shown in Figure 5 - 1 was asked as a bridging
problem™ in Spring ‘97. We observe that in their solutions many of the students
diredaly contradicted one of the statementsin the exposition of the problem. This
result prompted usto perform more studies in order to understand whether students
were making a caelesserror or amore profound error.

Bridging problems attempt to help students incorporate the qualitative
knowledge they were developing in tutorial with the quantitative problems they were
solving on exams and textbook homework assgnments. The bridging problem, asked
in the physics 161 classat the University of Maryland with tutorials, is siown in
Figure 5 - 9 with amodel solution. The students are asked two qualitative questions
and then afinal quantitative question about the wefficient of kinetic friction. They are
first asked to draw a free-body diagram and then asked to compare the magnitudes of
the net forces in the two regions. The question about the net forces ading on the two
blocks was intended to help the students make the connedion between work, forces,
and changes in kinetic energy.

We will concentrate on the responses to part (c) of this question. The most
common error involved the students stting the net force ajual to zero on the friction
surfacein order to cadculate the aefficient of friction. This response seamed odd
since the problem explicitly states that the block slows down from point B to point C.
Despite this gatement many students st the net force equal to zero implying that the
acceeration of the block in the region from B to C was zero.

The results, aong with a sample student response, are shown in Figure 5 - 10.
The figure shows that only about 35% of the students answered this question corredly
after ledure and tutorial instruction on the work-energy theorem. The response shown
in Figure 5 - 10is an incorred response in which the student sets the sum of the forces
in the x diredion equal to zero. Unfortunately the student does not explain his or her
reasoning so it is difficult to extrad much more information from this response. One
of the difficulties with quantitative questions is that it is often hard to probe deeply
into the students reasoning based on a @lledion of formulas. Open-ended conceptual
guestions are sometimes more helpful but can be limited in the same way.
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A block ispulled from point A to pant C by atensionforce T, as iown.
The block starts off at rest at point A and speedsupto pant B. The block
then dows down finaly stopping at point C (as 1own). The magnitude and
diredion d the tension are cnstant throughout the motion. Note that the
block isfirst pulled aaoss a surfacewith nofriction andisthen puled an
equal distance acoss a surface with friction.

T

O] S
Final

Block position
of block

A no friction B Vi C

d=1m b d=Im.............

a) Draw afreebody diagram for the N
block when it’ s between B and C. surface on Hock

b) Isthe magnitude of the net force ating T ope on Hock
onthe block from A to B greater than,
less than, or equal to the magnitude of
the net force acting onthe block from W
B to C? Explain your reasoning.

surface on block

eath on Hock

Sncethe dhangein kinetic energy is equad the magntudes of the net
works are ejual therefore the magntudes of the net forces are equd.

c) Caculate the mefficient of kinetic friction between the surface and the
block between B and C if ©=60°, myo«=1.5kg, and T=5N.

From (b) we know that T cos@- f = - T cos@ andf = u (mg-T sinf)
therefore u=.41

d) Calculate the work done by friction to move the block from A to C. Show
all work.

Sncef = 2Tcos@ = 5N theworkisW=fd=5J

Figure5-9

Bridging problem asked as part of the tutorial homework assgnment and & a ore-on-
oneinterview with undergraduae students.
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Resultsfor cdculationof p N=80  Sample Student Response
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fx e
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s e Tios® =Fr55 <0 odtrE M
0 Scosfo tﬂ~l0-37"
Correct Incorrect Incorrect:
SetFe=0  Other /,(‘- ,;]H N .
(UN=TcosH)
Figure5- 10

Performance on the quartitative part of the bridging problem and asample student
resporse. The sample shows the most commnon error that students made on this problem.

Interview Analysis

We followed the bridging problem analysis with one-on-one interviews,
allowing usto further probe student understanding. Results of the interview analysis
showed that the most common mistake, of setting the net force ejual to zero, could be
explained by the students not attaching the @rred qualitative knowledge to the
quantitative statement of NII. In particular, one student (out of the six interviewed)
applied NIl over atimeinterval rather than at an instant. Although these ideas are not
consistent with NIl they do show that our students are cgpable of rather sophisticated
reasoning. Without using interviews as areseach toal it is difficult to show the types
of sophisticated reasoning that we, as instructors, can build upon to help students
adhieve the mrred understanding.

We mnducted one-on-one problem-solving interviews with six students from
the Physics 161 class The six students were chosen at random from a pool of
eighteen volunteas.** Most students in the dasswere given the opportunity to
voluntee for the interviews.

Interviews were conducted with students who solved the bridging problem
discussed ealier in the chapter. Because of this, al students being interviewed were
sedng the problem for the second time. Complete transcripts for the interviews
presented in this saion are found in Appendix D.
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Pink

We will first look at Pink’s™ response in answering the final part of the
problem about the aefficient of kinetic friction. On the bridging problem homework
assgnment Pink made the aror of setting the net force ejual to zero on the friction
surface

In thisinterview, Pink began the final part of the question by examining the
forces on the block. Eventually she set the net forcein the x diredion equal to ma,
unlike what she did on the homework assgnment. She did however state, in the
interview, that the accéeration is zero when the block reades point C.*° As Pink starts
to get stuck when trying to cdculate the accéeration, | suggested that she think about
the work-energy theorem, which states that the net work equals the change in kinetic
energy. Thefollowing is an excerpt of Pink’sinterview with some commentary.

P: Forcetimesthe distanceis 1/2 mv squared. [pausg] ... force euas mass
times accderation times distancewhich is the work andthat equds 1/2 times
the masstimes the final vdocity squared. —so between A andB thefinal
veocity is— pause]

I: How doesthe dhange in kinetic energy from A to B compare to the changein
kinetic energy fromB to C?

P: ... The dhangein kinetic energy from A to B isgoing to be /2 times the
masstimes the veocity andfrom B to C —itsgoingto be —well you're
staring ou with avdocity so — Theywill be the same because you are starting
fromrest andyou get to afinal v andthat istheinitial veocity from hereto
here andyou're stoppng. Sothe véocity is the same andthe massis the same
so the dhange in kinetic energy is the same.

At this point Pink seamed to be having dfficulty applying the work-energy
theorem to this stuation. The reason that the hint to use the change in kinetic energy
was given was to provide a aie that might help her make the cnnedion, and adivate
aschemafor work and energy. Although she was able to correaly identify the
changes in kinetic energy the work-energy theorem was not brought up, which
indicates a very week link between these two topics. At alater stage in the interview
Pink begins to focus on the accéeration of the block.

P: Sothe accderationis zro.
I: So havdoyou get that?

P: Becauseit isnot accderation ... becauseit isnot accderating kecause the
vdocity is not changng.

I: What do you mean the véocity isnot —
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P: Well, it is garting andending a the same véocity so the changein the
veocity is 2ro. Andthe accderationischange in vdocity over changein time
S0 its Zro.

I: Soyousaid accderationis 2ro becauseit starts off at rest andit ends at
rest ... ©the dange in vdocity fromAto ...

P: AtoCis zro—

[Pink then proceeals to solve the problem, setting the sum of forces equal to
zeo. Shethereforehas T cosB — px n= 0 and gets py = .24.]

Inthis edion Pink states that the accéeration of the block is zero becaise it
starts at rest and ends at rest. One explanation for this type of response is that Pink is
not bresking upthe problem into locd and gobal parts.*” She wrrealy identifies the
average accéeration from the beginning to the end of the motion but then uses NI,
which isvalid at asingle instant intime. The time issue asciated with equations is
an interesting subjed that warrants more reseacch.*® A more general way to classfy
this error isto noticethat Pink does not sean to be dtacing appropriate conceptual
meaning to the equation for NII. Thisis an error we often seewhen students lve
quantitative questions. To get a better ideaof Pink's misinterpretation of NII, | ask her
about the equation she has just written.

I: Thisequation here —thisF cosine 60 dusthe forceof friction equas ma
—when daesthis equaion appy?

P: Between B andC.

I: Between B and C—so0 between B andC —

P: And between A andB it isjust T cosine theta.

I: T cosine gquas—

P: Masstimes accderation.

I: ... Canyou write the sum of the forcesin the xdiredion ketween A andB?
P: ...It'sjust T cosine theta cause that isthe only forcein the xdiredion.

I: Andthat’sequd to ma?

P: Yeah—

I: Andthe accderation?
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P: Well, it'sgoingto be ... causeit startsfromrest andits got a final veocity
at B soitsjust change in vdocity over changein time.

I: Soit isaccderating? —
P: Between A andB —andits decderating between B and C.

I: ... 9 when youwrote thisequation here [pointsto T cosB — F .= ma] —this
isfor —you said thisisfor the part of the motion between B and C?

P: Yeah.

Here Pink sees a mntradiction in her reasoning after | intervene. Pink states
explicitly that the egquation she wrote down applies in the region from B to C and she
also stated the corred definition of accéeration and that the block is decderating from
B to C. Earlier, she wrote down that the net force (from B to C) isequal to zero. To
justify it she stated that the accéeration from A to Ciszero. These statements can be
attributed in part to aladc of coherencein her schema for dynamics. Some of her
statements diredly contradict ead other. By the end of the previous exchange she
starts to believe that the net force from B to C is non-zero. Different pieces of
knowledge get brought out depending on the aues presented. In the sedion above, the
questions | present cue adifferent set of knowledge. In the next sedion Pink resolves
the discrepancy.

P: Soif you have... | guessif you addT cosine theta then it would be for the
whole thing

I: Say that agan.
P: If you addT cosine theta agan that would add dl the forcesin the x
diredion from here to that [pointsto A and C]. Sothiswould be [writesa 2 in

front of the tension force— she has therefore dhanged T cos 6 — ik n = mainto
2T cosO—pxn=ma

I: Soyouwould get 2T ... © what isthis equaion agan?

P: If weaddT cosine theta —that’ s the forces between A and B plus the
forces between B and C it would be the whale thing.

I: Sowhat do you mean the whole thing?
P: | meanthe sum of the forces ...from A to C.

I: The sum of the forces from A throughC isthis guy [pointsto 2Tcost — pk =
ma.]
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P: Right.

I: Now why do you say that?

P: Itsjust the sum of the forcefrom A to B plus the forcesfrom B to C.

I: Sowhen you say this[pointsto 2TcosO 1, = ma] what’ s the accderation?
P: Well, thereit is zro.

I: Thereits 2ro because ...

P: Beausethe dhangein vdocity over the dhangeintimeis 20 —

I: ...Sqisit zero here? [Pointsto dd sum of forces from B to C which is
TcosO —F =ma]

P: Umm—That’s between B andC —well it’ s decderating so it can't be
zexo.

In this edion Pink resolves her dilemma but instead of switching from global
(or average accéeration) to the instantaneous acceeration which would be @rred, she
reinterprets NIl as aglobal quantity. Pink applies NIl aaosstime summing the forces
throughout the entire motion. She istherefore exhibiting some profound conceptual
difficulties with Newton's Laws.

These difficulties em to come from Pink not bein% ableto seetherole of
time in the equation for NIl. Redish discusses Newton's 0" (NO) Law in his Milli kan
paper. NO statesthat "at atimet, an objed responds only to forces that are exerted on
itself at timet."*° Thisis not trivial for our students. Each equation a student uses has
information about time that is not explicit in the equation. For instance, when using
NII the quantities on either side of the equal sign are evaluated at the same instant. In
contrast, when using conservation laws, such as conservation of momentum the
quantities on either side of the egual sign are evaluated before and after a ollision.
Bruce Sherin discusses ways to put extra information into equations to help students
attach more mnceptual information to equations.® Attaching time information to
different formulas may help students make this connedion. Thetimeisseisan
interesting areaof reseach. There ae very few studies examining this difficulty.

It isalso interesting that Pink’s last statement would yield the mrred answer to
the problem. Because the accéerations are equal and opposite on the frictionless
surface &d on the surfacewith friction, summing the forces on ead region and
adding the two NII equations would give you zero. In the next chapter we present
results dowing that students can get the wrred answer to a quantitative problem even
though they may have serious conceptua difficulties. Again, we seewhy physics
education reseachers must support analysis on written responses with the analysis of
interviews.
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It isalso important to note that Pink is using some very sophisticated reasoning
to solve the problem and resolve her inconsistency. She constructs her own theoreticd
interpretation for the dgebraic equation of NIl and this interpretation does not come
from abook or aningtructor. Even though it isincorred it allows her statements to be
consistent with ead other. The interview allows usto dbserve the expert-like
reasoning skill s that our students may possess such as Pink’sinterpretation of NII. It
is easy to view wrong answers (and corred answers) in a smplified way when we ae
simply presented with written responses to homework and exam questions because we
are unable to seethe types of reasoning our students are cgable of. Interviews can
provide us with information on the resources gudents have, which we can build upon,
to help students come to a @rred solution to the problem. Although Pink’stime
averaged use of NIl is asophisticated pieceof reasoning and it allows Pink to obtain
the corred answer for the efficient of kinetic friction it may lead to more difficulties
in the future.

Michelle

In another interview we saw the same mathematica error (i.e. solving for 1 by
setting the force of the hand equal to the force of friction), although in this interview it
is done for a different reason. This excerpt comes from an interview with Michelle,
who was one of the top studentsin the dass In this excerpt Michelle begins lving
for the wefficient of kinetic friction.

M: Friction—1 usualy start with any definition a formula | canthink of —so
that is u N andin this caseit isnot moving df the table or surfaceso you ae
goingto havethe normal plusthe Tensiontimes sne theta will equd m of the
block times gravity. Andwe c@an solvefor N sowe @an pu in this equation
[pointsto u N = K] — Theygiveus massof block ...1.5 times 9.8 meters per
seoondsquared minus the tensonwhich is5 N times sne sixty degrees. ... I'd
get a number for thisand gugthat in here [pointsto u N = K] — Friction—
becauseit isgoingto cometo astop a point C you aegoingto takefriction &
rest will be equd to tensiontimes cosine of theta. ... Because at the endit is
goingto be at rest so it isnat going to be moving in the horizontal diredion—
| took that at paint C.

I: Soyou ae sayingthat at point C the forceof friction hasto be egqud to that
[pointsto T cos 60] becauseit isat rest?

M: Sotheyare equa — 5 N times cosine sixty —that will give me anather
number which can gointo there [pointsto UN = F] andl can solvefor u

I: ...So d point C yousaid it was at rest so these two forces are equd?

M: Yes—I said it’s got a vdocity coming thisway andthe frictionis
eventually goingto sow it to astop andthe pisn’'t changng a all so —
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I: Sothe accderation & point Ciswhat?
M: The accderation a point C is 2ro becauseit isnot moving.

Michelle is making a different type of error. Sheis aimming the forcesin the
region from B to C but only using point C to evaluate the accéeration of the block.
Thiserror is smilar sincewe ajain seethat the quantity on the left side of the eguation
is being evaluated at a different time than the quantity on the right side of the eguation
inNIl. Againthetime issue seansto be afador in the way the students respond to
the question. Later in the interview, after some intervention, Michelle resolves some
of these isaes.

These interviews sow why it isimportant to probe student understanding in a
number of different ways. The interview provides a detailed look into students
reasoning. It isimpossble to say that ead student who made the aror of setting the
horizontal component of tension equal to the force of friction went through the same
type of reasoning Pink and Michelle went through. But these results do give us an
ideaof some of the difficulties we must look out for. They also tell us about some of
the resources gudents have that we can build upon.

One possble explanation for the incorred response is alac of conceptual
information attached to the quantitative form of NIl. In order for our studentsto apply
equations corredly at appropriate timesit is necessary that we atach conceptual
meaning to the equationsthey use. As dated ealier, when our students view an
equation, they often observeit as smply atool to obtain an unknown variable. This
seamed to be the cae with Michelle and Pink. Although they had strong reasoning
skill s and often hed the crred concepts, they did not attach the conceptsto the
equations and they did not chedk that there was consistency between the ancepts and
the eguations.

Thermodynamics Question

Introduction

The question discussed in this sedion was posed as a pretest for the physics
262 course with tutorialsat UMd. The pretest preceded a problem-solving tutorial that
was developed by the UMd PERG.?* Problem-solving tutorials are given after the
students hea leadures on the material and after they go through tutorials based on the
subjed. The students taking this pretest have therefore had ledure and tutorial
instruction on the material.

Pretest Analysis

Two versions of the thermodynamics problem were given to the students.
Figure 5 - 11 shows the problem with a model solution. Each version was asked in a
different lecture dasswith a different instructor. The first version had many
qualitative parts before afinal quantitative part, while the second version had only the
final quantitative part. The problem involved a piston that undergoes an isothermal
expansion and then an isovolumetric process Only the bold faced question appeaed
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on both the short version and the long version of the question. This problem probes a
schema for work. Some nodes that an individual may adivate in awork schema ae:

* thework isequal to the force dotted with the displacament,

* thework istheintegral of Pdv,

» thework isequal to the aeaunder a PV diagram, etc.

A thermodynamics problem involving a piston would most likely adivate the
last two nodes in order to solve the problem.

The most interesting data cmes from looking at how the students answer the
final question where they are asked to cdculate the work done by the gasin the
processALl B[ C. First wewill concern ourselves with looking at the general
caegories of corred and incorred. Table 5 - 4 shows the results on the quantitative
part for the two classes. (Only the students who answered the final part are included
inthe analysis.)

The data shows that the students performed better on the short version where
they are smply asked to caculate the work done in the process This result was
surprising because one would think that the mnceptual questions on the long version
would help the students lve the problem. In particular, questions a and b, where the
students are asked to draw a PV diagram, should help them caculate the work done by
the piston.

In order to determine why the performance on the short version is better, we
break down the responses into more spedfic caegories. Table 5 - 5 shows that on the
long version of the question a large percentage of the studentsincorredly caculated
the aeaunder atriangle and a square. Most of these students (16 out of 18) drew the
isotherm as a straight line. The students who drew the PV diagram have therefore
cued into the node that work isthe aeaunder the aurve, whereas the students who

were given the short version cued into the node that IPdv:Work. Because of alack

of conceptual understanding in the isothermal processes the piston goes through (only
61 out of 114 gaphed the isotherm corredly), the students on the long version acually
perform worse. We exped the students taking the short version of the pretest to have
the same @nceptual difficulties with graphing the isothermal processwe observed
with the students on the long version.?? Sketching the PV curve seans to have
triggered a geometricd solution for the problem, while the students who were not
given the qualitative questions lved the problem using caculus. The two versions of
the questions have therefore aued dfferent schemas with different procedural rules.

An expert problem solver would tend to relate the geometricd and caculus
based knowledge so that performance on the long and short versions would be similar.
When experts attempt to solve problems, they will tend to draw upon both their
qualitative and their quantitative knowledge in most situations. Occasionally experts
are presented with problems that they may have solved many times, in which case they
may not nead to use both their qualitative and quantitative knowledge. For the most
part thiswill only happen when the expert is reasonably sure of the answer. Any
doubt will usually cause expertsto chedk for consistency between their qualitative and
quantitative knowledge.
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Anided gasin a mntainer with a piston

starts at apressure of 3 Atm and a bt AL €
volumeof 1 L. The gasfirst goes )
through an isothermal process ending up 24w

with apressure of 1 Atm andavolume |, N
of 3 L. The gasthen undergoes a process B

at constant volume ending upwith a v
final pressure of 3 Atm.

a) Sketch theisothermal process onthe PV diagram and label the
resulting state “B.”

b) Sketch the constant volume process onthe PV diagram and | abel
the final state “C.”

c) What isthediredion d theforce exerted onthe piston by the gasin
the container in the process ALl B? Isthe work dore by the gas
pasitive, negative, or zero? Explain.

The diredion d the force from the gas onthe pistonisin the +y
diredion. Sncethe volume of the gasisincreasingthe
displacement of the pistonisin the +y diredion. Thework dore be
the gasis positive sincethe forceandthe displacement are in the
samediredion.

d) What isthediredion d theforce exerted onthe piston by the gasin
the container in the process BlO C? Isthe work dore by the gas
pasitive, negative, or zero? Explain.

Again the force of the gas onthe pistonisinthe +y diredion. Sncethe
displacement of the pistonis zro the work dore by the gas on the piston
isalso zero.

e) Calculatethework done by thegasin the process AJ B C.
Show all work.

The work dore by the gasis equd to the area urder the isotherm. With
the temperature remaining constant we have

}Pdv = }nRT dv =3.3AtmlL
A A

Figure5- 11

Two versions of a thermodynamics question asked as a pretest with a model
solution. The first version contained dl five parts andthe secondversion consisted
of only the last part.
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Calculate the Corred: Corred: Area Incorred
work dore. J'pd\,: Work under the
curve (approx)
Longverson| 20% + 5% 7% + 3% 73% + 5% N=74
Short version| 44% + 7% 0% 56% + 7% N=55
Table5-4

Performance onthe final part of the question.

Calculate the Incorred: Incorred: Incorred: Incorred:
work done. areaof A +OJ areaof A PAV, APAV, other
APV

Long version| 24% + 5% 5% + 3% 23% £ 5% 21%+5% | N=74
Short version| 2%+ 2% 11% + 4% 33% + 6% 10%+ 4% | N=55

Table5-5
A more detailed description d how students answered the final part of the problem.

Summary

Thiswedk link between qualitative knowledge and quantitative knowledge can
adually cause our students to perform worse when they are presented with qualitative
guestions before the final quantitative part. This may be due to students adivating a
particular schema because of the qualitative questions and then getting trapped in that
particular schema. If the schemathat is adivated does not contain all the information
needed for the problem, the student will not be ale to solve the problem. Evidence
from the hand-block ungraded quiz and the thermodynamics pretest supports these
conclusions. In the hand-block problem we observed that some students tended to get
cued into a dynamics shema where they could not make the link to the work and
energy schema. In the thermodynamics problem we saw that students adivated a
schema for work which involved the aeaunder the PV curve and could not make the
link to the integral of PdV when conceptual questions were presented.

This chapter provides reseachers and instructors with methods that can be
used to evaluate student coherence. The methods we used involved problem-solving
interviews, and open-ended questions. By asking questions with partsthat are
qualitative and parts that are quantitative we were ale to identify contradictions and
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inconsistencies in student knowledge and reasoning. We ae dso able to probe for
coherence between the schemas dudents have for different physics topics.

We have introduced two new representations that can help instructors and
reseacherslook for coherence reasoning maps and solution maps. We can also see
how students are using concepts in answering the quantitative questions by examining
performance on different versions of a problem. We believe that forming coherence
and evaluating coherence should be an explicit goal of the physics course.

The responses gudents gave on the qualitative and the quantitative parts of a
problem also indicae that students have isolated schemas for qualitative and
quantitative knowledge. The mnceptua responses on the hand-block problem were
not always consistent with the quantitative expresson for NII. On the
thermodynamics problem, the quantitative expresson for the work done by the piston
involving the integral of PdV was used lessoften for students who answered
qualitative questionsfirst. In the following chapters we provide more detail on these
isaues.
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! Problem-solving interviews are discussed in chapter 3.

2 Another option for a problem-solving interview would involve two or more students.
Bruce Sherin discusses the advantages of using two students. One particularly relevant
benefit is that when two students are present they must talk to ead other and explain
what they are doing. In contrast, the one-on-one interview is amore atificial setting
for the student. The reseacher often has to remind the student to explain their
thoughts and what they are writing out loud. Because we do not want any external
cues or aids for the student, we dedded to use the one-on-one interview setting.

% For more information see dapter 2 pages 10-12 and A. A. diSess, “Knowledgein
Pieces,” In Constructivismin the Computer Age, G. Forman and P. Pufall (Eds.)
(Lawrence Erlbaum, NJ, 1988, pp. 1-24; and D. Hammer, “More than
misconceptions. Multiple perspedives on student knowledge, and an appropriate role
for education reseach,” Am. J. Phys. 64 (10) 13161325(1996.

4 Maintaining agent is a term used by Hammer to describe diSessi's continuous force
p-prim. SeeD. Hammer, “More than misconceptions. Multiple perspedives on
student knowledge, and an appropriate role for educaion reseach,” Am. J. Phys. 64
(10) 13161325(1996.

® We believe that the graduate students who could not use work-energy in this problem
could have done astraightforward work-energy problem.

® E.F. Redish, "Milli kan Award Ledure (1998: Building a Science of Teading
Physics," Am. J. Phys. 67 (7), 562-573(1999.

' For more information on P-prims eeRef. 3.

8 P-prims were discussed in chapter 2 on pages 10-12.

® SeeRef. 3.

19D. E. Trowbridge and L.C. McDermott, "Investigation of student understanding of
the concept of acceeration in one dimension,” Am. J. Phys. 49 (3), 242-253(198)).
3 H. Larkin, "Therole of problem representation in physics." In Mental models, D.
Gentner and A. L. Stevens (Eds.) (Lawrence Erlbaum, NJ, 1983, pp. 75-98.

12 M.T.H. Chi, P.S. Feltovich and R. Glaser, "Categorizaion and representation of
physics problems by experts and novices,” Cognitive Science, 5, 121-152(1981).

13 Bridging problems are discused in detail in chapter 3.

14 Problem-solving interviews are discussed in detail in chapter 3.

15 Students use mde names they choose in the interviews.

16 Pink may be making the @mmon error that the accéeration at point C is zero
because the velocity is zero at point C. She may also be answering corredly by
recognizing that the block remains at rest at C. It isdifficult to tell from the transcript.
17L.C. McDermott and P.S. Shaffer, "Reseach as a guide for curriculum
development: An example from introductory eledricity, Part I: Investigation of
student understanding.” Am. J. Phys. 60 (11), 9941002(1992; Erratumto Part I, Am.
J. Phys. 61 (1), 81(1993.

18 Bruce Sherin discusses me of these isaues in B. Sherin, "The Symbolic Basis of
Physicd Intuition: A study of two symbol systemsin physicsinstruction,” Ph.D.
dissertation, Schoal of Education, University of California, Berkley, (1996.

19 SeeRef. 6.
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20 For more info seeRef. 18,

%1 Problem-solving tutorials are described in chapter 3.

22 \We believe that the two student populations we investigated are similar. Both
populations went through the same aurriculum and both instructors for the @murse were

well liked by their students.
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