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Economic$forecasts$point$to$a$need$for$producing,$
over$the$next$decade,$approximately$1$million$
more$college$graduates$in$STEM$fields$than$
expected$under$current$assump6ons.$



•  how$people$learn$the$
concepts,$prac6ces,$and$ways$
of$thinking$of$science$and$
engineering;$

•  the$nature$and$development$
of$exper6se$in$a$discipline;$

•  effec6veness$of$instruc6onal$
approaches$$

•  how$to$make$science$and$
engineering$educa6on$broad$
and$inclusive.$

Physicists$studying$



Recommenda)ons++

1.$$Catalyze$widespread$adop6on$of$empirically$
validated$teaching$prac6ces.$$
2.$$Advocate$and$provide$support$for$replacing$
standard$laboratory$courses$with$discoveryZ$based$
research$courses.$
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COMMENTARY

Large-scale comparison of science teaching
methods sends clear message
Carl E. Wieman1

Department of Physics and Graduate School of Education, Stanford University, Stanford,
CA 94305

The quality of science, technology, engineer-
ing, and mathematics (STEM) education in
the United States has long been an area of
national concern, but that concern has not
resulted in improvement. Recently, there has
been a growing sense that an opportunity for
progress at the higher education level lies in
the extensive research on different teaching
methods that have been carried out during
the last few decades. Most of this research has
been on “active learning methods” and the
comparison with the standard lecture method
in which students are primarily listening and
taking notes. As the number of research stud-
ies has grown, it has become increasingly
clear to researchers that active learning meth-
ods achieve better educational outcomes. The
possibilities for improving postsecondary
STEM education through more extensive
use of these research-based teaching methods
were reflected in two important recent reports
(1, 2). However, the size and consistency of
the benefits of active learning remained un-
clear. In PNAS, Freeman et al. (3) provide
a much more extensive quantitative analysis
of the research on active learning in college
and university STEM courses than previously
existed. It was a massive effort involving the
tracking and analyzing of 642 papers spanning
many fields and publication venues and a very
careful analysis of 225 papers that met their
standards for the meta-analysis. The results
that emerge from this meta-analysis have im-
portant implications for the future of STEM
teaching and STEM education research.
In active learning methods, students are

spending a significant fraction of the class
time on activities that require them to be
actively processing and applying informa-
tion in a variety of ways, such as answering
questions using electronic clickers, complet-
ing worksheet exercises, and discussing and
solving problems with fellow students. The
instructor designs the questions and activi-
ties and provides follow-up guidance and
instruction based on student results and
questions. The education research comparing
learning from this method with that from the

lecture method has usually been carried out
by scientists and engineers in the multiple
respective disciplines, because the desired learn-
ing and the implementation of the teaching
methods are quite discipline specific and
require substantial disciplinary expertise. Also,
good active learning tasks simulate authentic
problem solving, and therefore teaching with
these methods typically demands more in-
structor subject expertise than does a lecture.
Probably the most striking result in ref. 3 is

that the impact of active learning on educa-
tional outcomes is both large and consistent.
The authors examined two outcome mea-
sures: the failure rate in courses and the per-
formance on tests. They found the average
failure rate decreased from 34% with tradi-
tional lecturing to 22% with active learning
(Fig. 1A), whereas performance on identical
or comparable tests increased by nearly half
the SD of the test scores (an effect size of 0.47).
These benefits of active learning were consis-
tent across all of the different STEM disciplines
and different levels of courses (introductory,
advanced, majors, and nonmajors) and across
different experimental methodologies.
Although the average improvement on tests

of all types is substantial, perhaps more no-
table is the larger improvement on concept
inventory (CI) tests, where the effect size is
0.88 (Fig. 1B). CIs are carefully developed tests
that probe the differences between how scien-
tists and students think about and use partic-
ular scientific concepts. As typically used, CIs
also correct for the level of student knowledge
at the start of a course and therefore provide
a direct measure of the amount learned. Al-
though limited in their scope, CIs are better
than instructor-prepared examinations for
measuring how well the students have learned
to think like scientists.
It is not surprising that the effect size from

active learning is larger on CIs. Nearly all
techniques labeled as active learning include
those features known to be required for the
development of expertise (4); in this case,
thinking like an expert in the discipline.
The active learning methods are designed to

have the student working on tasks that sim-
ulate an aspect of expert reasoning and/or
problem-solving while receiving timely and
specific feedback from fellow students and
the instructor that guides them on how to
improve. These elements of authentic prac-
tice and feedback are general requirements
for developing expertise at all levels and dis-
ciplines (4) and are absent in lectures. Be-
cause CI tests are specifically designed to
probe expertise developed during a course, they
are particularly sensitive to these differences
in instructional methods. The relationship be-
tween active learning and general requirements
for expertise development may also explain the
consistency of the benefits across the different
disciplines and levels of courses.
The implications of these meta-analysis

results for instruction are profound, assum-
ing they are indicative of what could be
obtained if active learning methods replaced

Fig. 1. Comparisons of average results for studies
reported in ref. 3. (A) Failure rates for the active learning
courses and the lecture courses. (B) Shift in distribution of
student scores on concept inventory tests.
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Peer Instruction: Comparing Clickers to Flashcards 
N. Lasry, John Abbott College, Montreal, Qc 

 
Peer Instruction (PI) is a student-centered instructional approach developed at Harvard by Eric 
Mazur (1997).  The method has been welcomed by the science community and adopted by a large 
number of colleges and universities, due among other reasons to its common sense approach and 
its documented effectiveness (Fagen et al, 2002; Crouch & Mazur, 2001, Mazur, 1997). In PI, the 
progression of any given class depends on the outcome of real-time student feedback to 
ConcepTests: multiple-choice conceptual questions. In the early 1990s, students responded to 
ConcepTests using flashcards showing their answer. Instructors would then estimate the 
proportion of students holding each alternative conception. A few years later Mazur began using 
wireless handheld devices - colloquially called ‘clickers’- to replace the flashcards. Previous 
users of clickers in university classrooms had reported benefits such as increased rates of 
attendance and decreased rates of attrition (Owens et al., 2004; Lopez-Herrejon & Schulman, 
2004). The purpose of this paper is to determine the specific contribution of ‘clickers’ to 
conceptual learning and traditional problem solving skills as compared to low-budget flashcards.  
 

Study Description  
First-semester students in a two-year Canadian public community college were randomly 
assigned by the registrar to one of two sections of an algebra-based mechanics course. Instruction 
in the fist section consisted of PI with clickers (n=41) while the other followed PI with flashcards 
(n=42) to respond to in-class ConcepTests. Both sections were taught by the author, followed the 
same course structure and content (using 3-4 ConcepTests with peer discussion in each class) and 
had the same laboratory component. A schematic description of the PI method used in this study 
is shown below (Fig.1). 

 
Figure 1  A Peer Instruction Implementation Algorithm 
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A copper cylinder is machined to have the following shape.  The ends 
are connected to a battery so that a current flows through the copper. 
 
Which region has the greatest magnitude electric field E? 
 
A    
B    
C 
D:  All are the same 
E:  No idea! 
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Using Research 
& Assessment 

Apply research-based 
teaching techniques.  

 
Measure progress!  
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Incorporating learning goals about modeling into an upper-division
physics laboratory experiment

Benjamin M. Zwickl,a) Noah Finkelstein, and H. J. Lewandowskib)

Department of Physics, University of Colorado Boulder, Boulder, Colorado 80309

(Received 18 January 2013; accepted 30 April 2014)

Implementing a laboratory activity involves a complex interplay among learning goals, available
resources, feedback about the existing course, best practices for teaching, and an overall philosophy
about teaching labs. Building on our previous work, which described a process of transforming an
entire lab course, we now turn our attention to how an individual lab activity on the polarization of
light was redesigned to include a renewed emphasis on one broad learning goal: modeling. By using
this common optics lab as a concrete case study of a broadly applicable approach, we highlight many
aspects of the activity development and show how modeling is used to integrate sophisticated
conceptual and quantitative reasoning into the experimental process through the various aspects of
modeling: constructing models, making predictions, interpreting data, comparing measurements with
predictions, and refining models. One significant outcome is a natural way to integrate an analysis and
discussion of systematic error into a lab activity. VC 2014 American Association of Physics Teachers.

[http://dx.doi.org/10.1119/1.4875924]

I. INTRODUCTION

Lab courses are complex environments that present
instructors with many options, both regarding the overarch-
ing features of the course and the finer details specific to
each lab activity. Course-scale decisions include: What labs
should students do? What physics topics should they cover?
What equipment should be purchased? How many days and
hours should each lab take? What kinds of collaboration and
group work should be encouraged? What work will be sub-
mitted for grading? When creating individual activities,
many finer details arise: What kinds of prompts should be in
the lab guide? How much of the experiment should be set up
in advance? How much of the theory should students under-
stand? While there are many answers to these questions that
result in quality student learning, the variety of options can
seem daunting to anyone transforming an existing laboratory
course or building one from the ground up.1

At the University of Colorado Boulder (CU), we have
undertaken a systematic research-based approach to establish
goals for laboratory instruction, transform our courses, and
conduct research into teaching and learning experimental
and research skills in laboratory courses. In our previous arti-
cle, we presented an overview of learning goals, curricula,
and assessments that were developed and used in our
advanced lab course.2 Through discussions with over twenty
CU physics faculty, we established four broad goals for our
lab courses: modeling (of physical systems and measurement
tools), design (of experiments and apparatus), communica-
tion, and technical lab skills (e.g., data analysis, measure-
ment and automation, and the use of standard lab
equipment). While each of these broad goals is important
and encompasses a range of skills and abilities, this article
clarifies how we implemented a set of modeling-related
goals in one particular laboratory activity. Further, we show
how an explicit discussion of modeling can integrate sophis-
ticated conceptual and quantitative reasoning into the experi-
mental process.

We highlight many aspects of the development of activ-
ities for a common optics lab on the polarization of light.
The process serves as a case study of a broadly applicable
approach. We begin by taking a big-picture look at a

teaching philosophy for laboratory courses, then get more
specific by discussing modeling in the context of a laboratory
course, then detail some lab-specific learning goals for the
polarization of light lab, and finally implement the learning
goals in an activity. We also provide a graphical schematic
of the modeling process (Fig. 1) that describes modeling as a
series of interconnected steps relating the real world appara-
tus, model construction, predictions, comparison, and model
refinement. We have used Fig. 1 extensively in our own
work to elucidate the relationship between theory and mea-
surement in experimental physics.

II. A TEACHING PHILOSOPHY FOR LABS

We start by laying out a clear teaching philosophy for
upper-division labs because it helps us make decisions about
equipment and apparatus. Polarized light is a topic that has
been studied for over 200 years, so it is a fair question to ask
if this lab is relevant today. As we describe our philosophy
in more detail, it will become clear why we think the polar-
ization of light lab is still an excellent choice for our
advanced lab course. Our philosophy, summarized in
Table I, is that a good lab is one that enables us to meet our
consensus learning goals and prepares students to engage in
research. We are not treating our labs as a substitute for
research, but as preparation for research. This philosophy
helps us answer big questions about the entire lab course:
What labs should students do? (Is the polarization of light
lab important?) What equipment should be purchased? (Or
is what we have good enough?) How long should the lab
take?

Because the lab course is a many-to-one student-to-in-
structor environment, the course should focus on content and
scientific practices that are widely relevant to research and
amenable to that instructional environment. For instance, our
faculty identified particular research abilities, such as
computer-aided measurement, that are very helpful for
nearly all beginning researchers and can be taught within the
laboratory classroom. It is beneficial for students and effi-
cient for research advisors to have students develop these
abilities as part of their coursework so that research mentors

876 Am. J. Phys. 82 (9), September 2014 http://aapt.org/ajp VC 2014 American Association of Physics Teachers 876
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may focus their one-on-one efforts on the unique challenges
of a research project.

Regarding the particular choice of laboratory activities, the
faculty consensus at CU was that our existing suite of labora-
tories was adequate. The faculty felt it would be impossible
to span the large range of topics that students may encounter
in future research labs. Therefore, any lab that fits our avail-
able resources and expertise, is relevant for some subfield of
physics, and enables us to meet our broad learning goals
(modeling, design, communication, and technical lab skills)
is a good choice. It doesn’t matter whether or not the particu-
lar experiment is close to the cutting edge of physics. As it
happens, the polarization of light lab is rich in opportunities
for modeling (we have students use the Jones matrix formal-
ism3) and experimental design and the topic is essential for
any student working in optics or using optical detection

techniques. So despite having 200 years of history, the polar-
ization of light lab is still an excellent choice for our
advanced lab course. Regarding the choice of apparatus and
equipment, for similar reasons, we focused on measurement
tools and techniques that are relevant for some subfield of
physics and enable us to meet our other learning goals. For
the polarization of light lab, some of our equipment was suffi-
cient—standard commercial optomechanics, optical compo-
nents, HeNe lasers, amplified photodetectors—while other
equipment was not. For instance, one learning goal from the
technical lab skills category is that students should be able to
perform common measurements using oscilloscopes and ac-
quire data using LabVIEW. We could not meet this learning
goal with our current equipment, so we invested in a larger
set of general purpose measurement and data acquisition
equipment (oscilloscopes, waveform generators, multimeters,

Fig. 1. A framework for modeling in a physics laboratory involving (a) construction of a model of a real-world physical process, (b) making predictions about
the behavior of the physical system, (c) creating a model of measurement tools, (d) using the measurement model to interpret the data and understand the limi-
tations of the measurements, (e) make comparisons between the data and predictions, and (f) model refinement.

Table I. A comparison between our philosophy of lab instruction and a good undergraduate research experience. Attributes of good research experiences are
based on the literature on UREs.4

A good research experience A good lab course

Main goal Answering the research question Engaging in scientific practices that can be

applied later in research.

Problem relevance Authentic problems of interest to the broader community.
New results anticipated.

Results will not be new to the broader community,
but should be important to know as a
member of that community.

Problem complexity Open-ended problems, multiple solutions Problems have well-defined scope, but designed
with some freedom in mind.

Environment Research laboratory Lab classroom.

Apparatus
and content

Sophisticated enough to do original research Generally useful for research, but often more limited.

Mentoring 1-1 mentoring relationships. An apprenticeship

with a master scientist

Many-to-one teaching relationship

with an expert experimentalist.

Community Professional physicists
(graduate students, post-docs, faculty)

Primarily other students in the class.
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•  Via$researchZbased$development$and$tes6ng,$
we$can$increase$opportuni6es$for$students$to$
engage$in$handsZon$experimenta6on$


