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Chapter 4: Using context to probe for coherencewithin physics
topics

I ntroduction

In this chapter we examine how students respond to questions about a
particular physics topic that are posed in different contexts. The data dealy shows
that when students are given a question or problem they often adivate schema
partialy based on the context of the question. Thisleads to many of our students
answering inconsistently on questions that ded with identicd physics concepts. The
knowledge that is brought to the task is often charaderized by alocd coherence
which indicates that our students adivate schemas of physics knowledge that are
isolated from one another.

In addition, the knowledge that is contained in the two schemas may even ke
contradictory. This causes certain contexts to trigger different types of physics
knowledge, which include different procedural rules, and dfferent dedarative
knowledge. An expert answering the two problems would tend to bring up schemas
that depend more on the underlying principles. Even though the context of the
guestion is different the expert will usualy solve the two questions in the same way,
using a mnsistent set of knowledge.

In this gudy we have changed the contexts by changing the format of the
guestions (i.e. multiple dhoicevs. open-ended) and by changing the type of questions
(i.e. red world vs. physics class) Multiple doice diagnostics are often used to assess
student understanding of physics, but there have been few studies documenting how
student responses in a multiple-choice @ntext compares with their responses in other
contexts such as interviews or open-ended exam questions.

Question
(ollgLi/rgrbs(ia cr)n) Topic
18 Newton's 1% and 2" Laws
9,22 I mpetus Force
7 Motion Diagrams
2,11,13,14 Newton's 3 Law

Table4-1

List of four topics covered onthe FCI andtheir
correspondng questions.

In this gudy the same group of students were asked questions on a multiple-
choice diagnostic and on open-ended problems. The multiple-choice questions we
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used were chosen from the Force Concept Inventory (FCI).* The FCI, aswell as other
multiple-choice instruments have become increasingly popular. Because of their
popularity and ease of use, they play alarge role in evaluating curriculum and also in
developing curriculum and instructional strategies. Despite its wide accetance and
use there have been few studies published on how student performance on the FCI
correlates with their understanding of the subject matter.?>#

Students were given the FCI as an ungraded dagnostic, nea the end of the
physics 161 course & UMd. In order to compare how students answer questions on
the FCI to how they answer questions on an open-ended exam problem we developed
and administered the two final-exam problems $own in Figure 4 - 1 and Figure 4 - 2.
The exam problems dedt with a number of concepts that are tested for onthe FCI. In
particular, we examined the oncepts of Newton's 1% Law (NI), the Impetus Force,
motion diagrams, and Newton's 3 Law (NIII). Table4 - 1, shown on the previous
page, shows the mncepts and the corresponding questions on the FCI. Students had
instruction on all the material presented in this chapter prior to the administering of the
FCI and final exam.

The Physics Educaion Research Group at UMd has been administering the
FCI for severa yeas both before instruction and after instruction. Inthis dudy the

Ignore all friction and air resistancein this problem.

A. A sted ball restingon asmall platform mourted to ahydraulic lift isbeing
lowered at a mnstant speed, as shown in the figure & right.

i. Draw afreebody diagram of the ball. Describe eah type of force.

ii. Compare the magnitudes of the forces you
have drawn.
Explain your reasoning.

B. Astheball ismoving dovn, abullet moving
horizontally hitsthe exad center of the ball floor
(seefigure d right) and then ricochets graight
badk. Thiscausesthe ball toimmediately fall off the platform

i. Draw afreebody diagram of the ball after it isnolonger in contact
with the bull et or the platform. Describe eab type of force
ii. A vedor that representsthe
velocity of the ball just before the
bullet hitsis sr.own below. Draw
vedors that could represent the
velocity at ead of the 2 other

timesindicaed. The scdesof the velocity just || velocity jus velocity jus
3 vedors Shou d m Cons. stent W|th © gtrr(iekei ) ;rriklt;se re:cr?(r;floor
ead ather. Explainyour
reasoning.
Figure4-1
Exam problem testing student understandng o Newton's 1% and 2 laws, and motion
diagrams.
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origina version of the FCI has been used. Although some questions have been
changed on the new version, it does not affed the mnclusionswe can draw from the
results. A full copy of the FCI isincluded in Appendix E.

The work was conducted by Richard Steinberg and myself and has snce been
published in The Physics Teacher.®

The problem shown in Figure 4 - 1 was asked in spring 1996 in asingle
ledure dass Twenty-eight students also completed the FCI at the end of the
semester. The problem shown in Figure 4 - 2 was given to threedifferent lecture
clasesinthefal of 1995 Inthese dasss, 128students also completed the FCI. The
data we discussare broken down acmrding to concept. Richard Steinberg wrote the
problem shown in Figure 4 - 1 and Jeff Saul wrote the problem shown in Figure 4 — 2.

Two cats, A and B (Mass, > Massg), are placeal on atable then stuck together
with Velcro. Using pulleys, two small blocks, C and D

(massc < mass), are conneded by light stringsto the cats as own below.
Initially, the catsare held in place. Ignoreall friction in this problem.

cart A cart B %

At t =0, the catsarereleased. At t = 3 seconds, the Velcro pulls apart and the
two cats sparate. At some later time, cart A returnsto its garting point.

a. Draw and label two separate free body diagrams, one for each cart, for a
time after the cats start moving but before the Velcro pulls apart.

b. Rank all the horizontal forces from both your diagrams by magnitude, from
largest to smallest. Explain the reasoning that you used to rank the
forces.

Figure4 - 2
Exam problem testing student understandng o Newton's 2™ and 3° Laws.

Newton's 1% L aw

The first concept we will discussis NI. Previous research in physics education
has down that students have many profound dfficulties with the cncept of NI and
NII.6 The FCI uses edfic misconceptions that students have & distractors. These
distracors as well asthe wrred response ae included as choices for eat FCI
guestion. The distradors are based on research into student understanding of the
various concepts. Halloun and Hestenes also conducted many interviews with
students to validate the FCI.’
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The FCI question that teststhe wncept of NI, on the FCI isquestion 18. The
guestion involves an elevator moving upwvard at constant speed. Students are asked to
compare the force exerted on the devator by the cale to the force of gravity exerted
on the devator. The UMd PERG has consistently seen about 50% of the students
answering this question corredly after instruction, by stating that the two forces are
equal. The most common error, given by approximately 40% of the students was that
the upward force on the devator by the cales was larger than the downward force due
to gravity. Thisresponse isinconsistent with NI and NIl but is consistent with the
naive belief that aforceis needed to maintain a cnstant velocity.

The first part of the problem shown in Figure 4 - 1 is very similar to question
18 onthe FCI. If student models were consistent we would exped them to answer this
guestion the same @ they answered question 18 on the FCI. Inthe exam problem,
instead of an elevator being raised at constant speed, a sted ball is being lowered at
constant speed. The students are asked to draw the free-body diagram for the ball and
then compare the magnitudes of the forces ading on the ball. The crred answer to
the problem would include the students identifying the normal force from the platform
on the ball direaded upwvard and the force of gravity on the ball ading downward. The
magnitudes of the two forces must be equal sincethe ball is moving at constant
velocity.

A comparison of how the students responded in the two contexts $iows that
these two questions are not equivalent for our students. Of the twenty-eight students
who answered both the FCI question and the exam question we see54% of the
students answering the FCI question corredly and 90% of the students answering the
open-ended question corredly. Ten of the thirteen students who answered the FCI
guestion incorrealy seleaed choice A, stating that the force direded upfrom the cdle
was greaer than the downward force of gravity. Two of the threestudents who
answered the exam question incorredly gave responses that were consistent with
choice A on the FCI.

Sincethe students in the study are matched, meaning that they took both the
FCI and the open-ended question, we can examine how they answered on eath
instrument. These rrelations are displayed in Table 4 - 2. It isinteresting to note the
large differencein the way students performed on the two questions, despite the
similarity in the items.

One diff erence between the multiple-choice question and the corresponding
open-ended question is that in one situation an objed is moving up(elevator) and in
the other situation an objed is moving down (ball). A physicist will view this
differenceto be irrelevant in answering the question. More importantly many
instructors will seethis asirrelevant to the way the students lve the problem. We
have investigated whether the diredion of the objed’s motion hes an effed on how
students answer the questions.

Upon the recommendation of a @lleague we undertook an investigation in the
Physics 161 classin spring 1999 During the last week of ledure studentsin one dass
were given an open-ended dagnostic and students in the other classwere given a
multiple-choice diagnostic. It was announced to the students that the diagnostics
would not count toward their grades but that they should take them serioudly.
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N=28

FCI
Exam Correct: Incorrect
Question
Correct 14 11
Incorrect 1 2
Table4 -2

How students answered the FCI question onNewton's 1% Law and
how theyanswered onthe wrrespondng open-ended problem.

Studentsin one dass taking the open-ended dagnostic, were given threeopen-
ended questions in addition to two multiple-choice questions. Two versions of the
ball -platform question, shown in Figure 4 - 1, were included on the diagnostic. Both
versions were given in ead tutorial sedion. In one version the ball was moving down
at constant velocity, asin Figure 4 - 1, and in the other version the ball was moving up
at a onstant velocity.

Studentsin the other classwere given the FCI, which included the elevator-
tension guestion. Two versions of this question were given in different tutorial
sedions. One version was identicd to the FCI question described above. On the other
version the devator was moving down, instead of up, at constant speed. All other
guestions on the FCI were identicd. It should also be noted that for this gudy the new
version of the FCI was used. The devator-tension question is esentialy the same on
both the old and the new version of the FCI.

The student responses indicae that the diredion of the motion of the objed
does have some dfed on how the students answered the multiple-choice question, but
not the open-ended question. The results are shown in Figure 4 - 3. On the open-
ended question, 84% of the students are answering the question corredly on the
version with the platform moving down and 76% answered corredly on the version
with the ball going up  On the multiple dhoice question 40% answered corredly with
the devator moving down, while 60% answered corredly with the devator moving
up. Theresults suggest that on the multiple-choice question some students are
answering dfferently on the two versions. Differences on the open-ended question are
not significant. Error bars are provided to show whether the results are indeed
different based on an estimate of the aror.®

The data shows that on the multiple-choice question the diredion of the
elevator’s motion made adifferencein the way students answered. Students tended to
answer correaly more often when the devator was moving upinstead of down.
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Correct Responses on Ranking Task

90
80 -
70 -
60 -
50 -
40 -
30 -
20 -
10+
0 ‘
Elevator Question (Multiple  Ball on Platform Question (open-
Choice) ended)

Type of Question

% of Students

@ Velocity Up
M Velocity Down

Figure4 - 3

Comparison d how students answered the questions depending onwhether the
objed was moving up @ down.

| mpetus Force

Students often have the naive belief that an objed that recaves a brief impulse
will experiencethe forcefrom the impulse esen after the impulse is over. For
instance, if aball isthrown upinthe ar, students will often include the force of the
hand on the ball even though the ball is no longer in contad with the hand. Thisisa
common error and iswell documented in the literature.’ This topic is addressed on the
FCI by questions 9 and 22 Thefirst question involves a diding hockey puck getting
kicked and the second question involves a golf ball after it has been hit. Students are
asked to identify the forces that are a¢ing on the puck and ball after the initial strike.
The rred response was given by 46% of the students for the question about the
hockey puck. Students answered the question about the golf ball corredly 43% of the
time. Although the percentage of students answering corredly is about equal for these
two similar FCI questions the students who answered one question corredly did not
necessarily answer the other question corredly. Only 29% of the students answered
both questions corredly. Therefore 71% of the students dated that there was either a
forcein the diredion of motion or aforce of the hit, on at least one of the two
questions. These responses are mnsistent with the ideaof an impetus force'® The
results also indicate that even on the same type of measurement instrument students
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can answer differently to very similar questions.

Part B of the problem in Figure 4 - 1 is very similar to these two FCI questions.
The sted ball on the platform is hit by a bullet and is knocked off the platform. The
students are asked to draw afreebody diagram for the ball when the ball is no longer
in contad with the platform and the bullet. A corred answer would state that only the
force due to gravity would be ading on the ball.

The relationship between how students answered the threequestions is $1own
inTable4 - 3. Thetable indicaesthat al students who answered both FCI questions
corredly answered the open-ended question corredly. It also shows that students who
did not answer any of the FCI questions corredly were unable to answer the exam
question corredly. Despite this consistency, the table dso shows that over one third
of the students did not answer all the questions the same way. We exped an expert to
answer al threequestions in the same way.

N=28
FCI
Exam OFCl's 1 FCI 2FCl's
OQuestion correct: correct correct
Corred 1 7 8
Incorred 10 2 0
Table4 -3

How students answered the FCI questions on the impetus force
and havtheyanswered the correspondng open-ended problem.

M otion Diagrams and the Velocity Vedor

The last part of the problem shown in Figure 4 - 1 asks the students to sketch a
velocity vedor for the ball that is consistent with the velocity vedor just before the
bullet strikesthe ball. FCI question 7 asks a smilar question about the speed of a
hockey puck right after being kicked in a diredion perpendicular to its motion.
Although in one cae the students are asked to draw a velocity vedor and in the other
case students are asked to pick the corred description of the velocity vedor, the
guestions are similar in the mnceptsthey are testing. These results will provide us
with additional insight into student coherence and point out some of the limitations of
multiple-choice questions. Table 4 - 4 shows how students performed on the two parts
of Bii and FCI question 7.

The orrea choiceon the FCI was choice E, which states that the speed after
the kick is greaer than the speed before the kick and greaer than the speed it
"aquires’ from the kick, but smaller than the aithmetic sum of these two. Choice E
was sleded by 61% of the dass The dassperformed amost as well on the first part
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of Bii. About half the dassdrew the velocity vedor corredly by drawing a veaor
with a verticd component that was the same & the verticd component just before the
kick and a non-zero horizontal component.

The results also showed that only 12 of the 28 students who answered both the
FCI and the exam had answers where the FCI response matched the exam response.
In addition, four of the students gave answers on the exam that did not correspond to
any of the choices onthe FCI. The remaining 12 students had answers on the exam
that did not correspond to the answers that were given on the FCI. One observation
that is particularly interesting is that threeof the students drew velocity vedors on the
exam with verticd components that were shorter than the velocity before the ball was
struck by the bullet. If the students answered correspondingly on the FCI they would
answer the FCI question corredly, despite having this particular error. All threeof
these students gated that the speed would be independent of the initial speed of the
puck on the FCI.

N=28
FCI
Exam Corred Incorred

Question

2 Corred 8 0
1 Corred 4 6
0 Corred 5 5

Table4-4

Performance on the two parts of exam problem Bii (on
motion dagrams) andthe correspondng FCI question.

Students also strugded with the second part of Bii, where they were asked to
draw the velocity vedor just before the sted ball hits the ground. The nature of the
difficulties on the exam made comparisons with similar FCI questions difficult.

Newton's 3" L aw

Newton's 3" Law is a very difficult concept for our students to grasp and these
difficulties are well documented in the literature.** Students often make the aror that
big objeds exert larger forces or that the objed that is acceerating is providing the
bigger force The ancept of NIl has the most questions devoted to it on the FCI.
Questions 2, 11, 13, and 144l involve two dbjeds interading in some way and
students are asked to choose from five different descriptions about the forces the
objeds are exerting on one another.

The problem shown in Figure 4 - 2 addresses NIl , although it is couched in
terms of alarger problem. Inthe problem two carts are atached together and are
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acceerating on atabletop. The problem asks the studentsto first draw free-body
diagrams for ead of the cats and then rank the relative magnitudes of the horizontal
forces. Students must recognizethe existence and the magnitudes of the forces while
describing the behavior of a multifaceed problem. The reason the open-ended
guestion was posed this way was to prevent the kneejerk response "equal and
opposite.” A superficia understanding of the relationship between the forcethat cart
A exertson cat B and the forcethat cart B exertson cart A is unlikely to result in a
corred response.

Because of the large number of students answering both the FCI and the exam
guestion and the relatively large anount of questions devoted to the concept of NIl on
the FCI we were ale to perform additional studies. By having four questions on the
FCI devoted to the concept of NIII we can get a better ideaof the consistency in
students knowledge of NIII. Because 128 students answered both the exam question
and the FCI, as opposed to 28 students, we can perform some other types of analysis.
In particular, we will compare student responses on the exam to their responses on
guestion 13 of the FCI. Question 13 isthe most similar to the exam question.

Table 4 - 5 shows how students performed on the exam question and the FCI
guestions. The five cdegories correspond to the number of students who answered 0,
1, 2, 3, or 4 of the FCI questions corredly. The table indicates that 67% of the
students who answered all four FCI questions corredly answered the exam question
corredly. Similarly 65% answered the exam question corredly with three FCI
guestions corred, 53% for two FCl's corred, 29 for one FCI corred, and 14% for no
FCI questions answered corredly. This data showsthat performance on the FCI is
correlated with performance on the exam; the more questions gudents answer
corredly on the FCI the better they do on the crresponding exam question. Itisa
little surprising that even if students answered all four of the FCI questions corredly,
which many instructors would say indicates a good conceptual understanding of NIl ,
only 67% of these students answered corredly on the exam.

N=128
FCI
Exam O FCl's 1 FCI 2 FCl's 3FCl's 4 FCl's
Question corred: corred corred corred: corred
Correct 3 8 11 21 24
Incorrect 11 20 8 10 12
Table4-5

How students answered the FCI questions on Newton's 3" Law and hav they

ansnvered the correspondng open-ended problem.




The most interesting comparison to make is the way students answered
guestion 13 on the FCI and the exam question. Question 13 on the FCI is diownin
Figure4 - 4. Init, a ca pushesatruck and the aitire system accéerates. On the exam
guestion the two catsinterad and the system accderates. Therefore, in both cases
two objeds remain in contad and acceerate uniformly for the entire motion
considered. Table 4 - 6 shows how students responded on the two similar questions.

If the students' knowledge aout NIl is consistent the off-diagonal elements of the
table would be doseto zero. The dart shows that only about half of the students fell
on the diagonal indicaing that these smilar questions were answered inconsistently by
about half the dass The open-ended question on the exam gives the students the
opportunity to explain their reasoning. There were 21 students on the exam that
clealy stated their reasoning for their incorred responses. When we look at how these
students answered question 13 on the FCI, we seethat only six of them answered FCI
guestion 13in away that was consistent with their reasoning used on the exam.

A large truck bregs down out on the

road and receives a push bad into JACHME EA:
town by asmall compad car as P e S TR 'J_.ﬂ

shown in the figure below.

While the ca, still pushing the truck, 1s gpeeding upto get upto cruising speed
(A) the amount of forcewith which the ca pushes on the truck is equal
to that with which the truck pushes back on the ca.

(B) the amount of forcewith which the ca pushes on the truck is smaller
than that with which the truck pushes badc on the ca.

(C) the amount of forcewith which the ca pusheson thetruck is greaer
than that with which the truck pushes badc on the ca.

(D) the ca'sengineisrunnng so the ca pushes against the truck, but the
truck's engine is not running so the truck cannot push bad against
the ca. Thetruck is pushed forward simply becaise it isin the way
of the ca.

(E) neither the ca nor thetruck exert any force on the other. The truck
is pushed forward simply because it is in the way of the ca.

Figure4 -4

FCI question 13 This questionisthe most similar to the exam problemonNIII. In bah
cases the system of interacting oedsis accderating.
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N=128

FCI Question 13response
Exam Problem Correct Forces not No contact Other
Response equal forces shown
Correct 33% 16% 0% 1%
Forces not 12% 20% 0% 0%
equal
No contact 2% 2% 0% 0%
forces shown
Other 5% 9% 0% 1%
Table4 -6

Comparison d how students responced onFCI question 13 and orthe open-ended
problem. Approximately half of the students ansivered inconsistently on the two
instruments.

Summary

Our results $ow that students often answered dfferently on questions from the
FCI and our open-ended problems, even though the questions were essentially the
same. This provides us with evidencethat, even within a particular topic, student
content knowledge is fragmented. This gudy also suggests that student understanding
cannot be measured by only one type of evaluation tool.

There ae anumber of posshili ties that might account for some of the
diff erences we have observed in how the students answered the crresponding
guestions. These possbilities include the fad that student models for physicd systems
can keill formed and inconsistent, the FCI looks colloquia while the exam question
looks formal, and the nature of the measurement instruments are different.

The different responses indicate that for many of our students the schemas they
adivate strongly depend on the @ntext of the question. In contrast, an experienced
physicist will tend to adivate schemas that are more dependent on the mncepts and
principles involved and not so much on the mntext of the questions.

One possble reason different schemas get adivated is because the exam
guestion looks like aphysics question, with carts and strings and free-body diagrams,
while the FCI looks more lloquial. Insteal of carts colliding on atable the FCI asks
guestions with objeds from the red world. An aneadote given by Eric Mazur
epitomizes this distinction. Upon looking at the questions on the FCI, one student
asked, "Profesor Mazur, how should | answer these questions? According to what

47



you taught us, or by the way | think about these things?'*%*® Different questions might
cue schemas for physics knowledge or for experiential knowledge, therefore caising
studentsto answer differently. These ideas are related to the way students view
physicsin that many students do not relate the concepts and principles they lean in
their physics course to the red world.*

The fad that the exam is open-ended and the diagnostic is multiple coice may
also have an effed on how students answer the two types of questions. We found that
most of the incorred responses on the exam question were dhoices on the FCI but
there were ahandful that were not. We dso noticed that there were anumber of
answers given on the exam that were incorred but would be measured as corred on
the FCI. In addition we saw students give @rred answers on the exam for the wrong
reasons. Another important feaure that separates the multiple-choice questions from
the open-ended questionsis that the FCI includes distradors that are very appeding to
the student. The distradors may have triggered responses, either right or wrong, that
would not have been produced by the students on their own.*® These choices on the
FCI cantrigger particular schemas. One of the goals in the physics classisto have
students reaognize physics principles in awide variety of red-world contextsin
addition to physics-classcontexts. The distradors on the FCI measure the robustness
of the physics £hemas gudents have learned.

It isimportant to note that these results do not imply that one type of
measurement instrument is better than the other. They both provide the instructor and
the physics education reseacher with valid, yet different, information about student
understanding. When used in conjunction with one another they provide auseful tool
in evaluating students coherence @out different topics and conceptsin physics. The
danger is when instructors or physics educaion reseachers use only one type of
measurement tool to evaluate student understanding of physics.'®

Because of their ease of use, many physics educators are solely using multiple-
choice diagnostics to evaluate their students understanding of the subjed. They are
therefore asuming the aorrelation between measurement items to be much greaer
thanit is. It also may lead to instructors viewing student learning in a simplified way.
This data shows that student understanding is very complex and depends on a number
of fadors.

This chapter demonstrates that students may use particular sets of knowledge
(schemas) to answer a question or solve aproblem. We have shown that different
schemas often get adivated when the context of question changes, even though the
underlying physicsisthe same. In addition the knowledge in the schemas, used in the
corresponding exam and FCI questions, often does not overlap.
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