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Improving Student
Understanding with TEAL

John W. Belcher

Introduction

Over the last three years, the MIT Physics Department has
been introducing major changes in the way that 8.02,
Electromagnetism I, is taught at the Institute, through

the TEAL (Technology Enhanced Active Learning) Project
[Supported by the d’Arbeloff Fund for Excellence in MIT
Education, the MIT/Microsoft iCampus Alliance, the MIT
School of Science, and NSF] (Belcher 2001). After being
taught as a prototype twice, in fall 2001 and fall 2002, TEAL
went to a large-scale implementation for the first time in
spring 2003.

In the first two prototype years of the program, student
reaction as judged by commentary in The Tech was generally
positive (Chen 2001), but in spring 2003 the student reaction
ranged from positive to mixed (Li 2003) to very negative (Agarwal
2003, LeBon 2003), with numerous questions raised about the
format.

In this article, I address the educational efficacy of the TEAL
format, using assessment results from TEAL fall 2001, TEAL
spring 2003, and from a control group from spring 2002, when
on-term 8.02 was taught in the traditional lecture/recitation
format. This assessment strongly suggests that the learning gains
in TEAL are significantly greater than those in the traditional
lecture/recitation. This result is consistent with many other
studies of introductory physics education over the last two
decades. It is also consistent with the much lower failure rates for

Background and Motivation

To complement our existing Course X and XC SB degree
programs, the Department of Chemical Engineering
proposes to offer a new SB Degree in Chemical-Biological

Engineering: Course XB, starting with the ’04 -’05 MIT
Bulletin. After passing through a full series of departmental,
school, and institute review stages, this proposal was presented
at the Institute Faculty Meeting of October 15, 2003, and is
scheduled to be voted on in the same forum on December 17, 2003.

The educational opportunity afforded by the new XB degree
reflects the long standing recognition of the importance of
biology as a fundamental science in biomedical and industrial
applications by the Chemical Engineering Department at MIT.
Rapid advances in molecular biology and the recent explosion in
genomics research have created numerous opportunities for
applications of biology in medicine and industries such as
biotechnology, pharmaceuticals, fine chemicals, and materials.
Growth of these professional opportunities brings to the forefront
the importance of establishing new educational pathways for
engineers that include biology as an enabling science.

Quantification and integration of biological systems have
created numerous prospects for exciting research in
biotechnological and medical applications, including biochemical
reactor engineering, bioseparations, biocatalysis, metabolic
engineering, gene therapy, biomaterials, cell and tissue
engineering, drug delivery, drug design and discovery, functional
genomics, and lab-on-a-chip devices. The pervasive intellectual
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the spring 2003 8.02 (a few percent)
compared to 8.02 failure rates in recent
years (from 7% to 13%).

I also discuss, with hindsight, the missteps
we made in the transition from the
prototype course to the mainline course in
spring 2003 that contributed to the adverse
student reaction. Many of these missteps
had to do with insufficient training of both
students and instructional staff for teaching
and learning in this new format. The major
lessons of the TEAL experience for
educational innovation at the Institute are:
(1) any serious educational reform effort
at MIT must be accompanied by a robust
assessment effort; and (2) any move from
small-scale innovation to large-scale
implementation requires careful thought
about a number of design issues, and training.

Motivations for Change
The TEAL format is centered on an

“interactive engagement” approach,
merging lecture, recitations, and desktop
laboratory experience into a
technologically and collaboratively rich
experience. It is taught in a highly
interactive, hands-on environment, with
extensive use of networked laptops in a
classroom especially designed for this
approach (the d’Arbeloff Classroom, 26-
152). We are not the first to try this
format. “Studio Physics” loosely denotes
a format instituted in 1994 at Rensselaer
Polytechnic Institute by Jack Wilson. This
pedagogy has been modified and
elaborated on at a number of other
universities, notably in NCSU’s Scale-Up
program under Robert Beichner. We have
expanded on the work of others by adding
a large component centered on active and
passive visualizations of electromagnetic
phenomena.

What is the motivation for this transition
to such a different mode for teaching
introductory physics? First, the traditional
lecture/recitation format for teaching 8.01
and 8.02 has had a 40-50% attendance
rate, even with spectacularly good lecturers
(e.g., Professor Walter Lewin), and a

10% or higher failure rate. Second, there
have been a range of educational
innovations in teaching freshman physics
at universities other than MIT over the last
few decades that demonstrate that any
pedagogy using “interactive engagement”
methods results in higher learning gains as
compared to the traditional lecture format
(e.g., see Halloun and Hestenes 1985,
Hake 1998, Crouch and Mazur 2001),
usually accompanied by lower failure rates.
Finally, the mainline introductory physics
courses at MIT do not have a laboratory
component. This is quite remarkable – to
my knowledge MIT is the only major
educational institution in the United States
without a laboratory component in its
mainline introductory physics courses. The
motivations for moving to the TEAL
format were therefore to increase student
engagement with the course by using
teaching methods that have been successful
at other institutions (including Harvard,
see Crouch and Mazur 2001), and to
reintroduce a laboratory component into
the mainline physics courses after a 30-
year absence.

The TEAL Format Spring 2003
In the TEAL classroom, nine students

sit together at a round table, with a total of
13 tables. In five hours of class per week
(two two-hour sessions and one one-hour
problem-solving session led by graduate
student TAs ), the students are exposed to
a mixture of presentations, desktop
experiments, and collaborative exercises.
The course was broken down into six
sections. A physics faculty member,
assisted by a physics graduate student, an
upper-level undergraduate who had
previously taken the course, and a member
of the Physics Demonstration Group,
taught in each section. In spring 2003,
Professors Wit Busza, Michael Feld, Eric
Hudson, David Litster, Ernest Moniz, Jr.,
and Dr. Justin Kasper led the six sections
of 8.02.

Students were assigned to groups of
three and remained in those groups for the

entire term. In the two prototype versions
of the course, we assigned students to
groups based on their score on an
electromagnetism pre-test, discussed
below, using heterogeneous grouping (i.e.,
each group contained a range of student
backgrounds as measured by the pre-test
score). In spring 2003, because of the
logistics of dealing with over 500 students,
we assigned students to groups randomly.
The grade in spring 2003 was based on: in-
class activities, desktop experiment
summaries, and worksheets; standard
weekly problem sets; questions about
reading assignments that were turned in
electronically before each class; three one
and one-half hour exams; and a final.
Three-quarters of the tests were made up
of the standard “analytic” problems
traditionally asked in 8.02; one-quarter of
the tests were made up of multiple-choice
conceptual questions similar to questions
asked in class and on the pre- and post-
tests. Students typically score lower on
these multiple-choice questions because they
test concepts that may not be well understood,
and because there is no partial credit.

The course was not curved. In other
words the cut-lines for the various letter
grade boundaries were announced at the
beginning of the term. Because collab-
oration is an element, it was important the
class not be graded on a curve, either in
fact or in appearance, to encourage students
with stronger backgrounds to help students
with weaker backgrounds. Also, the cut-
lines in the course were set in such a way
that a student who consistently did not
attend class could not get an A. This was
a deliberate policy to encourage
attendance, based on the belief that at least
part of the reason for the traditionally high
failure rates in 8.02 is the lack of student
engagement with the course.

Successes and Failures in the
Large-Scale Implementation

In many ways we were pleased with the
results of the large-scale implementation
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of TEAL in the spring of 2003. The physics
faculty teaching the course felt that students
were learning more with this new method
of instruction than in the traditional lecture/
recitation format. This feeling was borne
out by our detailed assessment results,
[see “TEAL Assessment and Evaluation,”
Page 10]. To summarize those results, the
learning gains in TEAL spring 2003 by
standard measures are about twice those in
the traditional lecture/recitation format.
The fact that interactive-engagement
teaching methods produce about twice the
average normalized learning gains when
compared to traditional instruction
replicates the results of many studies
obtained at other universities, including
Harvard.

However, what was disappointing was
that much of the student reaction to the
course in spring 2003 was mixed to
negative. The CEG overall course score
for spring 2003 was 3.7/7.0, a very low
ranking. What accounts for this glaring
discrepancy between learning gains and
student satisfaction with the spring 2003
course?

In hindsight, there were a number of
missteps we made that contributed to this
situation. For example, our prototypes
were taught in off-term 8.02. Two-thirds
of the population in off-term 8.02 consisted
of upper-class students who had failed
either 8.01 or 8.02 in their freshman year,
and one-third of the population consisted
of freshmen who had received credit for
8.01, most of whom had an excellent high
school physics background including an
introduction to electromagnetism. In any
case, almost all of our students in the
prototype course had seen the material
before at some level, and thus had some
comfort level with it. This was not the case
in spring 2003, when some students
entering the course had never seen the
material before. Our introductory material
did not take this into account, and thus
many of these students felt lost at the
beginning of the course.

To compound this error, we used group
work extensively in class, and although in
the prototype courses we grouped
according to background (that is, every
group had a range of prior knowledge
based on the pre-test), in spring 2003 we
simply assigned students to groups
randomly, because we thought the spring
population was more uniform in its
background than the fall term course, and
because we did not think we could make
heterogeneous assignments in a timely
way with 550 students. The result was that
some of our groups consisted entirely of
students who had never seen the material
before. A frequent student complaint in
our focus groups and in the course surveys
was that “the blind can’t lead the blind” in
group work, and the more homogeneous
grouping on our part certainly contributed
to that reaction. It also contributed to the
perception of the students that they were
not learning enough in class because of the
emphasis on students teaching themselves.
Students complained they felt they did
most of their learning outside class, and
only came to class because they knew
class participation was part of their
grade.

Another factor was that the sections in
spring 2003 were led by faculty who had
never taught in this format before. The
prototype courses were taught by Peter
Dourmashkin and myself. Although we
did train the faculty in the teaching methods
in the course, with hindsight our training
was not thorough enough to prepare them
for the new environment in the d’Arbeloff
Classroom, both in terms of the technology
in the room and the teaching methods used
in “interactive engagement.” In particular,
we provided to the teaching staff
PowerPoint presentations for the material
to be covered in a given class, and many
students felt that the section leaders went
through this material too rapidly. They
preferred more traditional board work,
which moderates the pace of the
presentation of material.

Moreover, we did not do enough training
of the student groups themselves in
collaborative work. Ideally, collaborative
work is a positive experience for everyone
in the group – the students with poorer
backgrounds can learn from more advanced
peers who have recently struggled with
the same concepts, and the students who
have stronger backgrounds find that the
best way to clarify one’s understanding of
material is to explain it to others. But to
function in this way instructors need to
train students to understand the purpose of
group work. We did not do a good job of
setting out the mechanics of group work,
and in particular we did not set up
mechanisms for corrective action for
groups that were not working.

Finally, many students did not find the
experiments useful – they were unsure of
what they were supposed to learn from
them, and the length of the experiments
was such that frequently students did not
have a chance to finish them.

Future Directions
Because the TEAL Project has had a

robust assessment effort from the outset,
we have been able to understand and
document the successes and failures of the
implementation over the course of the last
three years, and to learn from them. For
TEAL to succeed in the long term, it is
crucial we improve the learning
environment for the students. In particular,
since we feel that class attendance is a
central part of this teaching method, we
must structure the course so that coming to
class is seen by the students as a profitable
use of their time. The changes we plan to
make in the future are: (1) heterogeneous
grouping, and more training of students in
collaborative methods; (2) more extensive
training for course teaching staff, both
section leaders, graduate student TAs, and
undergraduate TAs; (3) an increase in
numbers of the course teaching staff
(students felt we were understaffed during
class); (4) fewer experiments that are better
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explained and better integrated into the
course material; (5) better planning of
individual classes to break our active
learning sessions into smaller units that
can be more closely overseen by the
teaching staff.

The lessons of the TEAL experience
thus far for educational innovation at the
Institute are first, that any serious
educational reform effort at MIT must be
accompanied by a robust assessment effort.
One needs some quantitative measure of
the effectiveness of instruction to gauge
whether the innovation is actually
producing results that are superior to or
equal to what it is replacing. Second, as is
well known in educational circles, the
most perilous part of any innovation is the
attempt to move from small-scale
innovation to large-scale implementation.
With hindsight, we feel that our major
misstep in this transition was not training
course personnel and students adequately
to prepare them for this new method of
teaching.✥
[John W. Belcher can be reached at
jwb@mit.edu]
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The TEAL Project has had a robust
assessment and evaluation effort
underway since its inception. This

effort is led by Professor Judy Yehudit
Dori <http://caes.mit.edu/people/dori.html>,
a faculty member in the Department of
Education in Technology and Science at
the Technion. Professor Dori is an
internationally-known educator whose
expertise is the assessment of learning
strategies in science and technology
education. We use a variety of assessment
techniques, including the traditional in-
class exams, focus groups, questionnaires
(in addition to MIT’s CEG questionnaire),
and pre- and post-testing. We concentrate
here on the results of the pre- and post-
testing. Our pre- and post-tests consists of
20 multiple choice questions covering

TEAL Assessment and Evaluation

basic concepts in electromagnetism. Some
of these questions are taken from
standardized tests that have been developed
and used at other institutions, and some of
these questions were developed at MIT.

The figure shows the results of the pre-
and post-testing for spring 2003 8.02
(Dori and Belcher, 2004). The results are
given for three categories of student scores:
High, Intermediate, and Low. This
separation allows us to gauge the
effectiveness of instruction across the range
of student backgrounds; the separation is
made using the student’s score on the pre-
test (the dividing lines are: greater than
45/100; between 30 and 44/100; and less
than 30/100). The difference between the
pre- and post-scores is a measure of the
effectiveness of instruction.

The table shows these results in the
standard form for assessment studies using
the normalized gain <g> (Hake, 1998)

testpre

testpretestpost

Correct
CorrectCorrect

g
-

--

-

-
=

%100
%%

In calculating <g> we are normalizing the
student’s improvement in his or her score
from the pre- to the post-test to the maximum
improvement possible. We also show in
the table the pre- and post-test results for
the TEAL prototype taught in fall 2001
and for a control group that consisted of
121 volunteers from the spring 2002 course,
which was taught in the traditional lecture/
recitation format (Dori and Belcher, 2003).
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Pre- and Post-test Results for Spring 2003 8.02

The table demonstrates that in spring
2003 our normalized learning gains are
the highest we have achieved in the TEAL
format, and are broadly spread across all
levels of student background. The achieved
<g> = 0.52 for all 514 students is
comparable with <<g>> = 0.48 of 48
interactive engagement mechanics courses
surveyed by Hake (1998), where the double

angle brackets mean an average of the
averages. They are better than the results
in fall 2001 TEAL, both absolutely and in
the spread of the learning gains across
student background. Moreover, the
learning gains in TEAL spring 2003 by
this measure are about twice those in the
traditional lecture/recitation control group
of spring 2002. The fact that interactive-

engagement teaching methods produce
about twice the average normalized
learning gains when compared to traditional
instruction replicates the results of many
studies obtained at other universities,
including Harvard.

Any comparison between the spring
2002 control group and the spring 2003
TEAL group has a number of limitations.
One might be concerned that the TEAL
spring 2003 instructors “taught to the
post-test,” but in spring 2003 the six
section leaders had almost no knowledge
of the content of the pre- and post-tests, so
“teaching to the test” was not a significant
factor. There are other limitations which
stem from the fact that not all the variables
in the TEAL groups and the control group
were identical: unlike the TEAL students,
who responded to both conceptual and
analytical problems as part of their 8.02
course work, the control group students
only solved analytical problems in their
weekly assignments and on the course
exams; the conceptual pre- and post-tests
administered to the TEAL group students
were mandatory, whereas the control group
students volunteered to take the pre- and
post-tests and were compensated for their
time; students in the TEAL groups were
encouraged to attend classes because they
got credit for doing so, while the control
group had no such encouragement; the
TEAL students consisted of the entire
class population, while the volunteers in
the control group accounted for about
20% of their classes (however, the average
final grade of the volunteers in the control
group traditional course was 66/100, higher
than the average score of 59/100 for the
entire control group class, so the volunteers
were not unrepresentative of the abilities
of the entire class); the control group is
from spring 2002, when the Pass/No
Record system was still in effect; in spring
2003, the grading system was ABC/No
Record, which undoubtedly increased
student motivation to do well in the
course.✥

               Group
Prototype TEAL

Fall 2003

ControlGroup
Lecture/Recitation

Spring 2002
  Large-Scale TEAL

Spring 2003

  N     Gain   N     Gain   N     Gain

   All 514 0.52 + 0.22 176 0.46 + 0.26 121 0.27 + 0.31

   High   40 0.46 + 0.33   58 0.56 + 0.29   19 0.13 + 0.43

   Intermediate 176 0.55 + 0.22   48 0.39 + 0.26   50 0.26 + 0.34

   Low 298 0.51 + 0.19   70 0.43 + 0.22   52 0.33 + 0.20




