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An opportunity

• Hundreds of research papers ⇒ pedagogical approaches 
much better than traditional lecturing. And yet traditional 
lecturing still dominates. 

• Call to action: 

- White House PCAST 2012 report Engage to Excel. 

- National Academies 2012 study on Discipline-Based Education 
Research. 

- AAU 2012–17 Undergraduate STEM Education Initiative. 

- White House 2016 Call to Action on Active STEM Learning. 

- American Academy of Arts & Sciences 2017 commission and report 
on the The Future of Undergraduate Education.

https://obamawhitehouse.archives.gov/sites/default/files/microsites/ostp/pcast-engage-to-excel-final_2-25-12.pdf
http://www.nap.edu/catalog.php?record.id=13362
http://www.nap.edu/catalog.php?record.id=13362
https://www.aau.edu/education-service/undergraduate-education/undergraduate-stem-education-initiative
https://www.amacad.org/content/Research/researchproject.aspx?i=21999


Research: how students learn

• Major advances in last 10-20 years from cognitive 
psychology, discipline-based education research (DBER), 
and more recently brain science. 

• New paradigm for the goal of education: 

- Learn how to think like an expert (better decisions/choices) 
through deliberate practice with expert (i.e., faculty) feedback. 

- Expert knowledge = facts + mental framework: deep (vs surface) 
structure of disciplinary knowledge, standards of evidence, 
discipline-specific procedures and criteria for when to apply them, 
self monitoring (metacognition). Rewire the brain.

On how experts are made: for example, K. A. Ericsson et al, Cambridge 
Handbook of Expertise and Expert Behavior (2006).



How with class of 300 students?

• New designs for classroom instruction (active learning): 

- Pre-class reading provides basic subject coverage (online quiz). 

- In class, no formal lecturing. Instead focus on key/difficult issues 
using 3-4 problems, each in 4 steps (10–15 minutes/problem): 

1. Instructor briefly describes problem. 

2. Students work on it and vote (clicker). 

3. While instructor circulates, students discuss problem with other 
students, and then revote. 

4. Instructor discusses what is right/wrong and why, perhaps calling on 
students (mini-lecture). 

- Deliberate practice = challenge students + prompt feedback, 
again and again, on most difficult ideas.



Research: lecturing much less effective

• Deslauriers et al (Science 332 (2011) 862) compare 
traditional physics lecture and active learning, with 270 
students in each section, both in large lecture halls: 

• Clickers ⇒ new opportunity unavailable 20 yrs ago.

(Table 1). Students took twomidterm exams (iden-
tical across all sections). In week 11, students took
the Brief Electricity and Magnetism Assessment
(BEMA), which measures conceptual knowledge
(13). At the start of the term, students took the
Colorado LearningAttitudes about Science Survey
(CLASS) (14), which measures a student’s per-
ceptions of physics. During weeks 10 and 11, we
measured student attendance and engagement in
both sections. Attendancewasmeasured by count-
ing the number of students present, and engage-
ment was measured by four trained observers in
each class using the protocol discussed in the
supporting onlinematerial (SOM) (15). The results
show that the two sections were indistinguishable
(Table 1). This in itself is interesting, because the
personalities of the two instructors are rather dif-
ferent, with instructor A (control section) being
more animated and intense.

The experimental intervention took place dur-
ing the 3 hours of lecture in the 12th week. Those
classes covered the unit on electromagneticwaves.
This unit included standard topics such as plane
waves and energy of electromagnetic waves and
photons. The control section was taught by in-
structor A using the same instructional approach
as in the previous weeks, except they added in-
structions to read the relevant chapter in the text-
book before class. The experimental section was
taught by two instructors who had not previously
taught these students. The instructors were the
first author of this paper, L.D., assisted by the
second author, E.S. Instructor A and L.D. had
agreed tomake this a learning competition. L.D. and
instructor A agreed beforehand what topics and
learning objectives would be covered. Amultiple-
choice test (see SOM) was developed by L.D.
and instructor A that they and instructor B agreed
was a good measure of the learning objectives
and physics content. The test was prepared at the
end of week 12. Most of the test questions were
clicker questions previously used at another
university, often slightly modified. Both sections
were told that they would receive a bonus of 3%
of the course grade for the combination of par-
ticipating in clicker questions, taking the test, and
(only in the experimental section) turning in group
task solutions, with the apportionment of credit
across these tasks left unspecified.

In contrast to instructor A, the teaching experi-
ence of L.D. and E.S. had been limited to serving
as teaching assistants. L.D. was a postdoctoral re-
searcher working in the CarlWieman (third author
of this paper) ScienceEducation Initiative (CWSEI)
and had received training in physics education
and learning research and methods of effective
pedagogy while assisting with the teaching of six
courses. E.S. had a typical physics graduate student
background except for having taken a seminar
course in physics education.

The instructional approach used in the experi-
mental section included elements promoted by
CWSEI and its partner initiative at the University
of Colorado: preclass reading assignments, pre-
class reading quizzes, in-class clicker questions

with student-student discussion (CQ), small-group
active learning tasks (GT), and targeted in-class
instructor feedback (IF). Before each of the three
50-min classes, students were assigned a three- or
four-page reading, and they completed a short true-
false online quiz on the reading. To avoid student
resistance, at the beginning of the first class, several
minutes were used to explain to students why the
material was being taught this way and how
research showed that this approachwould increase
their learning.

A typical schedule for a classwas the following:
CQ1, 2min; IF, 4min; CQ2, 2min; IF, 4min; CQ2
(continued), 3 min; IF, 5 min; Revote CQ2, 1 min;
CQ3, 3 min; IF, 6 min; GT1, 6 min; IF with a
demonstration, 6 min; GT1 (continued), 4 min;
and IF, 3 min. The time duration for a question or
activity includes the amount of time the students
spent discussing the problem and asking numer-
ous questions. There was no formal lecturing;
however, guidance and explanations were provided
by the instructor throughout the class. The instructor
responded to student-generated questions, to results
from the clicker responses, and to what the in-
structor heard by listening in on the student-
student discussions. Students’ questions commonly
expanded upon and extended the material covered
by the clicker questions or small-group tasks. The
material shown on the slides used in class is given
in the SOM, along with some commentary about
the design elements and preparation time required.

At the beginning of each class, the students
were asked to form groups of two. After a clicker
question was shown to the class, the students
discussed the question within their groups (which
often expanded to three or more students) and
submitted their answer using clickers. When the
voting was complete, the instructor showed the
results and gave feedback. The small-group tasks
were questions that required a written response.
Students worked in the same groups but submitted
individual answers at the end of each class for
participation credit. Instructor A observed each of
these classes before teaching his own class and
chose to use most of the clicker questions devel-
oped for the experimental class. However, Instruc-
tor A used these only for summative evaluation,
as described above.

L.D. and E.S. together designed the clicker
questions and small-group tasks. L.D. and E.S.

had not taught this class before and were not
familiar with the students. Before the first class,
they solicited two volunteers enrolled in the course
to pilot-test the materials. The volunteers were
asked to think aloud as they reasoned through the
planned questions and tasks. Results from this
testing were used to modify the clicker questions
and tasks to reduce misinterpretations and adjust
the level of difficulty. This process was repeated
before the second class with one volunteer.

During the week of the experiment, engage-
ment and attendance remained unchanged in the
control section. In the experimental section, student
engagement nearly doubled and attendance in-
creased by 20% (Table 1). The reason for the
attendance increase is not known. We hypothe-
size that of the many students who attended only
part of a normal class, more of themwere captured
by the happenings in the experimental section and
decided to stay and to return for the subsequent
classes.

The test was administered in both sections in
the first class after the completion of the 3-hour
unit. The control section had covered the material
related to all 12 of the questions on the test. The
experimental section covered only 11 of the 12
questions in the allotted time. Two days before
the test was given, the students in both sections
were reminded of the test and given links to the
postings of all the material used in the experi-
mental section: the preclass reading assignments
and quizzes; the clicker questions; and the group
tasks, along with answers to all of these. The
students were encouraged by e-mail and in class
to try their best on the test and were told that it
would be good practice for the final exam, but their
performance on the test did not affect their course
grade. Few students in either section finished in less
than 15min, with the average being about 20min.

The test results are shown in Fig. 1. For the
experimental section, 211 students attended class
to take the test, whereas 171 did so in the control
section. The average scores were 41 T 1% in the
control section and 74 T 1% in the experimental
section. Random guessingwould produce a score
of 23%, so the students in the experimental sec-
tion did more than twice as well on this test as
those in the control section.

The test score distributions are not normal
(Fig. 1). A ceiling effect is apparent in the experi-

Fig. 1. Histogram of student
scores for the two sections.
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Entire grade 
distribution shifted up 
by 2.5 letter grades 
with active learning. 

Students learning in 
real time! Scalable 
substitute for 1-on-1 
tutoring?



• Hoellwarth et al (Am. J. Phys. 79 (2011) 540) ⇒ learning 
gain is instructor-independent.

J – Trad.

J – ActiveActive

Traditional



• Hake (Am. J. Phys. 66 (1998) 64) ⇒ similar results from    
62 intro physics courses at 62 institutions, enrolling    
6542 students:

data17~a! yield

^^g&&48IE50.4860.14sd. ~2b!

The slope lines ^^g&& of Eqs. ~2a! and ~2b! are shown
in Fig. 1.

~c! No course points lie in the ‘‘High-g’’ region.

I infer from features ~a!, ~b!, and ~c! that a consistent
analysis over diverse student populations with widely vary-
ing initial knowledge states, as gauged by ^Si&, can be ob-
tained by taking the normalized average gain ^g& as a rough
measure of the effectiveness of a course in promoting con-
ceptual understanding. This inference is bolstered by the fact
that the correlation of ^g& with ^Si& for the 62 survey courses
is a very low 10.02. In contrast, the average post-test score
^S f& and the average gain ^G& are less suitable for compar-
ing course effectiveness over diverse groups since their cor-
relations with ^Si& are, respectively, 10.55 and 20.49. It
should be noted that a positive correlation of ^S f& with ^Si&
would be expected in the absence of instruction.
Assuming, then, that ^g& is a valid measure of course ef-

fectiveness in promoting conceptual understanding, it ap-
pears that the present interactive engagement courses are, on
average, more than twice as effective in building basic con-
cepts as traditional courses since ^^g&& IE52.1 ^^g&&T . The
difference

^^g&&48IE2^^g&&14T50.25 ~2c!

is 1.8 standard deviations of ^^g&&48IE and 6.2 standard de-
viations of ^^g&&14T , reminiscent of that seen in comparing
instruction delivered to students in large groups with one-on-
one instruction.19
Figure 2 shows the ^g&-distribution for traditional (T) and

interactive engagement ~IE! courses plotted in Fig. 1. Both
distributions deviate from the symmetric Gaussian shape, but
this does not invalidate characterization of the spread in the
data by the standard deviation.
The widths of the ^g& distributions are evidently related to

~a! statistical fluctuations in ^g& associated with widths of the
pre- and post-test score distributions as gauged by their stan-

dard deviations, plus ~b! course-to-course variations in the
‘‘systematic errors,’’ plus ~c! course-to-course variations in
the effectiveness of the pedagogy and/or implementation. I
use the term ‘‘systematic errors’’ to mean that for a single
course the errors would affect test scores in a systematic
way, even though such errors might affect different courses
in a more-or-less random way. Statistical fluctuations and
systematic errors in ^g& are discussed below in Sec. V. Case
studies17~a! of the IE courses in the low-end bump of the IE
distribution strongly suggest that this bump is related to ~c!
in that various implementation problems are apparent, e.g.,
insufficient training of instructors new to IE methods, failure
to communicate to students the nature of science and learn-
ing, lack of grade incentives for taking IE activities seri-
ously, a paucity of exam questions which probe the degree of
conceptual understanding induced by the IE methods, and
use of IE methods in only isolated components of a course.

B. Gain versus pre-test graphs for high schools,
colleges, and universities

Figures 3~a!, ~b!, ~c! show separate G vs Si plots for the
14 high school (N51113), 16 college (N5597), and 32
university courses (N54832). Although the enrollment N-
weighted average pre-test scores increase with level20
@^Si&HS528%, ^Si&C539%, ^Si&U548% ~44% if the atypi-
cally high Harvard scores are omitted!#, in other respects
these three plots are all very similar to the plot of Fig. 1 for
all courses. For high schools, colleges, and universities ~a! T
courses achieve low gains close to the average ^^g&&T14
50.23; ~b! IE courses are about equally effective:
^^g&&10IE~HS!50.5560.11sd, ^^g&&13IE(C)50.4860.12sd, and
^^g&&25IE(U)50.4560.15sd ~0.5360.09sd if the averaging
omits the six atypical Low-g university courses!.
Figure 3~a! shows that, for high schools, higher g’s are

obtained for honors than for regular courses, consistent with
the observations of Hestenes et al.9~a! The difference between
these two groups is perceived differently by different instruc-
tors and may be school dependent: ‘‘the main difference is
attitude;’’ 9~a! ‘‘they differ in their ability to use quantitative
representations of data to draw conceptual generalizations...
motivation is... only part of the difference;’’ 21 ‘‘both sets...
~are!... highly motivated... the major differences... ~are!...
their algebraic skills, the degree of confidence in themselves,
their ability to pay attention to detail, and their overall
ability.’’ 22 Motivational problems can be especially severe
for students in IE courses who dislike any departure from the
traditional methods to which they have become accustomed
and under which their grades, if not their understanding, may
have flourished.23–26
Enrollments for the college courses of Fig. 3~b! are in the

20–61 range so that statistical fluctuations associated with
‘‘random errors’’ ~Sec. V! could be relatively important.
However, the variations in ^g& for the 11 Monroe Commu-
nity College courses (M ) have been explained17~a! by Paul
D’Alessandris27 as due to differences in the students or in the
instruction: e.g., ‘‘With regard to the... ^g& differences in...
the two sections of calculus-based physics in 1995, M-
PD95b-C... ^g&50.64... was a night course and M-PD95a-
C... ^g&50.47... was a day course. The difference in the
student populations between night and day school is the dif-
ference between night and day. The night students average
about 7–10 years older and are much more mature and dedi-

Fig. 2. Histogram of the average normalized gain ^g&: white bars show the
fraction of 14 traditional courses (N52084), and black bars show the frac-
tion of 48 interactive engagement courses (N54458), both within bins of
width d^g&50.04 centered on the ^g& values shown.

66 66Am. J. Phys., Vol. 66, No. 1, January 1998 Richard R. Hake
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• Freeman et al (PNAS 111 (2014) 8410) ⇒ meta-analysis of 
225 education research papers (selected from 642) in 
eight STEM fields. 

- Active learning ⇒ 
0.47σ improvement in 
exam or concept 
inventory scores. 

- Students 1.55 times 
more likely to fail in 
traditional lecture 
course. 

- Paper says unethical 
to use conventional 
lectures as controls.

Heterogeneity analyses indicated no statistically significant
variation among experiments based on the STEM discipline of
the course in question, with respect to either examination scores
(Fig. 2A; Q = 910.537, df = 7, P = 0.160) or failure rates (Fig. 2B;
Q = 11.73, df = 6, P = 0.068). In every discipline with more than
10 experiments that met the admission criteria for the meta-
analysis, average effect sizes were statistically significant for
either examination scores or failure rates or both (Fig. 2, Figs.
S2 and S3, and Tables S1A and S2A). Thus, the data indicate
that active learning increases student performance across the
STEM disciplines.
For the data on examinations and other assessments, a het-

erogeneity analysis indicated that average effect sizes were lower
when the outcome variable was an instructor-written course ex-
amination as opposed to performance on a concept inventory
(Fig. 3A and Table S1B; Q = 10.731, df = 1, P << 0.001). Al-
though student achievement was higher under active learning for
both types of assessments, we hypothesize that the difference in
gains for examinations versus concept inventories may be due to
the two types of assessments testing qualitatively different cogni-
tive skills. This explanation is consistent with previous research

indicating that active learning has a greater impact on student
mastery of higher- versus lower-level cognitive skills (6–9), and
the recognition that most concept inventories are designed to
diagnose known misconceptions, in contrast to course examinations
that emphasize content mastery or the ability to solve quantitative
problems (10). Most concept inventories also undergo testing for
validity, reliability, and readability.
Heterogeneity analyses indicated significant variation in terms

of course size, with active learning having the highest impact
on courses with 50 or fewer students (Fig. 3B and Table S1C;
Q = 6.726, df = 2, P = 0.035; Fig. S4). Effect sizes were sta-
tistically significant for all three categories of class size, how-
ever, indicating that active learning benefitted students in
medium (51–110 students) or large (>110 students) class sizes
as well.
When we metaanalyzed the data by course type and course

level, we found no statistically significant difference in active
learning’s effect size when comparing (i) courses for majors
versus nonmajors (Q = 0.045, df = 1, P = 0.883; Table S1D), or
(ii) introductory versus upper-division courses (Q = 0.046, df = 1,
P = 0.829; Tables S1E and S2D).

Fig. 1. Changes in failure rate. (A) Data plotted as percent change in failure rate in the same course, under active learning versus lecturing. The mean change
(12%) is indicated by the dashed vertical line. (B) Kernel density plots of failure rates under active learning and under lecturing. The mean failure rates under
each classroom type (21.8% and 33.8%) are shown by dashed vertical lines.

Fig. 2. Effect sizes by discipline. (A) Data on examination scores, concept inventories, or other assessments. (B) Data on failure rates. Numbers below data
points indicate the number of independent studies; horizontal lines are 95% confidence intervals.

Freeman et al. PNAS | June 10, 2014 | vol. 111 | no. 23 | 8411
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Research: lecturing* is powerful

Smith et al (CBE-Life Sc. Ed. 10 (2011) 55) compare peer 
instruction with lecturing (genetics course):

Combining Discussion and Explanation

Figure 4. Effects of three different modes of
discussing Q1 on the normalized change <c>
between Q1 and Q2. Performance results were
averaged for each individual before comput-
ing the means shown (see Methods). The SEMs
are shown with error bars.

Figure 5. Effects of three different
modes of discussing Q1 on mean for stu-
dents in the majors’ (A) and nonmajors’
(B) genetics courses classified as weak,
medium, or strong clicker performers
based on their overall mean Q1 score (see
Results). SEM are shown with error bars.

DISCUSSION

Summary of Results
Our results show that genetics students, both majors and
nonmajors, learn from in-class concept questions whether the
mode of administration comprises peer discussion alone, in-
structor explanation alone, or a combination mode in which
peer discussion is followed by instructor explanation (Fig-
ure 3). However, the combination mode results in substan-
tially higher learning gains compared with either the peer-
discussion or instructor-explanation modes, as measured by
the normalized change <c> in scores between Q1 and Q2
(Figure 4). Analysis of the results for three ability groups of

Table 6. Distribution of students classified into the weak, moderate,
and strong clicker performer groups in the majors’ and nonmajors’
genetics courses

Majors (%) Nonmajors (%)

Weak clicker performers 18 19
Moderate clicker performers 63 57
Strong clicker performers 19 24

students, designated weak, medium, and strong based on
mean Q1 scores, showed that the combination mode was
most effective for all three groups in both the majors’ and the
nonmajors’ courses (Figure 5).

Strikingly, the strong clicker performers in both classes
showed the smallest learning gains when the instructor-
explanation mode was used (Figure 5). We hypothesize that
discussing questions with peers in either the peer-discussion
mode or the combination mode keeps the strong clicker per-
formers engaged with the material. Without this element in
the instructor mode, the strong students may pay less at-
tention to the subsequent question, Q2. These results are in
agreement with a study that compared overall student learn-
ing gains in introductory physics courses taught using tradi-
tional lecturing or interactive engagement (Beichner and Saul,
2003). In this study, the stronger students learned more in the
interactive courses, possibly because they were cementing
their own understanding by helping their peers. Our results
support the conclusions of these authors that interactive ap-
proaches such as peer discussion benefit the high-achieving
students.

We see differences between students in the majors’ and
nonmajors’ genetics courses with respect to the weak clicker
performers. In the majors’ course, the weak students show

Vol. 10, Spring 2011 61
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Learning Gains

Peers + lecture ⇒ 2x larger gains. 

* Done at the right time.

Peers more effective than lecture, 
especially for strong students.  
Not just “transmission.”



Active Learning Initiative:  
an example from Cornell



Design Assumptions/Considerations

• Goal: change teaching culture of entire faculty. 

• Teaching expertise is a real thing that can be taught (and 
has to be learned). 

• Most faculty want to teach well, but are uninformed/
skeptical about the relevant new research. Lack of time is 
chronic. 

• Departments are critical for sustaining changes in 
teaching culture. 

• Volunteers are far more effective than conscripts.



Competitive grants for departments

• Departmental proposal, led by chair and approved by 
entire faculty (vote). 

- Multi-year, multi-course, and multi-instructor team. 

- Essential for sustainability. 

• Competition ⇒ departments/faculty with best ideas and 
strongest interest. 

- Participation optional. 

- Identify (validate) knowledgeable faculty ⇒ team leaders. 

• Exclusive focus on pedagogy, not curriculum or … 



•Sufficient funding for extra staff (mostly postdocs). 

- Faculty can change pedagogy without heroic sacrifice. 

- Also sufficient to attract attention of departments. 

- Up to $1M over 5 years per department. 

•One-time investment for course redesign.  

•Donor supported (current-use funding) — thanks to  
Alex and Laura Hanson!



Support for department projects

• Ongoing help/oversight from central project, beginning 
with pre-proposals. 

- Departments know very little or no learning science. 

- Direct involvement by dean. 

• Training faculty and especially teaching postdocs/fellows 
to assist faculty in course redesign. 

- Reconfigure “Center for Teaching and Learning” to support multi-
year, department-level projects. 

• Course design. 

- Detailed learning goals ⇒ student activities. 

- Consult education experts (e.g., cwsei.ubc.ca/resources).

http://cwsei.ubc.ca/resources


• Incentives for faculty. 

• Designing and implementing assessment plans. 

- Tracker questions, concept inventories, student interviews, 
observation protocols (e.g., COPUS), faculty surveys (e.g., TPI), … 

- Assessment results highly motivating for (all) faculty. 

- Authentic criteria for rewarding departments and individuals. 

- Education research publications (important for teaching postdocs). 

• Sustainability. 

- Department dictates pedagogy; monitor with assessment metrics. 

- Embed DBER faculty, etc. in departments. 

- Archive materials; use to train new faculty.



Response

Round 1 (2012): 

- Funded proposals in Physics and Biology (EEB, NBB). 

- Grant sizes: $700K-800K over 5 yrs for teaching relief and 
teaching postdocs. 

- 7 large intro courses affecting thousands of students. 

- Faculty teams of 6–8 in each department (volunteers; all ages). 

Round 2 (2017): 

- Funded proposals affecting 26 courses in Anthropology, Classics, 
Economics, Mathematics, Music, Physics (lab), and Sociology. 

- Grants range from $160K to $1M over 5 yrs, mostly spent on 
teaching postdocs/fellows.



Results: intro physics for engineers
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work on it on their own, and then in conversation with students sitting next to them in the 
auditorium. After several minutes, students report their results to the professor, using an 
audience response system, and the professor responds to what these results show about the 
students’ current grasp of the problem. A few minutes of further lecturing is followed by another 
problem, and so on throughout the class. These classes erupt into noisy cacophony when the 
students work with each other. At the same time the teaching staff circulates among the 
students, offering advice to individual groups as needed, and listening in on student 
conversations, to assess where students are in their understanding. 
 
Creating an active-learning course from scratch is time consuming. Faculty need to develop 
clear learning goals for the course, absorb often large amounts of research on how to teach 
their topics, design large amounts of new pedagogical material (for example, the in-class 
problems), and create tools for assessing the impact of the new instructional methods. The 
major cost of this program has been in extra staff who make it possible for the faculty to do this 
work.  
 
The results from the Physics Department have exceeded expectations. The figures below show 
the distributions of student grades on (matched) final exams before (2012, black) and after 
(2014, red) introducing active learning: 

 
In each case the entire grade distribution, covering everyone from the weakest to the strongest 
students, moved up by more than half a letter grade. The number of students with failing or 
marginal grades was cut in half or more. Student evaluations from these courses were also 
significantly higher: overall ratings of 4.50 out of 5 instead of 3.85 for Physics 1112, and 4.07 
instead of 3.67 for Physics 2213. There is also informal but compelling evidence that the barrier 
between professor and students is substantially lower in the transformed classes: for example, 
one professor reports receiving emails from dozens of students thanking her after the course; 
she received no such emails, ever, while teaching the same course in the two years before it 
was transformed. This has important implications for student morale and performance. These 
successes have inspired several other faculty members in Physics to experiment with active 
learning in their (mostly much smaller) courses. 
 
Progress has been slower in biology because of the more complicated staffing arrangements for 
those courses. However similar grade shifts are now becoming apparent. In BioEE 1780, 
student learning-gains were measured using a diagnostic test that was administered at the 
beginning and end of the course. This was done both before (2014) and after (2015) active 
learning was introduced. The results show that learning gains increased for all students, but that 

Grade distribution shifted up by almost 2/3 letter grade.

Low/marginal grades reduced from 17% to 4%.

– Student evaluations scores increased to 4.1-4.6 out 5. 
– Student-faculty barriers greatly reduced.



Results: intro evolutionary biology

Learning gaps (Ecol and Evol Biology 1780).
These data compare results from two different versions of the course, 
one with a traditional format (“passive”) and another that emphasizes 
active learning (“active”). About 200 students took each course.

Student learning was measured two ways in each course, each 
providing a cross-check on the other. The first way (on the left) used 
a test designed to measure students’ mastery of the most important 
learning objectives for the course. The test was administered at the 
beginning of the course and again at the end of the course. The 
learning gain is defined to be the difference between the post- and 
pre- course scores. This test was developed in-house because there 
are no nationally available concept inventory tests for this subject. 
The learning gains for URM students (about a quarter of the 
students) were significantly below those for non-URM students in the 
traditional semester. Active learning erased that gap. 

The second method used to measure student learning was the final 
course grade. Again URM students on average scored significantly 
below other students in the traditional semester (by about half a letter 
grade), but that gap largely disappeared with active learning. 

Such performance gaps are widely observed at most institutions, 
particularly in introductory science and mathematics courses. Data 
on the previous slide show a similar learning gap for women taking 
physics. Learning gaps damage students because these are gateway 
courses for many high-value careers. Our ability to understand and 
address these gaps is highly relevant to the university’s mission and 
its impact on the world at large. Active learning seems to be an 
important tool in this effort.
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3–7x fewer low/marginal grades; self-confidence is key. 
Ballen et al, CBE-Life Sc. Ed. 16:ar56 (2017).

Eliminated learning gap between URM students and others.



Results: intro ecology/environment

In post semester student course evaluations students report that they were challenged more, and 
learned more, as the ALI progressed.  These figures also include data prior to the 
implementation of ALI which started in Fall 2015.  
 

   
 
 
 
As the ALI progressed students showed increased learning gains as indicated by increasing 
score between a pre- and post-course concept check.  Furhtermore, students indicated that they 
were more confident based on a 6-question survey designed to look at student confidence with 
science in their daily lives.   
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Active learning is more efficient (Neurobiology 2220).
This course has been phasing active learning in gradually, starting in 
a modest way in 2014. It is offered in two versions. The lectures are 
the same in both but one (the 4-credit option) has extra work, 
including an extra meeting time each week, to provide additional help 
to students who want it. The course has seen improvements in exam 
performance, as in the other courses discussed here, but an 
interesting aspect of that improvement is the difference in scores 
between students who take the 4-credit version and those who take 
the 3-credit version. That difference has traditionally been almost a 
full letter grade consistently across all exams in a semester. This is 
what you might expect since students taking the 4-credit version are 
spending considerably more time (33%)  each week on the course. 
The plots above show the grade differences for each of the exams in 
the course for two years before active learning was introduced (2012 

and 2013), and for the most recent two years, as active learning 
continues to be introduced. The grade difference has been reduced 
by half or more in the most recent iteration of the course. These data 
suggest that students might be better off taking the 3-credit version 
and using the time freed up for other courses.

An important goal of the ALI is to help departments evaluate and 
improve the many programs they have in place to help students raise 
their performance.  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Results: intro neurobiology

active learning 
increases, shrinks 
grade difference

Grade difference: 3+1 versus 3 credit versions of same course.



Results: what are students doing?
Observations show students much more active:

What are students doing in the classroom?
The fundamental premise for the Active Learning Initiative (ALI) is 
that students will learn more if they are more fully engaged in the 
classroom. One of the ways we monitor progress towards full 
engagement is to do COPUS surveys. These are done by an 
observer who visits the class on randomly selected days. The 
observer stays for the whole class, noting every two minutes what the 
students are doing and what the lecturer is doing. Student and 
lecturer activities are classified according to several categories, and 
results are tallied for the entire class session and often over more 
than one session. 

The data above is for student activity in the three Physics 
Department courses: 1112, 2213 and 2214. These each enroll 200–
400 students per semester. The top two graphs are for 2214, with the 
top line showing results in the first semester of the new format, and 

the second line showing results for the earlier, traditional format. The 
green bars (“Receiving”) document times when the students are 
listening passively to the lecturer. The other segments are times 
when the students are working on a problem, sometimes in 
discussion with their neighbors, and sometimes in discussion with the 
class as a whole. The lecturer and TAs circulate and interact with 
individual students and groups during these parts of the lecture.

Physics 2214 is the least evolved of the Physics courses, but also the 
last to be converted. The other courses show much more student 
activity. 2214 will develop further. Occasional surveys of this sort 
allow us to identify particularly effective courses and teachers, and to 
guard against backsliding. 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Measure with COPUS observation protocol: 
M. K. Smith et al CBE–Life Sciences Ed. 12(4) (2013) 618.



Results: what are faculty doing?
Observations show: faculty activities much more varied.

What are the faculty doing in class?
These COPUS results are for the least developed ALI course in the 
Physics Department (Phys2214). The left graph shows a breakdown 
of the faculty lecturers activities during a typical class. Roughly half 
the time is spent writing while lecturing, while the other half is spent 
just lecturing. Students are passive for almost the entire class. 

The right graph illustrates how much more varied the lecturer’s 
activity is in an active-learning class. The lecturer still spends almost 
half his time lecturing or lecturing and writing, but the other half is 
devoted to student activities. In place of lecturing, the instructor 
poses problems to the students. Students work on the problems on 
their own and then in small groups, talking with their neighbors in the 
auditorium. The instructor and TAs circulate around the room offering 
suggestions to individuals and groups, and also eavesdropping on 
their conversations, to identify particular obstacles that the students 
might be encountering. Students’ answers to the problems are 

collected using audience response systems, like iClickers. The 
students receive feedback more or less immediately on whether they 
get correct answers. The instructor follows generally follows up with a 
short lecture on why the right answer was right and the wrong 
answers wrong. Research shows that the process of struggling with a 
problem on your own, followed by discussing it with your peers 
greatly increases what you will absorb from the instructor’s followup 
discussion (double the learning or more in some tests).
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Results: institutional changes

• > 70 faculty from 9 departments actively involved, 
affecting many thousands of students each semester. 

- Humanities and Social Sciences as well as STEM. 

• Half dozen Physics faculty involved in project; seven or 
eight more now trying active learning in their courses.  

- Changing teaching culture; teaching much more fun this way. 

• Physics hires first PER faculty member; Biology (EEB) hires 
first BER faculty. Existing faculty adding PER/BER projects. 

• Innovations sustained by new teaching teams. 

• New competition, university-wide, running now.



Questions?



Extras



More references

• Books on how we learn: 

- D. Schwartz et al, The ABCs of How We Learn. 

- K. Ericsson et al, Peak: Secrets of the New Science of Expertise. 

- S. Ambrose et al, How Learning Works. 

- J. Bransford et al, How People Learn. 

• Research articles on various aspects of active learning: 
www.cwsei.ubc.ca/resources/papers.htm 

• National Academies report on Discipline-Based Education 
Research (DBER): https://www.nap.edu/catalog/13362/
discipline-based-education-research-understanding-and-
improving-learning-in-undergraduate

https://www.nap.edu/catalog/9853/how-people-learn-brain-mind-experience-and-school-expanded-edition
http://www.cwsei.ubc.ca/resources/papers.htm
https://www.nap.edu/catalog/13362/discipline-based-education-research-understanding-and-improving-learning-in-undergraduate
https://www.nap.edu/catalog/13362/discipline-based-education-research-understanding-and-improving-learning-in-undergraduate
https://www.nap.edu/catalog/13362/discipline-based-education-research-understanding-and-improving-learning-in-undergraduate


Research: expert learning in lab

Holmes et al (PNAS 112 (2015) 11199) use deliberate practice 
to teach freshman how to make expert-like decisions about 
data.

with a control group that carried out the same laboratory experi-
ments but with a structure more typical of instructional laboratories.
In our study, students in the experiment condition were ex-

plicitly instructed to (and received grades to) quantitatively
compare multiple collected datasets or a collected dataset and a
model and to decide how to act on the comparisons (Fig. 1).
Although a variety of options for acting on comparisons, as listed
above, were presented to students, striving to improve the quality
of their data were the most rigorously enforced. For example, in
one of the earliest experiments, students were told to make two
sets of measurements and compare them quantitatively. The stu-
dents were then prompted to devise a plan to improve the quality

of their measurements, to discuss this plan with other groups, and
to carry out the revised measurements and analysis. This explicit
focus on measurements, rather than improving models, was
intended to address the fact that students in a laboratory course
often assume data they collect is inherently low quality compared
with expert results (10). This perception can lead students to
ignore disagreements between measurements or to artificially
inflate uncertainties to disguise the disagreements (11). When
disagreements do arise, students often attribute them to what
they refer to as “human error” (12) or simply blame the equip-
ment being used. As such, students are unlikely to adjust or
discard an authoritative model, because they do not trust that
their data are sufficiently high quality to make such a claim. We
hypothesize that the focus on high-quality data will, over time,
encourage students to critique models without explicit support.
To compare measurements quantitatively, students were

taught a number of analysis tools used regularly by scientists in
any field. Students were also taught a framework for how to use
these tools to make decisions about how to act on the compar-
isons. For example, students were shown weighted χ2 calcula-
tions for least squares fitting of data to models and then were
given a decision tree for interpreting the outcome. If students
obtain a low χ2, they would decide whether it means their data
are in good agreement with the model or whether it means they
have overestimated their uncertainties. If students obtain a large
χ2, they would decide whether there is an issue with the model or

Fig. 1. The experimental condition engaged students in iterative cycles of
making and acting on comparisons of their data. This condition involved
comparing pairs of measurements with uncertainty or comparing datasets to
models using weighted χ2 and residual plots.
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Fig. 2. Method changes. The fraction of students proposing and/or carrying out changes to their experimental methods over time shows a large and sus-
tained difference between the experimental and control groups. This difference is substantial when students in the experimental group were prompted to
make changes (week 2) but continues even when instructions to act on the comparisons are removed (weeks 16 and 17). This difference even occurs into the
sophomore laboratory course (see Supporting Information, Analysis for statistical analyses). Note that the sophomore laboratory data represent a fraction
(one-third) of the first-year laboratory population. Uncertainty bars represent 67% confidence intervals on the total proportions of students proposing or
carrying out changes in each group each week.

11200 | www.pnas.org/cgi/doi/10.1073/pnas.1505329112 Holmes et al.

- Students have time to 
propose/implement 
changes in experiments. 

- Students have time to 
evaluate/improve 
models. 

- Scaffolding early on, 
faded as semester 
progresses.



Research: non-intuitive results

• Mayer et al (J. Expt. Psych. 14 (2008) 329) ⇒ extraneous 
high-interest anecdotes in materials damage learning. 

- Tested text, powerpoint, video. Effect as large as full letter grade. 

• McDonnell et al (BMB Educ. (2015))  ⇒ introducing 
concepts and jargon words together in pre-class reading 
damages learning (intro bio course) — double retention of 
concepts by teaching concepts first, jargon second.

Students have finite 
learning bandwidth; 
cognitive overload 
damages learning.



• Kaplan study (Bror Saxberg talk at Stanford (2015), paper 
by Rudman et al) ⇒ 8-page powerpoint beats 
professionally produced interactive video in online 
training for LSAT logic problems.

18 

The evidence also shows our intuitions aren’t the best guides  
LSAT Logical Reasoning example 
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N      153*               148*           107      84 
                                                           Time (mins)               8.15      12.8                 99.32        NA 

* Significant difference from “No Instruction” 

- 8-page powerpoint 
greatly reduces 
cognitive load. 

- Video (99 min!) has 
same impact as no 
training. 

- “Learning styles” 
myth. (Pashler et al, 
PSPI 9 (2008) 105.)

Score on Post-Test

videopowerpoint nothing


