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The performance of over 2000 students in introductory calculus-based electromagnetism (E&M) courses at
four large research universities was measured using the Brief Electricity and Magnetism Assessment (BEMA).
Two different curricula were used at these universities: a traditional E&M curriculum and the Matter &
Interactions (M&I) curriculum. At each university, postinstruction BEMA test averages were significantly
higher for the M&I curriculum than for the traditional curriculum. The differences in post-test averages cannot
be explained by differences in variables such as preinstruction BEMA scores, grade point average, or SAT
Reasoning Test (SAT) scores. BEMA performance on categories of items organized by subtopic was also
compared at one of the universities; M&I averages were significantly higher in each topic. The results suggest
that the M&I curriculum is more effective than the traditional curriculum at teaching E&M concepts to
students, possibly because the learning progression in M&lI reorganizes and augments the traditional sequence
of topics, for example, by increasing early emphasis on the vector field concept and by emphasizing the effects

of fields on matter at the microscopic level.
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I. INTRODUCTION

Each year more than 100 000 students take calculus-based
introductory physics at colleges and universities across the
U.S. Such students must obtain a good working knowledge
of introductory physics because physics concepts underpin
the content of many advanced science and engineering
courses required for the students’ degree programs. Unfortu-
nately, many students do not acquire an adequate understand-
ing of basic physics from the introductory courses; rates of
failure and withdrawal in these courses are often high, and a
large body of research has shown that student misconcep-
tions about physics persist even after instruction has been
completed.! In recent years, there have been significant ef-
forts to reform introductory physics instruction.>~*

Reforms of the course content (curricula) of introductory
physics have not progressed as rapidly as reforms of content
delivery methods (pedagogy). Most students are taught intro-
ductory physics in a large lecture format; the shortcomings
of passive delivery of content in this venue are well known.’
A number of pedagogical modifications that improve student
learning”* have been introduced and are in widespread use;
these modifications range from increasing active engagement
of students in large lectures (e.g., peer instruction* and the
use of personal response system “clickers™) to reconfiguring
the instructional environment.’ By contrast, most students
learn introductory physics following a canon of topics that
has remained largely unchanged for decades regardless of the
textbook edition or authors. As a result the impact of changes
in introductory physics curricula on improving student learn-
ing is not well understood.

At many universities and colleges, the introductory phys-
ics sequence consists of a one-semester course with a focus
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on Newtonian mechanics followed by a one-semester course
in electromagnetism (E&M). There exist a number of stan-
dardized multiple-choice tests that can be used to assess ob-
jectively and efficiently student learning in large classes of
introductory mechanics; some of these instruments have
gained widespread acceptance and have been used to gauge
the performance of thousands of mechanics students in edu-
cational institutions across the U.S.® By contrast, fewer such
standardized instruments exist for E&M and no single E&M
assessment test is widely used. As a result, relatively few
measurements of student learning in large lecture introduc-
tory E&M have been performed.

In this paper we report measurements of the performance
of 2537 students in introductory E&M courses at four large
institutions of higher education: Carnegie Mellon University
(CMU), Georgia Institute of Technology (GT), North Caro-
lina State University (NCSU), and Purdue University (Pur-
due). Two different curricula are evaluated: a traditional cur-
riculum, which for our purposes will be defined by a set of
similarly organized textbooks in use during the study® and
the Matter & Interactions (M&I)'? curriculum. M&I differs
from the traditional calculus-based curriculum in its empha-
sis on fundamental physical principles, microscopic models
of matter, coherence in linking different domains of physics,
and computer modeling."'~!3 In particular, M&I revises the
learning progression of the second semester introductory
electromagnetism course by reorganizing and augmenting
the traditional sequence of topics, for example, by increasing
early emphasis on the vector field concept and by emphasiz-
ing the effects of fields on matter at the microscopic level.'*
Student performance is measured using the Brief Electricity
and Magnetism Assessment (BEMA) a 30-item multiple-
choice test which covers basic topics that are common to
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FIG. 1. Average postinstruction BEMA scores at four academic
institutions—the average BEMA test scores are shown for students
who have completed a one-semester E&M course with either the
traditional (TRAD) or M&I curriculum. The number of students
tested for each curriculum at each institution is indicated in the
figure. The error bounds represent the 95% confidence intervals on
the estimate of the average score.

both the traditional and M&I electromagnetism curricula in-
cluding basic electrostatics, circuits, magnetic fields and
forces, and induction.' In the design of the BEMA, many
instructors of introductory and advanced E&M courses were
asked to judge draft questions to ensure that questions in-
cluded on the test did not favor one curriculum over another.
Moreover, careful evaluation of the BEMA suggests the test
is reliable with adequate discriminatory power for both tra-
ditional and M&I curricula.'®

The paper is organized as follows. In Sec. II we present a
summary of BEMA results across the four institutions which
provides a snapshot of the performance measurements for
students in both the traditional and M&I curricula. In Secs.
III-VI we then discuss the detailed results from each indi-
vidual institution in turn. In Sec. VII we analyze BEMA
performance by individual item and topic, discussing pos-
sible reasons for performance differences, and we make con-
cluding remarks and outline possible future research direc-
tions in Sec. VIII.

II. SUMMARY OF COMMON
CROSS-INSTITUTIONAL TRENDS

Comparison of student scores on the BEMA at all four
academic institutions suggests that students in the M&I cur-
riculum complete the E&M course with a significantly better
grasp of E&M fundamentals than students who complete
E&M studies in a traditional curriculum (Figs. 1-3). (A de-
scription of the methodology used to define “significance” is
given in the Appendix). Broadly speaking, the profiles of
students at all institutions were similar; the vast majority of
students in both curricula were engineering and/or natural
science majors. During the term, all students at a given in-
stitution were exposed to an instructional environment with
similar boundary conditions on contact hours: large lecture
sections that met for 2-4 h/week (depending on the institu-
tion) in conjunction with smaller laboratory and/or recitation
sections that typically met for 1-3 h/week on average (again
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FIG. 2. Postinstruction BEMA score distributions at four aca-
demic institutions—the percentage of students with a given BEMA
test score is plotted for students who have completed an E&M
course with either a traditional (dotted-dashed line) or M&I curricu-
Ium (solid line) at (a) GT, (b) Purdue, (c) NCSU, and (d) CMU. The
arrows indicate the location of the average score for each distribu-
tion. The rightmost arrow in each subfigure corresponds to the M&I
course. The total number of students tested in each curriculum at
each institution is the same as in Fig. 1. The plots are constructed
from binned data with bin widths equal to approximately 6.7% of
the maximum possible BEMA score (100%).

depending on the institution). We emphasize that, at a given
institution, the contact hours were, for the most part, very
similar for both M&I and traditional courses (see Secs.
III-VI). Both the average BEMA scores (Fig. 1) and the
BEMA score distributions (Fig. 2) were obtained at all insti-
tutions by administering the BEMA after students completed
their respective E&M courses.
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FIG. 3. Gain in student understanding of E&M at four academic
institutions—the increase in student understanding resulting from a
one-semester traditional (TRAD) or M&I course is measured using
the average normalized gain g. The numbers of students tested for
each curriculum at each institution: GT M&I: N=297; GT Trad.:
N=887; Purdue M&I: N=76; Purdue Trad.: N=79; NCSU M&I:
N=79; NCSU Trad.: N=48; CMU M&I: N=73; and CMU Trad.:
N=116. The error bounds represent the 95% confidence intervals on
the estimate of the normalized gain. The estimates of g require the
average BEMA scores for incoming students /; for the NCSU and
CMU results, I was computed differently than for the GT and Pur-
due results (see Secs. II, V, and VI for details).
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TABLE I. Georgia Tech BEMA test results are shown for five Matter & Interactions sections (M1-M5)
and 11 traditional sections (T1-T11). Different lecturers are distinguished by a unique letter in column L.
(Note that lecturer B in M3 was assisted by lecturer A.) The average BEMA score O for N, students
completing the course is shown for all sections. Moreover, in those sections where data are available, the
average BEMA score / for N, students entering the course is indicated. N,, is the number of students in a
given section who took the BEMA both at the beginning and at the end of their E&M course. GPA is the
incoming cumulative grade point average for students in a given section.

I 0]

1D L N; (%) No (%) N, GPA

Mi A 43 245+23 40 59.8+4.8 40 2.96+0.18
M2 A n/a n/a 149 59.7+2.38 n/a 2.99+0.10
M3 B n/a n/a 146 57.4+2.6 n/a n/a

M4 C 138 27719 138 59.5+2.7 132 3.14+0.10
M5 D 140 247+14 139 559+29 131 3.07+0.09
Tl E 231 229+1.2 204 41.2+1.9 180 3.10+0.07
T2 E 219 229+1.3 195 40.7+1.9 176 2.99+0.08
T3 F 203 257+14 136 51.9+3.0 130 3.01=0.09
T4 F 212 251+14 144 50.8+2.5 133 2.98+0.09
TS E n/a n/a 144 38.3+25 n/a 3.09+0.08
T6 G n/a n/a 29 452+6.5 n/a 2.98+0.12
T7 G n/a n/a 36 445+49 n/a 2.81+0.12
T8 H 87 28.1+2.0 73 54.8+4.7 59 2.97*0.13
T9 J 112 26.5+2.1 84 51.6+3.7 75 2.94*0.11
T10 F 128 253+1.6 103 50.3+3.0 88 3.04£0.09
TI11 F 127 258+1.8 98 495+33 82 3.03=0.10

A measure of the gain in student understanding as a result
of instruction can be obtained by also administering the
BEMA to students as they enter the course. Specifically, the
average increase in student understanding is measured by the
average percentage gain, G=0-1, where [ is the average
BEMA percentage score for students entering an E&M
course and O is the average end-of-course BEMA percentage
score. It has become customary?® to report an average normal-
ized gain g, where g=G/(100-1) and (100-1) represents the
maximum possible percentage gain that could be obtained by
a class of students with an average incoming BEMA score of
I. For g reported in Fig. 3, the Georgia Tech and Purdue data
are shown only for students who took the BEMA both upon
entering and upon leaving their E&M course. For the NCSU
and CMU students in this study, / was not measured. In these
cases, we estimate g using measurements of / for other simi-
lar student populations at each institution (see Secs. V and
VI for details on, respectively, the NCSU and CMU esti-
mates). With these qualifications, the data (Fig. 3) show at all
four academic institutions that students receiving instruction
in the M&I curriculum show significantly greater gains in
understanding fundamental topics in E&M than students who
received instruction in a traditional curriculum.

As we will discuss later, students who get A’s in the
course do better on the BEMA than those who get B’s, who
in turn do better than those who get C’s. Comparison of
average BEMA scores for a given final course grade in E&M
at CMU, NCSU, and GT suggests that, roughly speaking,
M&I students perform one-letter grade higher than students
in the traditional-content course. For example, on average an

M&I student with a course grade of B does as well on the
BEMA as the traditional-content student with a course grade
of A.

In addition to the common features described here, the
E&M instructional and assessment efforts contained a num-
ber of details unique to each academic institution. We discuss
these details below (Secs. III-VI).

III. GEORGIA TECH BEMA RESULTS

The typical introductory E&M course at Georgia Tech is
taught with three 1 h lectures/week in large lecture sections
(150-250 students per section) and 3 h/week in small-group
(20 student) laboratories and/or recitations. In the traditional
curriculum, each student attends a 2 h laboratory and, in a
separate room, a 1 h recitation each week; in the M&I cur-
riculum, each student meets once per week in a single room
for a single 3 h session involving both laboratory activities
(for approximately 2 h on average) and separate recitation
activities (for approximately 1 h on average). The student
population of the E&M course (both traditional and M&I)
consists of 83% engineering majors and 17% science (in-
cluding computer science) majors.

Table I summarizes the Georgia Tech BEMA test results
for individual sections. In all traditional and M&I sections,
N, students in each section took the BEMA during the last
week of class at the completion of the course, typically dur-
ing the last lecture or laboratory session. Moreover, in the
majority of both traditional sections (T1-T4 and T8-T11) and
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FIG. 4. Pretest BEMA score distributions for Georgia Tech and
Purdue—the distributions of BEMA test scores for students before
completing an E&M course with either a traditional (dotted-dashed
line) or M&I curriculum (solid line) are shown for data from (a) GT
(N=1319 for traditional students; N=321 for M&I students) and (b)
Purdue (N=78 for traditional students; N=76 for M&I students).
The plots are constructed from binned data with bin widths equal to
approximately 6.7% of the maximum possible BEMA score
(100%).

M&I sections (M1, M4, and M5), N, students in each section
took the BEMA at the beginning of the course during the first
week of class, typically during the first lecture or laboratory
section. N, for a given section is approximately equal to the
number of students enrolled in that section, while N, is usu-
ally smaller than N, sometimes substantially so (e.g., T3 and
T4), due to the logistics of administering the test. Thus, in
each section, only those N,, students who took the BEMA
both on entering and on completion of the course are consid-
ered for the purposes of computing both the un-normalized
gain G and the normalized gain g. The BEMA was adminis-
tered using the same time limit (45 min) for both traditional
and M&I students. M&I students were given no incentives
for taking the BEMA; they were asked to take the exam
seriously and told that the score on the BEMA would not
affect their grade in the course. Traditional students taking
the BEMA were given bonus credit worth up to a maximum
of 0.5% of their final course score, depending in part on their
performance on the BEMA. A performance incentive for
only traditional students would not be expected to contribute
to poorer performance of traditional students relative to M&lI
students and, therefore, cannot explain the Georgia Tech dif-
ferences in performance summarized in Figs. 1 and 2.

Figure 4(a) demonstrates that there was no significant dif-
ference between traditional and M&I students in the distri-
bution of pretest scores on the BEMA. The average pretest
score for all sections ranged from about 22% to 28%; a
section-by-section comparison suggests there is no signifi-
cant difference in pretest scores on the BEMA between indi-
vidual sections (see Table T and Appendix). As an additional
check on student populations in the two curricula, we exam-
ined the students’ grade point averages (GPA) at the start of
the E&M courses; no significant difference in incoming GPA
was found.'” Thus, the student population entering both
courses is essentially the same. Additionally, because the
BEMA pretest averages and the distribution of BEMA pre-
test scores are essentially the same for the GT students in
both curricula, we focus our remaining discussion on the
post-test scores.

Figure 2(a) indicates that the distribution of the BEMA
post-test scores for the M&I group is significantly different
than the distribution for the traditional group. Moreover, the
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FIG. 5. Average BEMA scores by section at Georgia Tech—the
average end-of-semester BEMA scores for 11 traditional (T#) and 5
M&I (M#) sections at GT are shown. The error bounds indicate
95% confidence intervals on the estimates of the average for each
section. The number of students tested in a particular section is
given by N,, in Table 1.

BEMA post-test averages for each section (Fig. 5) suggest
that the M&I sections consistently outperform the traditional
sections. The M&I BEMA averages across four different in-
structors are relatively consistent, while the BEMA averages
of the traditional sections across five different instructors
vary greatly. The use of personal response system clicker
questions may account for some of this difference. The low-
est scoring sections (T1, T2, and T5 in Fig. 5) did not use
clicker questions; by contrast, approximately two to six
clicker questions were asked per lecture in all M&I sections
and all other traditional sections. Nevertheless, even when
the comparison between sections is restricted to the tradi-
tional sections with the highest average BEMA scores (sec-
tions T3, T4, T8, and T9, which were taught by three differ-
ent instructors who have a reputation of excellent teaching),
the M&I sections demonstrated significantly better perfor-
mance (Appendix).

The data in Fig. 6 suggest a correlation between BEMA
scores and final course grade at GT, with M&I students out-
performing traditional students with the same final letter
grade. Our finding that BEMA scores correlate strongly with
final letter grade is not obvious. It seemed possible that the
course grade was determined to a significant extent by the
students’ ability to work difficult multistep problems on ex-
ams, whereas the BEMA primarily measures basic concepts
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FIG. 6. The average post-test BEMA score of all students re-
ceiving a particular final course grade in introductory E&M at GT is
shown. The error bounds indicate 95% confidence intervals on the
estimates of the average for each grade. The numbers of students
for whom grades were obtained are N=1233 for traditional students
and N=611 for M&I students.
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which, it was hoped, all students would have mastered. How-
ever, we find M&I students exhibit a one-letter-grade perfor-
mance improvement as compared with traditional students;
specifically, the average BEMA scores are statistically
equivalent between traditional A students and M&I B stu-
dents, traditional B students and M&I C students, and tradi-
tional C students and M&I D students. This difference in
performance cannot be attributed to differences in the distri-
bution of final grades; the percentage of students receiving a
given final grade in the M&I sections (27.7% A’s, 37.8% B’s,
252% C’s, 7.2% D’s, and 2.1% F’s) is similar to that in the
traditional sections (29.8% A’s, 34.4% B’s, 24.3% C’s, 8.8%
D’s, and 2.7% F’s).

IV. PURDUE BEMA RESULTS

The curriculum comparison at Purdue focuses on an in-
troductory E&M course taught to electrical and computer
engineering majors. The contact time was allocated some-
what differently for students in each curriculum; however,
the total course contact time was similar for both traditional
and M&I students. Each week, traditional students met for
three 50 min large lectures (approximately 100 students per
section) and two 50 min small-group recitations (25-30 stu-
dents); these students did not attend a laboratory. M&I stu-
dents met for two 50 min lectures/week in large lecture sec-
tions (approximately 100 students per section) and 2 h/week
in small-group (25-30 students) laboratories. In addition,
M&I students attended a small-group (25-30 students) reci-
tation once a week for 50 min. In all traditional and M&I
sections, students in each section took the BEMA during the
last week of class at the completion of the course, typically
during the last lecture or laboratory session. Moreover, stu-
dents in each section took the BEMA at the beginning of the
course during the first week of class, typically during the first
lecture or laboratory section.

Figure 2(b) indicates M&I students significantly outper-
formed traditional students at Purdue. Students in both
courses took the BEMA during a portion of a laboratory
period with a 45 min time limit for completion. Both tradi-
tional and M&I students took the assessment (both pre and
post) in the same week. The “initial state” of the two groups
upon entering their respective E&M course was measured by
comparison of the grade point averages between the two
classes; no significant difference was found.!® Additionally,
comparison of the distributions of the BEMA score upon
entrance to the course shows only a small difference between
the two groups [Fig. 4(b)] that cannot account for the large
post-test difference shown in Fig. 2(b).

V. NORTH CAROLINA STATE BEMA RESULTS

The introductory E&M course at North Carolina State is
typically taught with three 1 h lectures/week in large lecture
sections (about 80 students per section). (Note, however, that
one M&I section was taught in the SCALE-UP studio
format.”) In the traditional curriculum, each student attended
a 2 h laboratory every two weeks; in the M&I curriculum,
each student attends a 2 h laboratory every week. Approxi-
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FIG. 7. Average BEMA score by section at NCSU—the average
end-of-semester BEMA scores for four traditional (T#) and four
M&I (M#) sections at NCSU are shown. The error bars indicate
95% confidence intervals on the estimates of the average for each
section. The numbers of students tested: N=7 for T1, N=10 for T2,
N=16 for T3, N=15 for T4, N=16 for M1, N=22 for M2, N=10 for
M3, and N=31 for M4. Note that section M4 was taught in the
SCALE-UP studio format.

mately three-fourths of the student population of the E&M
course (both traditional and M&I) are engineering majors.

One hundred twenty-seven volunteers were recruited from
eight different sections (a total of 700 students) by means of
an in-class presentation made by a physics education re-
search graduate student. Students were paid $15 for their
participation in this out-of-class study. Prior to participation,
students were told that they did not need to study for the test.
Just before the end of the semester, several testing times
were scheduled to accommodate student schedules. The test
was given in a classroom containing one computer per stu-
dent, with a proctor present; each student took the test using
an online homework system. Each student took the test in-
dependently with a 60 min time limit.

The difference in BEMA averages (shown in Fig. 1) be-
tween the M&I group and the traditional group is large and
statistically significant as determined by the method outlined
in the Appendix. Because students were recruited from eight
different sections, it is of interest to observe how students
from each section performed on the BEMA. Figure 7 shows
the average scores of the individual sections for both M&I
and traditional groups. Results of statistical tests (namely, the
Kruskal-Wallis test'®) show that there was no significant dif-
ference in BEMA scores among the M&I sections; similarly,
no significant difference across the four traditional sections
was detected. These results suggest that within each group
students’ BEMA scores were statistically uniform and that
the better performance of the M&I students was not due to a
few outlier sections that could have biased the results.

One possible explanation of the results may be a recruit-
ment bias; that is, higher-performing M&I students and
lower-achieving traditional students may have been recruited
for the study. To rule this out, participants’ GPA, SAT Rea-
soning Test (SAT) scores, as well as math and physics course
grades (prior to taking the E&M course) were examined. The
two math courses from which students’ grades were collected
were the first and second semesters of calculus courses; the
physics course for which students’ grades were collected was
the calculus-based mechanics course. Using the method de-
scribed in the Appendix, we found that there was no signifi-
cant difference between the M&I group and traditional group
in any of these grades. Additionally, no significant difference
was found in the SAT scores (verbal and math scores). These
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FIG. 8. The average post-test BEMA score of all students re-
ceiving a particular letter grade in introductory E&M at NCSU is
shown. The error bounds indicate 95% confidence intervals on the
estimates of the average for each grade. The numbers of students
for which grades were obtained are N=48 for traditional students
and N=79 for M&I students.

results suggest that the recruitment was not biased and that
student participants from both the M&I sections and tradi-
tional sections had similar academic backgrounds.?”

In the NCSU study, students were not given the BEMA
prior to the start of their E&M course. However, a number of
students from the same population, who were concurrently
enrolled in introductory mechanics, did take the BEMA us-
ing via a web-based delivery system. The average BEMA
score of the mechanics students was 23%.”! We use this
value as an estimate for / to compute the normalized gains
shown in Fig. 3 which shows superior gain by M&I students.

The data in Fig. 8 suggest a correlation between BEMA
scores and final course grade at NCSU, with M&I students
outperforming traditional students with the same final letter
grade. Moreover, we find that M&I students exhibit a one-
letter-grade performance improvement; specifically, the aver-
age BEMA scores are statistically equivalent between tradi-
tional A students and M&I B students. Such a performance
difference might arise if fewer high final grades were
awarded in M&I than in the traditional course; under these
circumstances, the A students in M&I would be more select
and, perhaps, better than A students in the traditional course.
In fact, however, a somewhat larger percentage of higher
final grades was earned in the M&I sections (40.5% A’s,
43.0% B’s, 12.7% C’s, 2.5% D’s, and 1.3% F’s) than in the
traditional sections (25.0% A’s, 54.2% B’s, 18.7% C’s, 2.1%
D’s, and 0.0% F’s). Thus, the difference in performance on
the BEMA cannot be attributed to differences in the distribu-
tion of final grades.

VI. CARNEGIE MELLON RETENTION STUDY

The introductory E&M course at Carnegie Mellon con-
sisted of a large (~150 students) lecture that met 3 h/week
and a recitation section that met 2 h/week; there was no
laboratory component to this course. For historical reasons,
the course was separated into two versions: one for engineer-
ing majors that used the traditional curriculum and one for
natural and computer science majors that used the M&I cur-
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riculum. The pedagogical aspects of both the traditional and
M&I courses were quite similar.

To probe the retention of E&M concepts as a function of
time, two groups of students were recruited from each cur-
riculum: (1) recent students of introductory E&M, i.e., stu-
dents who had taken the introductory E&M final exam 11
weeks prior to BEMA testing and (2) “old” students of in-
troductory E&M, who had completed introductory E&M
anywhere from 26 to 115 weeks prior to BEMA testing. A
total of 189 students volunteered for the study out of a pool
of 1200 CMU students who had completed introductory
E&M at CMU and who were sent a recruitment email by a
staff person outside the physics department. With a promise
of a $10 honorarium, the electronic mail asked for volunteers
to take a retention test on an unspecified subject and stated
that the test’s purpose was to contribute to improvement in
introductory courses. The student volunteers took the BEMA
during the evening in a separate proctored classroom. Just
before taking the test, students were again told that they
could help improve instruction at CMU by participating and
doing their best; a poll of the students indicated, with one
exception, that the volunteers arrived at the examination
room without knowledge of the test’s subject matter. No pre-
test was given to the students; however, an estimate of I, the
average BEMA score prior to entering the E&M course, was
obtained by a separate study. To obtain this estimate, a dif-
ferent group of volunteers drawn from the appropriate pool
of potential students for each curriculum, i.e., engineering
students who had not yet taken the traditional E&M course
and science students who had not yet taken the M&I E&M
course. These volunteers were given the BEMA; we estimate
I1=28% (N=14) for the traditional courses and I=23% (N
=10) for M&I.

Disregarding the length of time since completing the
E&M course, it was found that the average BEMA score O
=41.6% for students in the traditional curriculum is signifi-
cantly lower than the 0O=55.6% for students in the M&I
curriculum. The participants from each course were not sig-
nificantly different in background as measured by the aver-
age SAT verbal or math score.

Figure 9 shows that E&M knowledge as measured by the
BEMA showed a significant loss over the retention period for
both M&I and traditional students. While the M&I groups
showed greater absolute retention at all grade levels than the
traditional groups, the BEMA performances of students who
most recently completed the E&M course were also greater
in the M&I group. The rate of loss in the two groups ap-
peared to be the same, a result typically found in the experi-
mental analysis of retention when comparing different initial
“degrees of learning.”>?3 Thus, as measured by BEMA per-
formance we could not determine unequivocally that M&I
improved retention of E&M knowledge over the traditional
course beyond effects due to initial differences in perfor-
mance on the BEMA. It is worth noting here that recent
work has shown that better retention occurs for students ex-
posed to improved pedagogical techniques.>*

The data in Fig. 10 suggest a correlation between BEMA
scores and final course grade at CMU, with M&I students
outperforming traditional students with the same final letter
grade. Moreover, we find that M&I students exhibit a one-
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FIG. 9. Retention of E&M knowledge—average scores on the
BEMA vs time since completion of a course in introductory E&M
are shown for students at CMU from either a traditional curriculum
(TRAD) or the M&I curriculum. The error bounds indicate 95%
confidence intervals on the estimates of the average for each sec-
tion. The numbers of students tested were 116 for traditional and 73
for M&I.

letter-grade performance improvement; specifically, the aver-
age BEMA scores are statistically equivalent between tradi-
tional A students and M&I B students. Such a performance
difference might arise if fewer high final grades were
awarded in M&I than in the traditional course; under these
circumstances, the A students in M&I would be more select
and, perhaps, better than A students in the traditional course.
In fact, however, a somewhat larger percentage of higher
final grades was earned in the M&I sections (34.3% A’s,
39.7% B’s, 21.9% C’s, 4.1% D’s, and 0% F’s) than in the
traditional sections (25.0% A’s, 37.9% B’s, 31.9% C’s, 5.2%
D’s, and 0.0% F’s). Thus, the difference in performance on
the BEMA cannot be attributed to differences in the distribu-
tion of final grades.

VII. ITEM ANALYSIS OF THE BEMA

We have seen superior performance on the BEMA from
M&I introductory E&M classes as compared to traditional

A M&l [— ]
[TRAD [
Final
Course
Grade
M& [— ]

0 50 100
BEMA % Score

FIG. 10. The average BEMA score for students receiving a par-
ticular final grade in introductory E&M at CMU is shown. In all
cases, the BEMA test was administered 11 weeks after the comple-
tion of the course. The error bounds indicate 95% confidence inter-
vals on the estimates of the average for each grade. The numbers of
students for which grades were obtained are N=14 for traditional
students and N=32 for M&I students.
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FIG. 11. Fractional difference in performance for E&M
subtopics—the fractional difference in performance AG,;/AG be-
tween M&I and traditional students at GT is shown for each ques-
tion on the BEMA. Positive (negative) AG;/AG indicates superior
performance by M&I (traditional) students. The numerical labels
indicate the corresponding question number in order of appearance
on the BEMA. The AG;/AG are grouped together into one of the
four topics: electrostatics (ES), dc circuits (DC), magnetostatics
(MS), or Faraday’s law and induction (FL).

E&M classes across multiple institutions. One question that
arises is whether this result can be explained by M&I stu-
dents performing better in any one topic or set of topics in
the E&M curriculum. Because the content of the BEMA
spans a broad range of topics, we can examine this question
by dividing the individual BEMA items into different catego-
ries and comparing M&I and traditional course performances
in the individual categories. There are some subjective deci-
sions to be made when categorizing the items based on con-
tent and concepts, including the number of categories, the
particular concepts they encompass, and which items belong
to which categories. Furthermore, certain items may involve
more than one concept and could potentially fall into more
than one category. We decided, for simplicity, to group the
BEMA items into just four categories covering different
broad topics, namely, electrostatics, dc circuits, magnetostat-
ics, and Faraday’s law of induction. Each item was placed
into one and only one category; refer to Fig. 11 for the items
that comprise each category.?> Note that this is an a priori
categorization based on physics experts’ judgment of the
concepts covered by the items; it is not the result of internal
correlations or factor analysis based on student data. Using
these categories, we compared M&I and traditional perfor-
mance in each category. We chose to analyze the data from
GT only because we had the largest amount of data for tra-
ditional and M&I courses across a range of different lecture
sections from this institution.

We define the difference in performance between the two
curricula as AG=G -Gy, where Gy, and Gy are the (un-
normalized) gains for the M&I and traditional curricula, re-
spectively. In the same way, we can determine AG; as the
difference in performance of the ith BEMA question; AG; is
equal to the percentage of M&I students that answered the
ith question correctly minus the percentage of traditional stu-
dents that answered the same question correctly. Using these
quantities, we define AG;/AG as the fractional difference in
performance for the ith question. AG;/AG can be thought of
as the fractional contribution of the ith question to AG since
2,AG;/AG=1. For equal weighting in the BEMA score (the
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scoring method that we used), a given question will make an
“average” contribution to AG when the magnitude of
AG;/AG is approximately equal to the inverse of the number
of test questions (0.033 for the 30-question BEMA). Thus,
when the magnitude of AG;/AG is significantly greater than
0.033, the corresponding question yields a greater than aver-
age contribution to AG. In addition, the sign of AG,;/AG is
noteworthy; a positive (negative) AG;/AG corresponds to an
item where on average the M&I students scored higher
(lower) than traditional students. (This presumes AG >0,
which is the case for our data.)

The plot of AG;/AG for all questions on the BEMA pro-
vides a kind of “fingerprint” for comparing in detail the per-
formance of M&I and traditional students (Fig. 11). We see
that the M&I course has positive AG,;,/AG for almost all
questions on the BEMA, and more than half of the questions
(16) have values of AG;/AG greater than 0.033.2° The
grouping of the BEMA questions by category permits one to
visualize which topics contribute most strongly to the differ-
ence in performance. For example, the difference in perfor-
mance in magnetostatics is striking, where nearly every
question in this category has AG;/AG>0.033; in fact M&I
student performance on magnetostatics alone accounts for
more than half (55%) of the difference in performance AG
relative to traditional students. The positive AG;/AG for dc
circuits is worthy of note even though these questions ac-
count for only 12% of AG. Qualitatively speaking, the M&I
course seeks to connect the behavior of circuits to the behav-
ior of both transient and steady-state fields; this focus is de-
cidedly nontraditional. By contrast, the dc-circuit questions
on the BEMA are quite traditional, so it is tempting to think
that the traditional course might provide better training for
responding to such questions. However, Fig. 11 demonstrates
that in fact M&I students outperform traditional students on
traditional dc-circuit questions. Performance in electrostatics
also generally favors the M&I course (28% contribution to
AG); however, we see that the performance on question 2
significantly favors the traditional course. The topic of ques-
tion 2 is the computation of electric forces using Coulomb’s
law. It is possible that the difference is due to greater time
spent in the traditional class on electric forces between point
charges at the beginning of the course. The M&I curriculum
also discusses forces on charges but moves into a full discus-
sion of electric fields due to point charges more quickly than
the traditional course, thereby devoting less time to discuss-
ing forces exclusively. By contrast, we also see the largest
single percentage difference in favor of M&I in question 5,
which deals with the direction of electric field vectors due to
a permanent electric dipole. The electric dipole plays an im-
portant role in the M&I curriculum due to the curriculum’s
emphasis on the effects of electric fields on solid matter and
polarization, topics which are often skipped or de-
emphasized in the traditional course; this particular result is
therefore not particularly surprising. As a final note, the large
values of AG;/AG between M&I and traditional courses in
both magnetostatics and Faraday’s law are interesting be-
cause these topics are regarded as the most difficult for stu-
dents due to their high level of abstraction and geometric
complexity. It is therefore striking that the M&I curriculum
seems to be making the largest impact on the hardest topics
at least at Georgia Tech.
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As an independent check on the significance of our item
analysis, we used the method of contingency tables as de-
scribed in the Appendix to compare the M&I and traditional
students’ average scores in each individual category. Here, a
student’s score in a category is computed as the sum of cor-
rect items in that category, where the number of items in the
four categories ranges from 2 to 12. The discrete nature of
the data, as well as the non-normality and unequal variances
of the distributions, makes contingency tables the appropri-
ate choice for this type of analysis. On the pretest, we found
no significant association between course treatment (M&I
versus traditional) and overall BEMA score on any category.
In contrast, the results of the contingency table analysis (see
the Appendix) for the post-test scores show significant asso-
ciation of BEMA score with treatment in each category. We
interpret this as showing better performance across topics for
students in the M&I course.

VIII. DISCUSSION

We have presented evidence that introductory calculus-
based E&M courses that use the Matter & Interactions cur-
riculum can lead to significantly higher student postinstruc-
tion averages on the Brief Electricity and Magnetism
Assessment than courses using the traditional curriculum.
The strength of this evidence is bolstered by the number of
different institutions where this effect is measured and by the
large number of students involved in the measurements. We
interpret these results as showing that M&lI is more effective
than the traditional curriculum at providing students with an
understanding of the basic concepts and phenomena of elec-
tromagnetism. This interpretation is based on accepting that
the BEMA is a fair and accurate measurement of such an
understanding. We believe that this is a reasonable proposi-
tion with which most E&M instructors would agree, given
that the BEMA’s items cover a broad range of topics com-
mon to most introductory E&M courses. However, the
BEMA was designed to measure just this minimal subset of
common topics. There may be other topics in which tradi-
tional students would outperform M&I because they are not
taught or de-emphasized in the M&I course and vice versa.

The BEMA is not the only instrument to assess student
understanding of E&M concepts. The Conceptual Survey of
Electricity and Magnetism (CSEM) was also designed for
such a purpose.?’” With the exception of electric circuits,
omitted by the CSEM, both instruments cover similar topics;
in fact, several items are common to both tests. However, the
CSEM contains questions involving field lines, a topic which
is not covered in the M&I curriculum (a justification for this
omission is discussed in Ref. '4). Recent work has shown the
CSEM and BEMA to be equivalent measures for changes in
pedagogy.”® Nevertheless, it would be interesting to use the
CSEM in comparative assessments of traditional and M&I
courses to see if it gives results similar to the BEMA; several
of us are planning to do this in future semesters.

A major research question raised by these results is how
and why the M&I curriculum is leading to higher perfor-
mance on the BEMA. The postinstruction BEMA results
measure only the total effect of the content and pedagogy of
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the entire course; there is no way to tease out from these
measurements the effects of any individual elements of a
course. While it is true that interactive instruction methods
(clickers) were used in almost every M&I class measured,
they were also used in many of the traditional classes. Recall
that M&I sections at Georgia Tech still outperformed tradi-
tional sections with the two instructors noted for excellent
pedagogical techniques. Overall performance differences are
not likely to be explained by differences in overall time on
task; the weekly classroom contact time was equivalent for
both M&I and traditional students at two of the four institu-
tions (Georgia Tech and Purdue). Time on task for specific
E&M topics may partially explain performance differences
like those shown in Fig. 11. Comparing the percentage of
total lecture hours devoted to each topic at GT, we find the
M&I course spends significantly more lecture time than the
traditional course on magnetostatics (24% vs 12%); this is
consistent with the superior performance of M&I students on
this topic. However, we find superior performance of M&I
students on electrostatics, for which both courses spend
nearly equal lecture time (36% vs 38%). In addition, we also
find superior M&I performance of topics where the M&I
course spends significantly less lecture time than the tradi-
tional course, namely, dc circuits (15% vs 25%) and Fara-
day’s law and induction (6% vs 11%). We conclude that
topical time on task alone is insufficient to account for per-
formance differences on the BEMA.

It is possible that the revised learning progression offered
by the M&I E&M curriculum is responsible for the higher
performance on the BEMA by M&I students. For example,
more time is spent exclusively on charges and fields early in
the course, laying conceptual groundwork for the mathemati-
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cally more challenging topics of flux and Gauss’s law which
are dealt with later than is traditional. Also, magnetic fields
are introduced earlier than is traditional, giving students
more time to master this difficult topic. Finally, M&I empha-
sizes the effects of fields on matter at the microscopic level.
In some of the traditional courses discussed in this paper,
dipoles and polarization are not discussed.
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APPENDIX: HYPOTHESIS TESTING AND
CONFIDENCE INTERVALS

In this paper, data comparing the two curricula were sub-
jected to rigorous testing for statistical significance. Details
on the statistical testing can be accessed online via a link to
supplemental material located on the abstract page for this

paper.
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