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Today– how you can learn to think like an expert scientist
or engineer as quickly and efficiently as possible
25 years ago— “Why can students do so well in physics course
but come into my lab and cannot do physics? But then after
working in lab they quickly learn. ”
I treated this as a science question. Went off and read lots of
research papers on learning, particularly learning physics.
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I learned about and began-Approaching the teaching and learning of science
as a science
Doing controlled experiments.
Different ways of teaching and
measuring learning results.
Find what works and why—DATA!

Started in physics, now similar research & results from
all undergrad sciences and engineering
Also bring in research from cognitive psychology– how brain
thinks & learns.
Have learned a great deal. Some very different from what
students are told. Example:

Experiment #1: three groups of equal students.
1) students go to lecture, take notes, learn as much as
possible.
2) students go to lecture, don’t take notes, learn as
much as possible.
3) students stay home, study instructors notes (good
notes) for one hour, learn as much as possible.
then all three groups get same test on material
presented in the lecture.

Predict learning: most to least ( raise hand to vote)
a. 1,2,3 b. 3,2,1 c. 2,1,3
d. 2,3,1, e. 3,1,2
learns most

learns least

Experiment:
1) go to lecture, take notes, learn as much as possible
(AMAP)
2) go to lecture, don’t take notes, learn AMAP
3) stay home, study instructors notes 1 hour, learn as much
as possible. (good notes)
then all three get same test on material in lecture.

correct answer. B. 3,2,1. Staying home and studying
learns the most, taking notes in class the least.
Why? Talk to neighbors, come up with reasons,
Volunteer explanation.
Taking notes just added distraction “cognitive load”,
compared to focusing on understanding in class. 2>1
Reading over notes (#3) --at learners speed, better
organization, more mental processing by learner, so 3>2

Experiment #2. Learning in the
classroom
Two nearly identical 250 student sections
intro physics—

same learning objectives, same class time,
same test ( given right after 3 lectures).

Experienced highly rated traditional lecturer
(good teacher by current university measures)
versus
Recent Ph.D. in physics, trained in principles and
methods of scientific teaching

Scientific teaching Class design
1. Targeted pre-class readings with short online quiz
2. Questions to solve, respond with clickers or on
worksheets, discuss with neighbors
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When switch is closed, bulb 2 will
a. stay same brightness, b. get
brighter
answer &
c. get dimmer,
reasoning
d. go out.

3. Discussion by instructor follows, not precedes,
students answering and discussion. Explains correct
and incorrect reasoning.
4. Many follow up questions by students

1. Experienced highly rated traditional lecturer
(good teacher by current university measures)
versus
2. Recent Ph.D. in physics, trained in principles and
methods of scientific teaching
Agreed upon set of 12 learning objectives. Tested with quiz
right after the three “lectures”.
Predict ratio of amount of learning:
a. experienced highly rated professor class learned most
b. both equal
c. scientific teaching class learned a little more
d. scientific teaching class learned a lot more.
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Scientific teaching class learned about 3x more!
Entire distribution shifted up. Better for all students.

Research supports a fundamental principle—
Effective learning of science & engineering (and likely
most every other subject) requires practice of the
specific thinking processes to be learned, with timely
guiding feedback on how to improve.
Learner (you!) completing carefully designed practice
tasks, getting timely and targeted feedback from
instructor on what you did correct and incorrect, and
how to improve incorrect thinking.

I. Expertise research*
historians, scientists, chess players, doctors,...
Expert thinking =
•factual knowledge
• Mental organizational framework  retrieval and application

or ?

patterns, relationships,
scientific concepts

•Ability to monitor own thinking and learning
("Do I understand this? How can I check?")
New ways of thinking-- everyone requires MANY hours of
intense practice to develop.
Brain changed
*Cambridge Handbook on Expertise and Expert Performance

II. Learning expertise*-Challenging but doable tasks/questions
Practicing all the specific elements of expertise
with feedback and reflection.

Requires brain
“exercise”

Some components of S & E expertise
• concepts and mental models + selection criteria for
when and when not to use each
• recognizing what information is needed to solve, what is
irrelevant
• ways to test if answer is reasonable
•moving between specialized representations
(graphs, equations, physical motions, etc.)
• ...
Knowledge important but only as integrated part with
when and how to use.
* “Deliberate Practice”, A. Ericsson research
accurate, readable summary in “Talent is over-rated”, by Colvin

Things you should do to improve your learning.
1) Study intensively or not at all– stretch brain. Dividing
attention when studying or not paying much attention is
worthless. Not exercising brain properly!
2) Always look for ways to check your thinking. (analogies,
other situations, other students, TAs, instructor)

3) If wrong, DON’T JUST GET CORRECT ANSWER. FIND
OUT WHAT IS WRONG IN YOUR THINKING AND HOW TO
FIX NEXT TIME. Then PRACTICE DOING CORRECTLY.
4) Trying to think of alternative way to do problem. Other
possible approximations. Ask “why?” each step.
5) Figure out in own mind how the topics are connected and
related.
6) sleep (consolidates learning)
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Advanced courses—Stanford most 2nd-4th Yr
physics courses now taught with new method

Design and implementation: Jones, Madison, Wieman, Transforming a
fourth year modern optics course using a deliberate practice framework,
Phys Rev ST – Phys Ed Res, V. 11(2), 020108-1-16 (2015)

Use and methods of effective teaching—
•
•
•
•

Some preparation (reading) before class
little or no pre-prepared lecture
worksheets, group work
instructor facilitates & provides frequent feedback

(interrupting class about every 10 minutes to review
progress and give feedback)

Stanford Outcomes
8 physics courses 2nd-4th year, six faculty, ‘15-’16
 Attendance up from 50-60% to ~95% for all.
 Covered as much or more content
 Student anonymous comments:
90% positive (mostly VERY positive, “All
physics courses should be taught this way!”)
only 4% negative
 All the faculty greatly preferred to lecturing.

A scientific approach to Science (Eng) learning
Good References to learn more:
S. Ambrose et. al. “How Learning works”
D. Schwartz et al. “The ABCs of How We Learn”
(particularly good for ways you can improve your learning)

Colvin, “Talent is over-rated”
“Reaching Students” NAS Press (free pdf download)
cwsei.ubc.ca-- resources, references, effective clicker
use booklet and videos
Summary of field and a number of good references
–Pts I & II in “Microbe” magazine by Wieman and Gilbert
(see at cwsei.ubc.ca website under research)

Final Exam Scores
nearly identical (“isomorphic”) problems
(highly quantitative and involving transfer)
practice & feedback 2nd instructor
practice & feedback, 1st instructor
1 standard deviation improvement
taught by lecture, 1st instructor, 3rd time teaching course

Yr 1

Yr 2

Yr 3

Jones, Madison, Wieman, Transforming a fourth year modern optics course using a
deliberate practice framework, Phys Rev ST – Phys Ed Res, V. 11(2), 020108-1-16
(2015)

Things you should do to improve your teaching
Don’t passively accept tedious ineffective traditional lectures
National Academy of Sciences
American Assoc. of Universities
& many others calling for change in how science being
taught based on research.
PNAS metaanalysis- improved learning, reduced failure
rates. consistent across all STEM & all levels
demand better– the data backs you up
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extras below not used talk
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Learning gain from entire course
9 instructors, 8 terms, 40
students/section.
Same instructors,
changed teaching
methods  changed
learning!

Apply concepts of force & motion like
physicist to make predictions in real-world
context?
average, traditional Cal Poly instruction

1st year physics

Am. J. Physics May ‘11

Getting involved in my research-

Using “CCK blackbox” to study inquiry/discovery skills
~impossible to measure & teach with traditional media
(Shima Salehi, Eric Kuo, Engin Bumbacher, CW)
When do not know the answer:
What strategies for figuring out?
What questions do they ask?
How do they interpret and act upon
results?

Consistent differences over large
range of expertise– nonsci intro
students to Stanford Physics Profs
Next– finding effective ways to teach

“Use any circuit elements and
measurement tools to figure
out the hidden circuit”
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What is happening in these classes?
1

2

3

Students are solving tasks

When switch is closed,
bulb 2 will
a. stay same brightness,
b. get brighter
c. get dimmer,
d. go out.

“Answer individually with clicker, then discuss with students around you.
Come up with reasons for right answer and why the others are wrong.
Revote with clicker.”
Instructor is circulating, listening in, coaching,
then leads follow-up discussion.
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