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Chapter 6: Using Complex Problems to Evaluate Coherence between
Qualitative and Quantitative Knowledge

I ntroduction

In addition to schemas centered around physics topics, the last chapter
provided evidence that many of our students have isolated schemas for qualitative and
quantitative knowledge. In this chapter we present results showing how students
perform on qualitative questions and quantitative questions about various physics
topics. The results we present in this chapter will show that the qualitative knowledge
and quantitative knowledge our students possessabout a particular topic often do not
overlap, and may even ke contradictory. For example, we have drealy seen how
sometimes gudents write down the eguation for Newton's 2" law (NI1) yet still
believe that a net forceis needed to keep an objed moving at constant velocity. We
will show that students often do not attach qualitative meaning to their quantitative
knowledge.

Reseach on physics problem-solving has clealy demonstrated that experts
tend to use their qualitative knowledge, more than novices, in solving quantitative
problems. In addition, Larkin hes found that experts will use their qualitative
understanding in formulating physicd representations.? In this chapter we spedficaly
focus on the aherence between qualitative knowledge and quantitative knowledge for
novice problem-solvers. Our resultsindicate that students qualitative and quantitative
schemas for answering questions and problems are only weakly linked. We show that
students often use ather a qualitative schemato solve aproblem or a quantitative
schema, but rarely use integrated schemas.

Thisimpliesthat giving our students either qualitative questions or quantitative
guestions on exams to evaluate their performancewill only evaluate the quality of a
particular schema; it will tell uslittle dout the quality of the cherencein their
physics knowledge. For instance, in an introductory physics course for pre-medica
and engineaing students, the students are usually evaluated by their performanceon
quantitative problems. Students who are good at formula manipulation are often
rewarded by recaving good gradesin the murse® To get a deeper understanding of
our students knowledge, physics educaion researcherstry to incorporate diff erent
types of evaluation techniques to probe deeper into students’ understanding.*

One common assumption instructors make is that the &oility to solve
traditional homework and exam problems implies qualitative understanding. Thereis
by now an extensive literature that documents that quantitative skill s do not always
imply qualitative understanding and our results confirm this. This supports the dams
of physics education reseachers who have shown that students often passthe
introductory physics course without a basic conceptual understanding of the material.®
Students leave our courses with many of the same misconceptions with which they
entered; but now they can solve traditional problems.

We dso provide results that show that improving students qualitative
understanding does not imply that students will automaticaly use their qualitative
understanding in solving quantitative problems. Therefore, innovative airriculathat
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have been shown to improve our students qualitative understanding are not sufficient
to produce dfedive problem-solving in some @ntexts.

By applying the theoreticad framework of schematheory to qualitative
knowledge and quantitative knowledge we can begin to make sense of these isaues.
Schema theory helps us understand why successon quantitative problems tell us little
about the quality of qualitative understanding, and why successon qualitative
questions tell uslittle @out the quality of problem-solving skills. Unlike expert
problem-solvers who tend to integrate qualitative and quantitative knowledge, our
students find it difficult and consider it unnecessary to go badk and forth between
these two types of knowledge.

At this point it will be useful to define what we mean by quantitative questions
and qualitative questions. For experienced physicists this distinction is not necessarily
an obvious one. An experienced physicist will usually see aproblem as containing
both qualitative and gquantitative aspeds. For instance, when presented with an

equationsuch as X —x, :}éat2 experienced physicists will i ntegrate astory of the

motion with the equation. They will picture an objed starting at some position, from
rest, moving along a straight line with increasing velocity. Novice physics sudents
will often just seethe equation as away to solve for a particular variable; they do not
consider the qualitative picture of what is happening important. For this dissertation
we will define quartitative questions as questions that either require the students to
solve for a given variable in terms of symbols or to adually cdculate aspedfic value
for a particular variable. Often these problems can be solved without requiring a
qualitative understanding of the underlying physics; students often solve these
problems by seleding a formulafrom alist (by identifying the presence of particular
variables) and then manipulating equations. These types of problems are typicdly
found at the end of the chapter in a physics textbook.® Qualitative questions are
guestions where the student reasons conceptually instead of algebraicdly about a
given situation. Again, for some questions the distinction will be difficult. Although
these definitions are simple, they will allow us to classfy many questions as being
either qualitative or quantitative.

In the paragraph above we have dassfied quelitative and quantitative
guestions smply by the questions themselves, but thisis a smplification. A more
acarate definition of a quaitative and a quantitative question would depend on the
charaderistics of the problem and the individual solving the problem. Simply stated, a
guestion which adivates qualitative knowledge is a qualitative question and a question
that adivates quantitative knowledge is a quantitative question. The particular
knowledge an individual has will play alarge role in which schema gets adivated, or
whether a schema with both qualitative and quantitative knowledge is adivated.

To make the distinction cleaer let'slook at an example from Serway’ shown in
Figure 6 - 1. Based on our simple definition, using only the charaderistics of the
guestion, we would tentatively classfy this problem as quantitative becaise the
students are asked to cdculate the value of the potential differences for a set of circuit
elements. Most experts would seethis question as more of a qualitative question.
Rather than applying Kirchoff's voltage law on two different loops, they would reason
conceptually about the aurrent and the properties of the different circuit elements.
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After a conceptual analysis they would then apply some simple formulas, instead of
solving two simultaneous differential equations, to find an answer. Some students
trea this question as quantitative, applying little conceptual reasoning, while others
tred this question as qualitative. Two student responses are shown in

Figure 6 - 2 (a, b) depicting the different ways different students can approac
this problem. One students clealy answers the questions using qualitative reasoning,
while the other student clealy begins with a quantitative analysis.

The switchin the figure & W)

right isthrown closed at t = 0.
Before the switch is closed, the AAAA

cgpadtor is uncharged and all
currents are zeo. Determine

the arrentsinL, C,andR (&) __|
the instant after the switchis C

closed and (b) long afteritis ~ |

closed. ~o

Figure6-1

Inductive grcuits problem from Serway. This problem can ke interpreted as
either a quditative problem or a quartitative problem depending onthe
individud solving the problem.

We provide evidencefor the presence of largely distinct qualitative and
quantitative schemas with data from the threesemesters of the engineering physics
sequence d the University of Maryland (Physics 161, 262, and 263)® This chapter
examines responses on qualitative and quantitative parts to open-ended questions. We
do not differentiate the students in the tutorial sedions and the redtation sedions for
most of the studies in this chapter.

We demonstrate the fragmentation between the qualitative knowledge and
quantitative knowledge by identifying two types of student responses. In thefirst case
we observed that students can often solve quantitative questions corredly without a
conceptual understanding of the physicsinvolved in the question. In the second case
we observe that students may have the @rred conceptual understanding but not apply
this conceptual understanding in solving a quantitative problem.
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Sample student response showing hav students can treat one question either

quditativey or quartitativdy. In this lution the student uses his quditative

understandng.

85



| '
‘}} ﬁ'._fl g.‘;.lll H“I'J -!"n.!-;m-ﬂ-q* th fl'-’l'ij"rbf

T ot sl |ouchorn = O

Illlrt_;,.p.i--."l’.‘ur — E;

UL¢ Vp = o

Figure6 - 2
(b)

Sample student resporses siowing haw students can treat one question either
quditatively or quartitativdy. In this lution the student uses a quartitative
andyss.
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Sample Analysis

Before d@tempting to describe our large-scde studies we will first look in detall
at a sample student response to an exam problem.® This allows the reader to become
aqquainted with some of the isaues of interest. This analysis also clarifies what we
mean by qualitative and quantitative questions and responses.

The question shown in Figure 6 - 3 was written by the author and was asked in
the Physics 263 classat the University of Maryland. The question was asked on an
exam and tests the students' knowledge of inductive drcuits with a DC voltage source

The problem begins with a quantitative question asking the students to write
down the drcuit equations using Kirchoff’s Laws. The next threeparts are qualitative
guestions where students are first asked to reason about the potential differences
aaossead circuit element and then asked to sketch the graph of the airrent I, given
the aurrent I,. The last part of the problem is a quantitative question asking about the
energy stored in the inductors along time &ter the switch has been closed.

For an expert problem solver none of the parts of this problem are exclusively
qualitative or quantitative. The expert problem solver will use schemas containing
both types of knowledge to solve eab of the parts (if the responses are not obvious).
We dso exped the expert problem solver to apply qualitative and guantitative
reasoning more ansistently then our students, since these two types of content
knowledge ae more integrated in the expert.

One student’s response to the exam questionsis given in Figure 6 - 4. This
student's responses on the quantitative and the qualitative questions are often
contradictory. This gudent is not representative of the whole dassor even most of the
class but the response provides us with an example of the type of incoherencewe
often observe when students are solving complex physics problems requiring both
quantitative and qualitative sKill s.

The student’s response in Figure 6 - 4 has been typed in order to make it easier
to read. This gudent shows a dea distinction between his qualitative and gquantitative
knowledge. For the quantitative questions, parts a and e, the student correaly applies
his quantitative knowledge. He uses Kirchoff’s voltage law (KVL) over the two loops
corredly, identifying the voltage drops aadossthe inductors and the resistors. He dso
has the wrrea signs for ead of the voltage drops. For the final part the student
corredly usesthe fad that the aurrent will be amaximum along time dter the switch
is closed. One may then conclude that this gudent has a good understanding of
inductive drcuits. Without solving the drcuit equations, the student redized that the
current will become cnstant after along time, by either applying a pieceof qualitative
knowledge or remembering afad that the student associates with this type of problem.
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Consider the circuit shown at
right consisting of a battery, c I \ d
two dfferent inductors, and Ro

two identical resistors, where |

£=20V,R=R =100, b qul———VV\— -
Ly =10puH, and L, =5 pH. Ly R
Beforethe switch is closed
there is no current in the | ‘
circuit. Assume that the a I f
battery, the wires, and the ‘

inductors have no resistance. E

a. UseKirchoff’ s Law to write the circuit equation for loop acdf and loop
abef.

b. Rank the magnitudes of the potential differences over the battery, L1, Lo,
Ri, and R; a very short time after the switch isclosed. If any of the
potential differences are zro state that explicitly. Explain your reasoning.

c. Rank the magnitudes of the potential differences over the battery, L, Lo,
R1, and R; a long time after the switch isclosed. If any of the potential
differences are zeo gate that explicitly. Explain how you know.

d. Thefigure at right showsthe
current I, as a function of time. |
Redraw this figure in your
exam booklet. On the same
figure sketch the graph of 1.
Be sure to make your sketch
consistent with the sketch of
the current 1, and be sure to
label each of the aurrents.
Explain your reasoning on t
qualitative grounds using your
answer to part a. (You do not need to solve the circuit equations.)

A 4

e. Calculatethe energy stored in each inductor a long time after the switch
has been closed. Show all work.

Figure6- 3

Inductive grcuits problem asked as an exam questionin the physics 263 class This
guestionis an example of a tutorial questionwith quartitative parts.
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When we analyzethe gualitative questions we seethat the student's qualitative
understanding has srious deficiencies, despite his correct answersto the quantitative
guestions. In part b, a short time dter the switch is closed, the student states that the
change in current is zero, therefore the voltage drop over the inductorsis zero. Here,
the student may be confusing current with change in current. The @nfusion of a
quantity and its rate of change isa common error, and appeas in the student confusion
of accéeration and velocity.'® The next part of the problem asks about the voltage
drops along time dter the switch has been closed. The student states that the voltage
drops over the inductors are the largest because of the aurrent in the inductors, even

though he statesthat V, =-L d%t and in part d he states that the aurrent will read a

i E
maximum value of %Q

a For loopaaif, S—del%t—lsz =0

For loopabef, £ - L, dl%t— LR =0

(since R;=R, we can replace both with R, but sincethe diagram has both R; and
Rz I'll leaveitin.)

b.  [VriF|Vr2>[V0L1[FVL2|=0
A short time dter the switch is closed the dhange in current aaoss the
inductor iszero andV =0. Vgr1=Vg2 becaise R; = Ro.

C. [VulPVi2PVri=Vr2=0
V2>V because I1=I, so the only differenceistheir L andL;>L,. The
inductor produces a magnetic field thanks to the aurrent and the induced
current. TheVg; and Vg, are zeo because dl the aurrent is going through
the inductors.

d. s—LO%t—leo, %—L/Rd%lt—l =0
e U =LL7}

A long time dter the switch has been closed | = Imax

Imax = Qw= &R

Therefore

Uy, = 1500x10°)(29 )17, U, = 35,a0x10°)(2% )*17
=2 X 10°Joules

Figure6 - 4
Sudent solution to the questionin Figure 6 - 3.
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When using Kirchoff’s voltage law (KVL) in part a, the student presumably
uses the fad that the aurrents are the same in series. He uses |, to describe the aurrent
aaossthe leg of the drcuit be and I, to describe the arrent acossleg cd. This corred
application of KVL is contradicted in part ¢ when the student states that the voltage
drops over the resistors are zeo because dl the aurrent is going through the inductors.
This provides us with another example of how a question may cue aqualitative
schema adivating a different response than a question that may cue aquantitative
schema. Besides having contradicting qualitative and quantitative knowledge, a
student might also possesscontradicting qualitative knowledge that can be activated
by different cues.

It isimportant to note that we ae not smply looking at whether students <ore
better on quantitative questions or qualitative questions testing the same ideas. We
would like to understand the structure of their qualitative and quantitative knowledge
and identify consistency and inconsistency in the students reasoning. The &ove
example shows that the student direaly contradicts his qualitative statements and
quantitative statements even when the statements ded with the same physica
phenomena. The following examples are done on alarger scde to show the
pervasivenessof these difficulties.

M omentum Question

The question shown in Figure 6 - 5 was asked in the non-tutorial Physics 161
classat the University of Maryland.** This question was posed on the final exam for
the dass It consists of two qualitative questions and two quantitative questions.

Two bocks collide on africtionless sirface. After the allision the two blocks
stick together. Block A hasamass M and isinitially moving at speed v in the
+x direaion. Block B hasamass2M and isinitially at ret.

a) Draw afreebody diagram for ead block at an instant during the olli sion.
Rank the magnitudes of the horizontal forces in your freebody diagram.

b) What isthe final velocity of the blocks after the wllision? Show all work.

c) Caculate the change in momentum of block A. Calculate the dhangein
momentum of block B. Show all work.

d) Can asystem whose momentum is conserved be made up of smaller systems
whose individual momenta ae not conserved? Explain your reasoning.

Figure6-5
Question onmomentum conservation asked onthe Physics 161final exam.

The students are first asked to draw a free-body diagram for the blocks during
the wllision. They are then asked about the final velocity of the two blocks after the
collison. Sincethe wllision isinelastic, students can determine the velocity of the
blocks using the principle of conservation of momentum. In the next part, the students
are asked about the dhanges in momentum of both bocks, A and B. Thefinal part isa
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qualitative question testing the students on the concept of conservation of
momentum.*? Partsb and ¢ are quantitative questions requiring the gplication of
conservation of momentum. The last threequestions require the gplication of the
principle of conservation of momentum.

In part a, students are asked to draw a free-body diagram for both Hocks
during the wllision. Only about 38% of the students had corred free body diagrams
for the blocks during the wllision and 13% of the students did not include afreebody
diagram. The two most common errors were to include aforceon bock A inthe
diredion of A'sinitial motion (9%) or to omit the horizontal forces during the @llision
(7%), acounting for 16% of the arors. Ead of the remaining errors acounted for
fewer than 5% of the responses.

In the ranking task, many students (65%) left the question unanswered,
possbly because students in atraditional physics classoften have little pradice with
ranking tasks. Only 18% of the etire dasscorredly ranked the NIl forcepairs. The
most common incorred answer, given by 9% of the dasswas that the force eerted on
block B by block A was larger. Thisis consistent with previous gudies on student
understanding of the third law.*

Students performed better on the quantitative questionsin partsband c. In
part b, 81% of the students cdculated the final velocity of the blocks corredly. The
most common error, given by 11% of the students, was using conservation of energy,
instead of conservation of momentum. These results would indicae to most
instructors that students have agood understanding of the mnservation of momentum.
It shows that most of the students were cgable of dedding when conservation of
energy can and cannot be goplied. In part ¢, 37% of the students cdculated the change
in momentum of ead Hock corredly. Of the students who answered incorredly, only
2% of the students gated that the dhange in momentum of ead bock was zero.
Therefore, about 90% of the students in the dassobtained non-zero responses for the
change in momentum of ead bock.

In part d, students are given a general qualitative question about the
conservation of momentum. Recdl that about 81% of the students used the principle
of conservation of momentum in part b and about 90% of the students cdculated non-
zero answers for the change in momentum of ead individual block. We would
therefore exped that most of the students would answer “Yes’ to the question in part
d, posshbly citing their answer to part ¢ as evidence We find that only 53% of the
students answered corredly, while 41% of the students answered “No”. This result
shows a dea digtinction between students’ qualitative and quantitative knowledge. It
shows that having contradictory statements for these two questions is acceptable for
many of the students. Either the students are not aware of the contradiction or they
recognize the contradiction but do not attempt to resolveit. Table 6 - 1 summarizes
student performance on the momentum problem for parts b, ¢, and d Responses are
divided into corred and incorred with spedal cases of incorred responses included in
parenthesis.
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N=115

b) Calculate c) Calculate Ap for d) If Apys =0 can
thefinal blocks A and B Apa and Apg be non
vel ociti es. zero.
Correa 81% 37% 53%
Incorred 19% 63% (49% had nonzero) | 47% (41% had No)

Table6-1
Sunmary of student performance on the momentum question (parts b, ¢, and d)

Figure 6 - 6 shows a sample student response to the problem. Although this
student answered the quantitative questions corredly using the principle of
conservation of momentum, his response on the qualitative questionsisincorred. The
freebody diagrams for both bocks include vedors labeled v, which most likely
represent the final velocity, and not the forces on the blocks. On part d this sudent
diredaly contradicts his responsesto partsb and c. Hisresponse to part d also shows
that the confusion does not come from a misconception about the term “system.” He
believes that if one part of the system loses momentum the entire system must also
lose momentum. He is therefore not considering that if one part of the system loses
momentum another part of the system can gain that momentum. There were anumber
of students who made this error.

To get a deaer picture of how students are responding to the quantitative
guestion in part ¢ and the qualitative question in part d we mncaenated their
responses on these two questions. The results of this comparison are shown in Table 6
- 2. (The questionsfor part ¢c and d are paraphrased in the table.) The darkly shaded
cdls of the table represent the percentage of students who were mnsistent in their
responses to the two questions. The lightly shaded cdls represent the percentage of
students who answered the two questions inconsistently. As an example, we seefrom
the table that 37% of the students obtained the wrred answer for the quantitative
guestion (part ¢). Of those students 19% of the dassanswered the qualitative question
consistently, stating that a system whose momentum is conserved can be made up of
smaller systems whose momenta ae not conserved. We dso see16% of the dass
answered incongistently, stating that a system who's momentum is conserved must be
made of smaller systems whose momenta ae mnserved, even though they had shown
in part ¢ that the change in momentum of block A and block B were non-zero for this
Situation.
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Figure6- 6
Sample solution to the momentum exam question shown in Figure 6 - 5.
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Quantitative Qualitative Question Response (d) N=115
Question If APsys =0 can AP, and APz be nonzero?
Response ()
Calculate APA, | | Corred: Yes | Incorred: No | Incorred: TOTAL
APB. Other
Corred 1% 16% 2% 37%
Incorred: Non 27% 21% 1% 4%
Zero
Incorred: Zero 1% 1% 0% 2%
Other 8% 3% 2% 13%
TOTAL S5% 41% 4% 100%
Table6-2

Table showing haw students answered dfferent parts of the questionin Figure 6 -
5. Theresults show that many students answer incons stently on the quartitative
and quaitative parts of the question.

Circuits Question

The mixed quelitative and quantitative question, shown in Figure 6 - 7, was
asked in the physics 262 classat the University of Maryland. The results $ow that
students can perform reasonably well on a quantitative question yet they can have
serious conceptual difficulties.™* This question is smilar to the question presented by
Eric Mazur'® at Harvard University and a pair of questions given by Steve Kanim'® at
the University of Washington.*”

The question shown in Figure 6 - 7 was given on the final exam in two Physics
262classes. Ead classconsisted of threehours of ledure, two hours of lab, and either
one hour of tutoria or one hour of traditional redtation ead week. Studentsin the
tutorial sedion had no spedfic tutorial instruction on circuits.

Part A of the problem is a qualitative question that comes from the University
of Washington PEG.*® Part B is a standard quantitative question. The @rred solution
to part A isthat bulbs A, D, and E all have equal brightnessbecause they are dl
conneded in parale and therefore eat bulb will have the same voltage drop asthe
battery. Bulbs B and C would be dimmer sincethe resistancein that leg of the drcuit
is greaer and the voltage drop over both bulbs is the same & the battery. One
possble solution to part B would involve astraightforward applicaion of Kirchoff's
voltage rules. Another corred method used by students was to cdculate the
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In this problem, assume that the battery isided and that al wires have zeo
resistance

A. Consider the circuit shown at right containing 5identica bulbs labeled A-
E. Rank the brightness of the bulbs from most bright to least bright. If any
bulbs are equally bright, state that explicitly. Explain your reasoning.

B ¢

EMF —— A® D ({} E

c ¢

B. For the circuit shown at right, find the aurrent through Ry, the 10 ohm
resistor. Show how you arrived at your answer.

R; =10 ohms
V =3.0 voltg
— R, = 60 ohms Rs = 20 ohms
R; =100 ohms
Figure6-7

A final exam questionwith a quditative question (A) and a quatitative question
(B). Sudents performed better on the quartitative question despite it being more
difficult thanthe quditative question.

equivalent resistancein the drcuit in order to find the aurrent through R;. Most
experienced physicists would rate the quantitative question (part B) to be more
difficult than the qualitative question (part A.)

The results from the two classes are cmbined in Table 6 - 3. The results
indicate that students had significantly more difficulty with the qualitative question.
Only 17% of the students answered this question corredly. These results are
consistent with the results from the University of Washington PEG where 15% of their
population answered this question correaly.™® Their results also show that students
have some fundamental misconceptions with the topics of current and voltage.

The work done by the University of Washington Physics Education Group on
the topic of eledric drcuits gives us an ideaof why some of the erors on the
conceptual questions were made. Some incorred models used by studentsinclude a
model where aurrent gets used upin a bulb and a model where the battery is a mnstant
current source

Only 44% of the students at Maryland answered the quantitative question
corredly. Although performancewas better on the quantitative question (part B), the
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N=131

Part A: Corred: Incorred: Incorred: Incorred:
Qualitative A=D=E>B=C | D=E>A>B=C | A>B=C>D=E Other
17% 21% 1% 43%
Part B: Corred Incorred: Incorred: Incorred:
Quantitative Vpar/R1 ReqgWrong Other
44% 21% 12% 23%
Table6-3

The types of resporses given onthe two circuits questions andthe percentages of
students giving each type of resporse.

percentage crred isfar from where we would like it to be. The most common error
involved the students' incorred applicaion of Ohm's Law. Students who made this
error divided the battery voltage by the resistance, R;. One possble explanation for
thisisthat students are goplying Ohm’s Law without attaching conceptual meaning to
it. Another explanation isthat the students were goplying the model where the battery
adsas a mnstant current source, independent of the drcuit.

The most relevant result to the isaue of coherence between qualitative and
quantitative schemaisthat most of the students who answered this question applied
different models when solving parts A and B. Applicaions of Kirchoff’s Rules and
cdculations of equivalent resistancestell uslittle about student reasoning. We see
from this example that students can have incorred models for current and voltage yet
still correaly apply algorithmic methods, such as Kirchoff’s Voltage Rules to solve
standard problems.

Quantitative Qualitative Question Response (d) N=131
Question Rank the brightness of the five bulbs.
Response ()
Find the aurrent Corred Incorred TOTAL
throughR;.
Correa 11% 34% 45%
Incorred 6% 50% 56%
TOTAL 17% 84% 100%
Table6-4

Performance on the quditative andthe quartitative parts of the circuits question.
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Table 6 - 4, on the previous page, shows how students performed on the
qualitative part and the quantitative part of the drcuits problem. We dso seethat
students who have agood gualitative understanding of the material but do not
necessarily apply their qualitative understanding to quantitative problems. We seethat
35% of the students who answered the qualitative question corredly answered the
quantitative question incorredly. It isaso interesting to note that only 11% of the
students answered corredly on both the qualitative and the quantitative questions.

Electric Potential Problem

The three examples given above mncentrated on students who could solve
quantitative problems without a degy qualitative understanding of the material. These
results support claims that have previously been reported in the literature. 2> A more
surprising result that is usually not discussed, is that students can have the @wrred
qualitative understanding, but do not transfer this qualitative knowledge to quantitative
guestions.

These results are important becaise some instructors view the introductory
physics course a smply a placefor students to develop analytic skillsto solve
problems. This dudy shows that good gualitative understanding, although rnecessary
for effedively problem-solving, is not sufficient; a students' qualitative and
quantitative schema must be mwnneded. We believe that good analytic skill s consist
of not merely being able to perform algebraic manipulations; good analyticd skill s
involve gplying conceptual understanding and reasoning to solve quantitative
problems.

The following example was written by the author and was asked in the physics
262 classat UMd with tutorials as a tutorial homework bridging problem.?!. The
guestion is siown in Figure 6 - 8. We mncentrate on the student responses to partsb
and dathough the responses on the other parts provide us with additional information
about student understanding of thistopic. We analyzed 56 student solutions.

The qualitative parts of this question have the students ketching eledric field
vedors at different positions and identifying the charge distribution on the metal dabs.
Students performed well on the qualitative questions. Field vedors were, for the most
part, drawn in the crred diredion and had the wrrea magnitude. The most common
error was drawing field vedors that changed in magnitude & you looked at points
farther and farther away from the plates. About 80% of the students corredly
indicated that the field would be zeo at point 4, between the dabs, even though the
point was not halfway between the dabs. This result will be particularly interesting
when we look at how the students answered the final quantitative part of the problem.
Students also performed well on the question about the dharge distribution. We saw
88% of the students answering part a wrredly.
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Consider two very large conducting plates a distance D apart. Both plates have a
charge of +Q onthem. Seefigure & right.

Each block is +Q +Q
0.1cm X 0.1cm : :

Point 1 Point 2 Point 4 Point 5

Point 3

a. Which diagram below shows the rred charge distribution on the plates?
Explain your reasoning.

Q
+
a
Q

+0/2 +0/2 +0 +0 +0 + +
_x AJ R Y x R Y x

(a) (b) (c) (d)

b. Draw vedors on the diagram above representing the eledric field at points 1,
2,3, 4,and 5. If thefield is zero a any point indicate that explicitly.

c. A small chargeq, initially at rest a point 1, is moved by a hand so that it
comesto rest a point 3. Write an equation for the work done on the charge.

d. If the charge density, g, is 2 X 10° C/n?, determine the potential difference
between points 1 and 5. Show all work.

Figure6- 8
Eledric patential bridging problem asked as part of the tutorial homework assgnment.
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Students did not perform as well on the quantitative questions about the work
done on a point charge to move it from point 1 to point 3 and the question about the
potential differencefrom point 1 to point 5. Many students gave responses that
contradicted their qualitative answers. In part ¢, 20% of the students wrote down the
work done on a point charge to move it in the field of another point charge, insteal of
inthe field dueto paralle plates. Only about 32% of the students answered part ¢
corredly, by treaing the field as constant and taking into ac@unt the dot product for
the force and dsplacement. The results from part d are even more striking. Even
though about 80% of the students indicated that the field was zero between the two
plates and was pointing in opposite diredions on either side of the two plates, many of
these students considered E to be amnstant when cdculating the potential in part d.
Our results sow that 27% of the students treaed the field as constant in the equation,

5
IE [dl = -V . Mogt of these students (21% of the entire das9 stated, in part b, that the
1

field between the two plates was zero, which indicaes that they are not using their
qualitative knowledge of the dedric field in the egquation. Table 6 - 5 summarizes the
student performance on this problem. The table dso lists $sme of the spedfic erors
made by the students.

N=56

a) Describe
the dharge
distribution.

b) Draw field vectors at
the paints indicated.

Point 4

General

c) Caculate
the work
from 1 to 3.

d) Calculate
the potential
from1tob.

Corred

88%

82%

63%

32%

41%

Incorrect

12%

18%

37%

68%

5%

v

(21% had vectors with different
magnitudes, 7% drew corred field lines)

v

(20% used work done by a paint
charge, 11% had noda product)

v

(27% treated the E field as
constant in paential equation.)

Table6-5
Sunmary of the results onthe dedric potential problem.
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Instructors rarely attach conceptual meaning to equations in the physics course,
and when they do, it is usually stated and not written on the board. Thiscan lead to
students creaing separated schema for the qualitative and quantitative aspeds of a
concept or principle. Inthis stuation we seethat even though we can improve student
qualitative knowledge, through the use of modified curriculum, there is no guarantee
that these concepts will transfer to quantitative problems. In order for studentsto
become expert problem solvers, not only do students have to develop better qualitative
knowledge, they also have to be ale to transfer this qualitative knowledge to new
stuations such as traditional problems.

| nter ference Problem

The next example shows that students in the top of the dass(measured by total
overal score) made the aror of not conneding the mathematics with the wncepts
more often than the other students. Thisis surprising because instructors usually
exped the studentsin the top of the dassto have more mherence between the
equations and the concepts and principles. 1n addition this particular error can be
classfied as a sophisticated type of error becaise of the level of reasoning involved in
the solution. These results $ow that coherent qualitative and quantitative knowledge
can benefit the entire student population, not just the studentsin the middie and
bottom of the dass

The interference problem, shown in Figure 6 - 9, was posed on an exam in the
physics 263 classat UMd, with tutorials. Students recaved instruction on double dlit
interference both in ledure and in the tutorial class The physics 263 classat the
University of Maryland uses four tutorials written by the PEG at the University of
Washington. These tutorials are dedicaed to the wave properties of light and physicd
optics. They have since been revised by the PEG and are included in the Tutorialsin
Introductory Physics book.?> We will concentrate on part biii of the problem.

The corred answer to part bii can be obtained gualitatively by noticing that as
the wavelength increases, the path difference, AD, required for the first minimum also
increases. A larger value of AD meansthat the angle between the verticd and the path
from the dlitsto the first minimum is greaer. Therefore the point P; would be
between the first minimum and the central maximum. A solution to the problem is
shown in Figure 6 - 10. The particular error we will be mwncerned with shows the ladk

of coherence between the ejuation (n+ %))\ =dsinf and the conceptual aspeds of

the double dlit interference problem. Sincewe ae given the distanceto the first
minimum, substituting n = 0 into the equation gives the relevant equation; we have

% =dsin@ for this stuation. Approximately 17% of the students made the mistake

of substituting 2A for A sincethey were told that the wavelength of light was increased
to 1000nm. Thisleft the students with the following equation, A =dsin8 which they
stated was the @ndition for a maximum. These students therefore cncluded
incorredly that point P; became the position for maximum constructive interference
The students who made this error were no longer considering the point Py, sincethey
changed the path difference, AD. We refer to this error as “equation-concept.” Again,
thisis a sophisticated mistake, but a fairly common and profound error. Students who

100



answered this way were obvioudly using the concepts; they were using the faa that
AD = A/2for destructive interference and AD = A for constructive interference
Students were therefore goplying some concepts but the concepts were not corredly
asociated with the eguation. Two sample student responses are shown in Figure 6 -
11 depicting this error.

Consider a plane wave of monochromatic green light, A = 500nm, that is
incident normally upon two identicd narrow dlits (the widths of the individual
ditsare much lessthan A). The dlits are separated by a distanced = 30 pum.
An interference pattern is observed on a screen locaed a distance L away from
the dits. On the screen, the locdion neaest the cantral maximum where the
intengity is zero (i.e., the first dark fringe) is found to be 1.5 cm from this
central point. Let this particular position on the screen be referred to as P;.

a. Cdlculate the distance L, to the screen. Show all work.

b. Inead of the parts below, one thange has been made to the problem
above (in eat case, al parameters not explicitly mentioned have the value
or charaderistics dated above). For ead case, explain kriefly whether the
light intensity at location P; would remain zero or not. If not, will Py
become the location of a maximum constructive interference (bright)
fringe? In ead case, explain your reasoning.

i. One of the two dlitsis made dlightly narrower, so that the anount of
light passng through it is lessthan that through the other.

ii. Thewavelength is doubled so that A = 1000nm.

ii. Thetwo dlits are replacal by a single dit whose width is exadly 60

mm
Figure6-9
Exam question on plysical optics. We will focus on the student respornses to part
Bii.

The graph in Figure 6 - 12 shows the percentage of students answering
corredly, and answering incorredly vs. total scorein the dass Thetotal scorein the
classis based on homeworks, exams, labs, and aquiz. The graph also shows the
percentage of students making the “equation-concept” error we discussed ealier. The
graph is constructed in the following way. We first take the student with the highest
score in the dassand seethe type of response he or she gave. The second point
represents the top two students and the percentage of corred, incorred, and “equation-
concept” responses given. The third data point represents the top threestudent’s
responses and so forth. The final point represents the percentage of corred, incorred,
and “equation-concept” responses for the aetire dass We can therefore look for
trends in the responses for the students based on their overall scorein the dass
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. ThedistancelL to the screen can be obtained To dstant dark fringe

(first minimum)

from oM = dsinf sincewe know the
distanceto thefirst dark fringe. Since8is gnall

we have L:dyl1 =18m

iy | L
2

. 1. If one dlit i s made narrower we will nolonger
have mmplete destructive interference dthough
the paint will till be aminimum. d

ii. If | isdoulded the AD would haveto increase for the first minimum therefore
P; would be in-between a minimum and a maximum.

iii . The 1% minimum will still bein the same placesincethe AD between the
path beginning at the end d the slit and the path beginning at the middle of the
glit must be A/2 and the d for both casesis 30 mm.

Figure6 - 10
Sdutionto the problemin Figure 6 - 9.

dsime = M) | orginad
louble. 5 = S8 docble unsn betncon
pDMJO’ "3—(— t‘n-}é(#@lcﬁ '
m wes 4 ongi ,
dsie- s a whsle Gy (75-'?/7‘)
aal & 0 ant

Figure6- 11
Two sample student resporses siowing the "equation-concept” error.
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The data series representing the @rred responses and incorred responses
behaves as we would exped. The percentage of corred responses increases as we
move to the top of the dassand the percentage of incorred responses deaeases aswe
move to the top of the dass The percentage of “equation-concept” type responses is
surprising because this particular error actually increases as we move to the top of the
class Thisresult shows that even the more succesdul studentsfail to link the
equations to concepts. The data dso indicates that the top studentsin the dassmay
rely on equations more than the other studentsin the dass possbly becaise of the
way they view physics knowledge and the way they view the goplications of physics
knowledge.?®

*
*
L

100.0

90.0 « Correct

m Incorrect: equation-concept

*

>
*

80.0 4 Incorrect: All

000
o0
24

A
A A s

% of students
<
o

. . Pl
400 | —gere . 4
A
30.0 a
‘ AA
AL
20.0 7 Ve
] uE n m B g ‘A
| |
10.0
0.0 T T T T s,
0 200 400 600 800 1000 1200

Overall Score in Class

Figure6 - 12

Graphshowing the types of resporses gudents gave vesus their total scorein the dass
The percentage of students making the “ equaion-concept” error increases as the student
Score increases.

It would be too smple to say that these students are gplying these equations
blindly. Their performance on other measures and even their responses on this
guestion show that these students do think qualitatively about equations. One
explanation for these resultsis that the eguations cue incorred conceptual knowledge,
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which may not be linked to the corred conceptual knowledge. The two sample
student responses $own in Figure 6 - 11 indicae that some students are using the
concepts but not using the concepts in conjunction with the equation. Physics
education reseachers have demonstrated that students can have many models at one
time and that these models may even be @ntradictory.?*

Summary

This chapter has down that students have difficulty developing coherence
between qualitative knowledge and quantitative knowledge in many areas of physics.
Although many instructors assume that proficiency in solving textbook problems
means that students understand the underlying principles and concepts, physics
education reseach has demonstrated that thisis not the ase. Similarly many
instructors fed that successon conceptual questions implies that students will be ale
to solve quantitative problems. Again, we seethat thisis not the cae. Inorder for
students to develop coherencein their content knowledge it is necessary for themto
integrate their qualitative schema and their quantitative schema.

The examples presented in this chapter show that introductory physics courses
often fail to accomplish the goal of developing coherence between qualitative and
quantitative schemas. This incoherence persists from the beginning of the
introductory engineeing sequence until the end.?® In addition, the data shows that
students at the top of the dassmight also benefit from instruction aimed at developing
coherence

One might argue that genuine quantitative knowledge is constructed from
qualitative knowledge and the quantitative problems are drawing out the qualitative
difficulties the students are having. Therefore the students who are responding
corredly on the qualitative questions, but not on the quantitative questions, actually do
not have agood qualitative understanding. Although we ayreethat the students do not
have adeg conceptual understanding of the material, where they are tying together
qualitative and quantitative ideas, we believe that their corred qualitative responses
can be used for the quantitative questions if the mnnedion between these two schemas
ismade. So athough these students do not possessa deep conceptual understanding
of the material, their corred responses on the qualitative questions can serve & a
resource for the quantitative questions.
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