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Performance of students in an introductory inquiry-based physics class is compared with that of
students in three other introductory physics courses on two different examination problems. One
problem is a qualitative problem, typical of those used in inquiry-based physics. The second
problem is a quantitative problem, similar to those found in a standard introductory physics text. The
students in the inquiry-based physics course were all elementary education majors. They performed
significantly better than the engineering students and as well as the honors physics students on the

two problems used.

L. INTRODUCTION

Research has shown that many students taught introduc-
tory physics in the standard lecture-recitation format learn to
solve quantitative problems well (as indicated by good
course grades) but do not develop an understanding of phys-
ics concepts different from their initial common sense
(mis)conceptions.~® If the goal of introductory physics is
both teaching students to solve quantitative problems and
inducing a correct conceptual understanding, then our
courses are not successful.

Courses have been designed which explicitly focus on
changing the conceptual understanding of students.”*? How-
ever, comparing physics courses taught in the traditional for-
mat with nontraditional courses is difficult because often the
goals, the emphasis, and, therefore, the problems used to
assess understanding and knowledge in the two types of
courses differ significantly. It is not possible to assess a stu-
dent’s qualitative understanding of physics by examinations
which contain only problems requiring quantitative solu-
tions. In order to compare traditionally taught students with

627 Am. J. Phys. 62 (7), July 1994

those taught nontraditionally, it is desirable to use both quan-
titative and qualitative problems in assessing both groups of
students.

This type of assessment has been done in the context of
the calculus-based introductory course at the University of
Washington, as part of the evaluation of a lecture-based
course with tutorials.®'® The course differed from a tradi-
tional course only by the replacement of one of the lectures
with a tutorial session each week. Unlike traditional recita-
tion sessions, which emphasize quantitative problem solving,
the tutorials focus on deepening student conceptual under-
standing. Students in the course with tutorials performed
markedly better than students in a traditional lecture-based
course (without tutorials) on both qualitative and quantitative
problems.

Previous studies*'>!> have compared courses which em-
phasize quantitative problem solving but are taught in ways
designed to improve conceptual understanding as well. Our
study compares traditional courses with an inquiry-based
course which differs completely from other courses in for-
mat, content, and design. Physics by Inquiry,7 a laboratory-
based set of modules, uses research on student understanding
of physics to guide curriculum design'* and emphasizes con-

© 1994 American Association of Physics Teachers 627



1a) All of the bulbs in Figure 1
have the same resistance R. If bulb
B is removed from the circuit, what
happens to the current through (bright-
ness of ) bulb A, bulb D and the bat-
tery? Indicate whether it increases,
decreases or remains the same. Ex-
plain your reasoning.

L

(a)

1b) A wire is added to the circuit
as in Figure 2. What happens to the
current through (brightness of) bulb
A, bulb D and the battery? Indi-
cate whether it increases, decreases
or remains the same. Explain your
reasoning. '

(b)

Fig. 1. (a) Synthesis (qualitative) problem, part A. (b) Synthesis (qualitative)
problem, part B.

ceptual understanding rather than quantitative problem solv-
ing. For the past three years, Physics by Inquiry modules
have been taught to elementary education majors at The
Ohio State University (OSU). As part of the assessment of
this inquiry-based course, we have designed two examina-
tion problems to be included on midterm or final examina-
tions in four different introductory physics courses. One
problem is qualitative and the other is quantitative. This pro-
cedure allowed us to do a rigorous comparison of the prob-
lem solving skills of students taught by inquiry in a
laboratory-based course with those of students taught tradi-
tionally in lecture-based courses.

The qualitative problem, which we will also refer to as the
synthesis problem, is a typical examination problem in the
Physics by Inquiry course. It can be solved without any cal-
culation using reasoning based on a model of current flow in
dc electric circuits. The problem can, however, also be done
quantitatively. The quantitative problem, which we will also
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2a) What is the total resistance of
the network shown in Figure 37 (All
of the bulbs have the same resistance
R.) Show your work.

)

(a)

2b) What is the current through
(brightness of) each bulb and through
the battery? (All of the bulbs have
resistance R and the current through
the bulb on the right is I as indi-
cated.) Show your work.

{ Pad

(b)

Fig. 2. (a) Analysis (quantitative) problem, part A. (b) Analysis (quantita-
tive) problem, part B.

refer to as the analysis problem, is similar to typical exami-
nation problems in traditional courses. Simple calculations
must be done to obtain the correct answer. Both problems
were placed on examinations in four courses: Physics by In-
quiry (202), Honors Physics (H132), the standard calculus-
based physics course for engineering students (132), and an-
other introductory physics course for nonscience majors
(102). The instructors for all courses were asked to review
the problems to ensure they were appropriate to the material
covered in their course. All of the instructors considered the
problems appropriate.

In Sec. II we describe the two problems. In Sec. III we

Table 1. Time spent in lecture, laboratory, and recitation each week.

Hours Hours Hours Hours
lecture laboratory recitation total
Class per week per week per week per week
H132 (honors) 5 2 0 7
202 (inquiry) 0 6 0 6
132 (engineers) 3 2 2 7
102 (nonscience) 3 2 0 5
Thacker et al. 628
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Table 1. Information on exams given in different classes.

Table IV. Results for the analysis (quantitive) problem.

Time spent on Total number

dc circuits Length problems on
Class before exam of exam exam
H132 (honors) 1 week 2h 6+2 bonus
202 (inquiry) 2 1/2 weeks 75 min 4
132 (engineers) 2 weeks 1h 4
102 (nonscience) 1 week 55 min 10

describe the students and the courses. In Sec. IV we present
the results, and in Sec. V we state our conclusions.

II. DESCRIPTION OF THE PROBLEMS

The synthesis problem is shown in Fig. 1 and a solution is
given in the Appendix. The problem can be done completely
qualitatively; no quantitative calculations are necessary.
However, the correct solution can also be obtained quantita-
tively using Ohm’s Law. An answer was considered com-
pletely correct only if it contained a correct equation and/or a
correct explanation indicating why the current increased, de-
creased, or remained the same through bulbs A and D and
through the battery. For example, in part A, the statement,
“Bulb D is unaffected,” was counted as incomplete because
the statement does not address why bulb D was unaffected.
As is customary, the batteries were assumed to be ideal and
the bulbs were assumed to be ideal resistors.

The analysis problem is shown in Fig. 2 and a solution is
given in the Appendix. Some quantitative calculation is nec-
essary for solution. Again, an answer was considered com-
pletely correct only if a correct equation and/or a correct
explanation was used to obtain the solution. In part B, the
question asked for the current through the battery and for the
current through three of the four bulbs. An answer which
omitted the current through the battery or through one of the
bulbs was counted as incomplete and therefore not com-
pletely correct. In part A, 4R/3, R+R/3, and
R+(1/R+1/R+ 1/R)™! were accepted as correct, but
Ry+(1/Rg+1/Ro+ 1/Rp)”! was not accepted as correct,
because in this case the student failed to recognize that the
bulbs all had the same resistance. Again, the batteries were
assumed to be ideal and the bulbs were assumed to be ideal
resistors.

III. DESCRIPTION OF THE STUDENTS AND THE
COURSES

A comparison of class time, time spent on dc electric cir-

cuits, exam length, and other general statistics for each class
are given in Tables I and II.

Table III. Results for the synthesis (qualitative) problem.

Completely Part A Part B Number of
Class correct correct correct students
H132 (honors) 1 (4%) 4 (14%) 2 (7%) 28
202 (inquiry) 7 (29%) 18 (75%) 8(33%) . 24
132 (engineers) 5 (2%) 9 (3%) 5 (2%) 239
102 (nonscience) 0 (0%) 0 (0%) 0 (0%) 40
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Completely Part A Part B Number of
Class correct correct correct students
H132 (honors) 16 (57%) 27 96%) 16 (57%) 28
202 (inquiry) - 4 17%) 13 (54%) 7 (29%) 24
132 (engineers) 15 (6%) 71 (30%) 18 (8%) 239
102 (nonscience) 1 (3%) 1 (3%) 1 (3%) 40

A. Inquiry-based physics

The inquiry-based course had 24 students, all of whom
were elementary education majors. Three of them (12%) had
taken a physics course before this one. The “hands-on,
minds-on” laboratory course covers electric circuits (about
3/5 of the course) and optics (about 2/5 of the course). The
students, working in cooperative groups of four or five, learn
to develop their own conceptual models based on their own
experiments. They are assisted by a set of Physics by Inquiry
modules,” an inquiry-trained instructor, and their peers.
Groups work at their own pace. The role of the instructor and
the materials is to guide the students by asking questions to
help them learn to think critically and develop concepts on
their own. A more detailed description of an inquiry-based
physics course has been presented by Arons,>¢ McDermott
et al.,”’18 Quattrone and Courville,19 and Kahn and
Strassenburg.20

The course meets twice a week for 3 h. The inquiry course
examination was given about three weeks into the course. It

Synthesis Problem

100 -+
52
°
98 + -
=
- =)
g 80 4+ =3
o £
; —
w 78 4 E__.—_
m D—
2 604 =
2 = s
a 9o ]
BN = N
E 50 4 g] = M
S = 2
@ 494 © = S
[, ‘5 52 = (=2
o =4 x = c
- c o -—— o — )
E 34 = .o % = B 82
Q — R o =N o o -]
o o =N 1) IS ~
e % v =, 0 ™ o
o 20+ P E EE=EL 2 o g g
¢ 2 a 2 e 5 Q0 o
Q - & Q = [=] Q =
[=] c O [~ ] | = c [*]
10 + € = e © -
© o ! & £ o !
==cs BEGs mcs
o JIEEmm € -
whole part A partB
problem only only

Fig. 3. Percentage of students providing completely correct answers for the
synthesis problem and for parts A and B separately.
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consisted of four problems. The other two were of roughly
the same difficulty as the two discussed here. The students
were given 75 min to complete the examination. All students
finished the exam and did not feel rushed.

The students had not yet done any quantitative problems
and had not studied Ohm’s Law at the time of the examina-
tion. They had developed the inverse relation between cur-
rent and resistance and qualitatively studied resistances in
series and in parallel. They had not studied the concept of
voltage, which would be needed to solve the problem using
Ohm’s Law. Their solutions to the problems are based on a
model of current flow in dc electric circuits built on the as-
sumption that the brightness of a bulb is proportional to the
current flow through that bulb. The course staff expected
them to do well on the synthesis problem and not very well
on the analysis problem.

B. Honors physics

The physics honors students are students who have ap-
plied for admission to honors physics. If necessary, enroll-
ment is limited, with cuts made based on mathematics back-
ground, ACT/SAT scores, grade point average (high school),
and physics background. In the year of the sample, no cuts
were made. The difference between the honors course and
the standard calculus-based course is the level of mathemat-
ics used and the depth of the course. The same topics are
covered in both courses, so that a student can switch from
one to another if necessary. The course content includes elec-
tric potential, current, resistances in series and parallel,
power, and L,R,C combinations. The text is Halliday and
Resnick.?! There are five lectures and one laboratory each
week. There are no recitations.

In the honors course the two problems were given as bo-
nus questions on the final examination, after students had
completed their study of dc circuits. Two out of 30 students
did not work the problems. The data include only the 28
students who did work the problems. The instructor teaching
the course said he did not teach the material explicitly, be-
cause he assumed that the students already understood it.

C. Engineering physics

The calculus-based engineering physics course had 239
students. Most of the students are engineering students, but
some are medical students or physics majors. The content is
the same as for the honors course. The text is also Halliday
and Resnick.?! The course meets for three lectures and two
recitation sections each week. The recitation sections each
have about 20 students. There is also a weekly laboratory
session.

The questions were administered on the midterm exami-
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Fig. 4. Percentage of students providing completely correct answers for the
analysis problem and for parts A and B separately.

taken a high school physics course. There were 20 different
majors among the 40 students. The course met for three lec-
tures and one 2 h laboratory each week.

The midterm examination, administered after coverage of
dc circuits, consisted of 10 problems including these two
problems. The other problems were shorter than these two.
The students were given 55 min to complete the examina-
tion. Most of the students finished in the allotted time. The
course staff thought that the problems were above the knowl-
edge level of the students, even though Ohm’s Law and re-
sistors in series and in parallel had been discussed in class.

IV. RESULTS

Tables III and IV give the number of students in each class
and the number who solved the problems correctly.-Data are

Table V. Chi-squared comparison for the synthesis (qualitative) problem.

nation after the students had studied dc circuits. The exami- Degrees of  Chi-squared  Significance
nation consisted of four problems, approximately equal in Classes compared frecdom value level
length and difficulty, including these two problems. The stu-  H132, 201, 132, 102 3 46.8 <0.000 01
dents were given 1 h to complete the examination. Most
students finished in the allotted time. The instructor felt that ~ H132 132,102 2 13 0.52
the problems were appropriate to the material covered. 201 and H132 1 65 0.011
201 and 132 1 36.5 <0.000 01
201 and 102 1 133 0.000 27
D. Physics for nonscience majors H132 and 132 1 0.3 0.58
H132 and 102 1 1.5 0.22
The 102 course was designed to teach physics to students 132 and 102 1 0.8 0.37
a with little mathematics background. Sixty-five percent had
it
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.non—scnence 3%

s for the

fferent
ze lec-

age of
e two
€ two.
imina-
e. The
&nowl-
nd re-
class.

h class
ata are

sblem.

Table VL. Chi-squared comparison for the analysis (quantitative) problem.

Table VIII. Chi-squared comparison for the synthesis problem, part B.

Degrees of Chi-squared Significance Degrees of Chi-squared Significance
Classes compared freedom value level Classes compared freedom value level

H132, 201, 132, 102 3 72.1 <0.000 01 H132, 201, 132, 102 3 51.6 <0.000 01
201, 132, 102 2 5.0 0.08 H132, 132, 102 2 39 0.14
201 and H132 1 8.8 0.003 201 and H132 1 5.7 0.02
201 and 132 1 37 0.05 201 and 132 1 45.3 <0.000 01
201 and 102 1 4.1 0.04 201 and 102 1 15.2 <0.000 01
H132 and 132 1 62.0 <0.000 01 H132 and 132 1 25 0.11
H132 and 102 1 26.2 <0.000 01 H132 and 102 1 2.9 0.09
132 and 102 1 0.9 0.34 132 and 102 1 0.9 0.34

also given for each problem part separately. Only students
providing completely correct answers, as defined in Sec. II,
are included in the columns for correct solutions. We did not
attempt to award partial credit because of its subjectivity and
dependence on the grader. A detailed analysis of student re-
sponses is in progress. However, some areas already ana-
lyzed relate to the validity of thé problems. In the analysis
problem, we checked to see whether students failed to realize
that three of the bulbs were in parallel due to the way the
circuit was drawn. None of the honors physics students, 2%
of the engineers, 12% of the inquiry students, and 12% of the
nonscience majors failed to recognized that three of the bulbs
were in parallel. In addition, we checked to see whether stu-
dents were answering correctly, but had no explanation or
insufficient explanation. This was not the case. Students with
incorrect answers backed those answers with incorrect expla-
nations and students with correct answers backed their an-
swers with correct explanations, in all classes. Student re-
sponses indicated that there was no misunderstanding of the
wording of the problems and of the type of response re-
quested. We reiterate that except for the 102 class, all the
instructors agreed that the problems were appropriate for
their students in length and level of difficulty.

In Figs. 3 and 4 we graph the percentage of students in
each course with completely correct solutions. We also graph
the two parts of each problem separately. On both problems
a higher percentage of the students in all groups except 102
were able to do part A, while part B was significantly harder.

We used the chi-squared test to determine whether the
performance of students in the different classes was signifi-
cantly different on the two problems or on the individual
parts of the problems. We considered groups to be signifi-
cantly different when the chi-squared value was at or below

Table VII. Chi-squared comparison for the synthesis problem, part A.

the 0.01 significance level (at least 99% confidence that they
are different) and to be the same above the 0.1 significance
level. Values between 0.1 and 0.01 indicate a possible differ-
ence, but require more data to increase the certainty of the
conclusion.

The classes were compared as a whole and in groups of
two and three. The results are given in Tables V-X. The
inquiry (202) students did significantly better on the synthe-
sis problem than all of the other classes. The other classes
were not significantly different from one another on that
problem. The honors (H132) class did significantly better
than all of the other classes on the analysis problem. The 102
(nonscience) students and the 132 (engineering) students
were not significantly different on that problem. The inquiry
(202) students did somewhat better than 102 and 132 stu-
dents, but significantly below the honors class.

V. CONCLUSIONS

Clearly the inquiry-based students (202) did far better on
these problems than the 102 students. Both groups are non-
science majors. More 102 students had taken a physics class
previously. The 102 students were less prepared for the syn-
thesis question, but more prepared for the analysis question
than the 202 students. The much higher scores of the inquiry-
based students indicate that the inquiry-based method of
teaching may be superior to traditional methods for non-
science majors.

The comparison of the inquiry students (all elementary
education majors) with the engineers is also significant. On
all parts except part A of the analysis question the inquiry
students did much better than the engineers. On part A of the
analysis problem they were still somewhat better, although

Table IX. Chi-squared comparison for the analysis problem, part A.

Degrees of Chi-squared Significance Degrees of Chi-squared Significance
Classes compared freedom value level Classes compared freedom value level
H132, 201, 132, 102 3 135.6 <0.000 01 H132, 201, 132, 102 3 72.8 <0.000 01
H132, 132, 102 2 89 0.011 201, 132, 102 2 21.4 <0.000 01
201 and H132 1 19.5 <0.000 01 201 and H132 1 13.0 0.000 31
201 and 132 1 120.1 <0.000 01 201 and 132 1 6.0 0.014
201 and 102 1 41.7 <0.000 01 201 and 102 1 234 <0.000 01
H132 and 132 1 6.0 0.014 H132 and 132 1 48.0 <0.000 01
H132 and 102 1 6.1 0.014 H132 and 102 1 60.0 <0.000 01
132 and 102 1 1.6 0.21 132 and 102 1 13.3 0.000 26
631 Am. J. Phys., Vol. 62, No. 7, July 1994 Thacker et al. 631



Table X. Chi-squared comparison for the analysis problem, part B.

Degrees of Chi-squared Significance
Classes compared freedom value level

H132, 201, 132, 102 3 65.3 <0.000 01
201, 132, 102 2 152 0.000 5
201 and H132 1 4.1 0.04
201 and 132 1 11.9 0.000 56
201 and 102 1 9.8 0.001 7
H132 and 132 1 55.5 <0.000 01
H132 and 102 1 26.2 <0.000 01
132 and 102 1 14 0.27

more data would increase the certainty of this conclusion. In
short, the inquiry students outperformed the engineering stu-
dents on both the traditional physics problem and the quali-
tative problem.

The inquiry students also did Yetter than the honors stu-
dents on the synthesis problem, while the honors students did
better on the analysis problem. Here it is clear that each
group of students did better on the type of problem they were
accustomed to. The chi-squared value for these two classes
with both problems combined indicates no significant differ-
ence between the performance of the two groups overall.
That is, considering both problems together, the performance
of the honors physics students is indistinguishable from that
of the inquiry students.

The better performance of the inquiry students when com-
pared to that of the engineering students raises the question
of whether inquiry-based instruction is superior to traditional
instruction for science and engineering majors. It is possible
that the size of the classes (24 for inquiry, 239 for engineet-
ing) might affect the results in this case. However, the honors
students and the inquiry students have comparable class sizes
(respectively, 28 and 24). Although each group performed
better on the type of problem they were accustomed to, over-
all their performances were indistinguishable.

Other differences in classes include the amount of time
spent on electric circuits, the amount of time spent in labo-
ratory, the amount of personal contact each student receives
from the instructor, etc. It is true that all of these variables
may contribute to the differences in scores and that further
studies may isolate some factors as more important than oth-
ers. We would like to emphasize, however, that the point of
inquiry-based instruction is to allow students to spend more
time on a topic, to allow more interaction time between stu-
dents, to change the role of the instructor from lecturer to
guide, and to give students a laboratory environment in
which to develop their own conceptual understanding. It is
designed to be radically different from traditional instruction.
In this study, we considered the inquiry-based course as a
whole, without isolating individual differences from the tra-
ditional course. Since the inquiry students, elementary edu-
cation majors, initially have less knowledge of physics than
the other students (in particular less than the honors students,
with comparable class size), we are forced to consider the
conclusion that inquiry-based instruction is superior to tradi-
tional instruction. We hope that further studies will continue
to test the validity of this conclusion.
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APPENDIX: PROBLEM SOLUTIONS

We give both a more qualitative and a more quantitative
solution to each problem.

1. An acceptable qualitative solution to the synthesis
problem

Part A [Fig. 1(a)]: Assume that the battery is ideal and
that the bulbs are ideal resistors. Label the branch containing
bulbs A, B, and C branch 1, and the branch containing bulb
D branch 2. Since the two branches are connected in parallel
across the battery, they are independent: a change in one
branch will not affect the other. So removing bulb B has no
effect on bulb D; the current through bulb D remains the
same. In branch 1, removing bulb B decreases the number of
pathways through which the current can flow and therefore
increases the resistance of that branch. Since current and
resistance are inversely related, the current through branch 1,
and therefore the current through bulb A, decreases when
bulb B is removed. Since the current through branch 1 de-
creased, the current through the battery also decreased, be-
cause the current through the battery is the sum of the cur-
rents through branch 1 and branch 2.

Part B [Fig. 1(b)]: When the wire is added in parallel with
bulbs B and C, bulbs B and C are shorted out (assuming the
wire has much less resistance than the bulbs). The resistance
of branch 1 will decrease, and the current through that
branch will increase. So the current through bulb A will in-
crease. Branch 2 is unaffected because it is connected in
parallel with branch 1 across the battery. So bulb D is unaf-
fected by the short, and the current through bulb D remains
the same. The current through the battery will increase, since
it is the sum of the currents through branches 1 and 2, and
the current through branch 1 increased.

2. An acceptable quantitative solution to the synthesis
problem

Part A [Fig. 1(a)]: Assume that the battery is ideal and
that the bulbs are ideal resistors. The voltage across bulb D
does not change. Since its resistance remains the same, the
current through bulb D remains the same by Ohm’s Law,
V=IR. The resistance of the B-C parallel network increases
from R/2 (found by using R parais=1/R+1/R=2/R) to R
when bulb B is removed. Since the resistance through the
branch containing bulb A increases while the voltage across
that branch remains the same, the current through the branch
and therefore through bulb A decreases. The current through
the battery decreases because the total resistance of the cir-
cuit increases while the voltage remains the same, since an
ideal battery is a constant voltage source. .

Part B [Fig. 1(b)]: When the wire is added in parallel with
bulbs B and C, bulbs B and C are shorted out. The resistance
of the branch containing bulb A decreases from 3R/2 to R,
increasing the current through that branch (since the voltage
across the branch remains constant). So the current through
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hulb A increases. The current through the battery increases
ihecause the total resistance of the circuit decreases. The cur-
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