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University of Tartu speaking from 13:00 pm. to 15:00, 



Effective Teaching & Learning:  
Dramatic New Insights from Neuroscience

A growing body of research insight from neuroscience has revealed many surprises 
when it comes to teaching. For example, some forms of seemingly “rote” learning 
can engage students’ sophisticated pattern recognition systems, which can be 
invaluable in making math or language easier to learn, particularly at more 
advanced levels. And there are further surprises—for example, just because 
students know how to solve a problem in math or have learned a skill in sports 
does not necessarily mean that they can—or should—be able to explain it. In fact, 
forcing some neurally diverse students to explain their reasoning when they can 
already demonstrate their understanding can actually kill their motivation for 
deeper learning. 

In this talk, we will explore these and other counterintuitive insights from research 
that can allow you to make intelligent use of students’ differing underlying 
approaches to learning.  We will also explore the intimate connection between 
retrieval practice in math and the metaphors used in art, music, and poetry. 
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Barbara Oakley, PhD, PE

Distinguished Professor of 
Engineering 

Oakland University

Rochester, Michigan

Effective Teaching & 
Learning:  Dramatic New 

Insights from Neuroscience
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Philip Oakley
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Supplemental schooling our two daughters in 
math from ages 3 to 15.
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1 million+ copies 
worldwide 7
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The Flynn Effect

IQ

1930’s 1970’s

• Dutton, Edward, Dimitri van der Linden, and Richard Lynn. 
"The Negative Flynn Effect: A Systematic Literature Review." 
Intelligence 59 (2016): 163-69.

• Bratsberg, Bernt, and Ole Rogeberg. "Flynn Effect and 

Its Reversal Are Both Environmentally Caused." 
Proceedings of the National Academy of Sciences 115, 

no. 26 (2018):

• Dworak, Elizabeth M., William Revelle, and David M. 

Condon. "Looking for Flynn Effects in a Recent Online 

U.S. Adult Sample: Examining Shifts within the SAPA 
Project." Intelligence 98 (2023). 

Flynn, James R. "The Mean IQ of Americans: Massive Gains 
1932 to 1978." Psychological Bulletin 95, no. 1 (1984): 29.
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Math and science death march

Easy stuff 
• Recognize faces
• Listen to and speak a first language
• Acquired easily without explicit instruction

Hard stuff 
• Reading and writing
• Mathematics
• Not evolved to acquire—

need to repurpose other neural circuits

Different types of knowledge

(Biologically primary knowledge)

(Biologically secondary knowledge)
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Memorization Understanding
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Understanding
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Memorization



Lecture
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Active Learning



Active Learning
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Teachers matter too.

In a world of student-centered 
teaching…



Source: Future of jobs report – world economic forum 20
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Neurons 

send 

signals
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Neurons create 

sets of links 

when you learn 

something. 
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Connections 

strengthen 

with practice
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These are like 

sets of links 

in a chain.
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The value of metaphor
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•Steal them
•Ask yourself what a concept is like 
(the wackier, the better)
•Look online
•Ask your students to develop 
metaphors

How to come up with metaphors

29



What is the most powerful technique to 
help people learn most efficiently?

•Reread 

•Highlight or underline

•Retrieval practice (“recall”)

•Create a concept map

30



31



Retrieval Practice
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Retrieval Practice
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www.coursera.org/
learn/teaching-online
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Images courtesy Guang Yang, NYU Langone
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Images courtesy Guang Yang, NYU Langone
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Monday Tuesday Wednesday Thursday Friday Saturday Sunday

Monday Tuesday Wednesday Thursday Friday Saturday Sunday
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It takes time

Weight lifter Sultan Rakhmanov, RIA Novosti 
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Focused mode

Diffuse mode
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ADHD and
dopamine
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•Introduce yourselves 

•Describe the difference between focused 
and diffuse mode.  

Break Out Groups
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Working memory Long-term memory
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Working memory Long-term memory
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• Heavy cognitive load

• No working memory 

is available for 

anything else
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• Light cognitive load!

• Working memory is available 

for more complex thinking
57
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Levels of stress-related hormones

Optimum memory
performance
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Working memory capacities vary
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Julius Yego

Photo by Erik van Leeuwen
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DECLARATIVE

PROCEDURAL

HIPPOCAMPUS

BASAL GANGLIA



SPACED REPETITION

66

DECLARATIVE PROCEDURAL

66

EXPLANATION INTERLEAVING

RETRIEVAL PRACTICE



DECLARATIVE PROCEDURAL

• You’re mostly conscious of it • You’re not conscious of it

• Develops through explicit 
instruction

• Develops through practice

• You can explain it. • You can’t explain it (or not easily)

• Involves sequential tasks. • Involves complex patterns

• Fast to learn, slow to use. • Slow to learn, fast to use

• Flexible • Inflexible
67



Blocking versus Interleaving
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Interleaving
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Interleaving in language learning

•Present
•Past 
•Future
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Be careful with 
your interleaving!



Flash Anzan
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Shiritori
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Shiritori with Flash Anzan

Alex Bellos: Flash Anzan Shiritori, https://www.youtube.com/watch?v=_vGMsVirYKs 74



Interleaving
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How do links 
become 

procedural?
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When you eliminate rote learning

You eliminate the easiest, best way 
the brain has to handle routine 

learning tasks.

Drill to skill!

(“Drill and kill”)
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Educators fall into 
two groups:

Understand the world through: 

• Reason

• Experience
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DECLARATIVE
PROCEDURAL

• Reason • Experience
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Conscious

Hippocampus

Basal ganglia

Value function

Non-conscious
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Non-conscious

Hippocampus

Value function

Conscious



Characteristics of fast versus slow learners

• Fast but often inaccurate
• Slow but more accurate

Inflexible
Flexible
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Leo Tolstoy

“…the simplest thing 
cannot be made clear to 
the most intelligent man if 
he is firmly persuaded that 
he knows already, without 
a shadow of doubt, what is 
laid before him.”
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Long-term 

memory
Declarative Procedural
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Long-term 

memory
Declarative Procedural
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Long-term 

memory
Procedural

86

Declarative



Long-term 

memory
Declarative Procedural
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• Learning through one system can 
inhibit learning through the other

• Word-laden math impedes those 
with dyslexia
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Nature loves heterogeneity
—Terrence Sejnowski
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“Map Habit”

92



Dopamine—the “feel good molecule”
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Mice with inactivated dopamine systems can’t learn anything new.
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Problem-solving

No solution 

No solution 

No solution 

SOLUTION!
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Problem-solving

No solution 

No solution 

No solution 

SOLUTION!

Hooks & curiosity suppress 
diffuse mode and enhance 
focus 
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Julius Yego

Photo by Erik van Leeuwen
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How do links 
become 

procedural?







How does the brain 
construct conceptions? Through map-making!



Through map-making!How does the brain 
construct conceptions?



How does the brain 
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construct conceptions?
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Good Reformer: See the big picture of 
the connections and relationships! 
Transfer is important!
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Good Reformer: Look at this 
traditionalist. Rote repetition! Students 
won’t see the big picture!



Good Traditionalist: Without practice, the 
connections and relationships won’t gel inside 
the brain! Transfer becomes more difficult to 
accomplish.



Good Traditionalist: We don’t just sit there 
repeating 2 X 4 = 8. We are interleaving our 
practice so that the big picture, as well as 
the details, become deeply embedded. 
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Good Traditionalist: We don’t just sit there 
repeating 2 X 4 = 8. We are interleaving our 
practice so that the big picture, as well as 
the details, become deeply embedded. 



Wu, Shelley Yijung, and Dan Battey. "The Cultural Production of 
Racial Narratives About Asian Americans in Mathematics." 
Journal for Research in Mathematics Education 52, no. 5 (01 Nov. 
2021 2021): 581-614. 

• Victor Pan put it this way: “When I was in elementary 
school, I was pretty bad at math. . . . But after I learned the 
multiplication tables, I did pretty great. All of [a] sudden, I 
knew what happened, and I started getting 100 on the 
tests.” 

• “If you memorize the multiplication table, you are pretty 
much at the fourth- or fifth-grade level. You can almost get 
everything.” The students acknowledged that the 
memorization work positioned them to be successful in 
the upper elementary grades. 
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It seems that order matters

Phonics

123

words

words sentences 

You can’t skip this part!

But this isn’t all you do to teach reading!



Cluster 1 is activated as we gain meaning from sentences, and cluster 2 is activated 
as we understand the meaning of individual words. (Woolnough et al., PNAS, 2023)

124

• Woolnough, O., C. Donos, E. Murphy, P. S. Rollo, Z. J. Roccaforte, S. Dehaene, and N. Tandon. 
"Spatiotemporally Distributed Frontotemporal Networks for Sentence Reading." Proceedings of the National 
Academy of Sciences of the United States of America 120, no. 17 (Apr 25 2023): e2300252120. 
https://dx.doi.org/10.1073/pnas.2300252120.

• McDonald, Fiona. "Scientists Show 2 Distinct Brain Networks Are Activated While Reading." Science Alert  
(20 Apr 2023). https://www.sciencealert.com/scientists-show-2-distinct-brain-networks-are-activated-while-
reading.



Reformers and traditionalists are both right

• Students need to see the big picture.

• But this happens only bit by bit.

• With interleaved practice, the patterns develop, thickening and 
enriching understanding.

• With procedural (basal ganglia) learning, students know without 
being conscious of how they know.

• Bottom line—the leap forward happens AFTER memorization.  
Memorization allows for internalization of important numerical 
relationships in ways that aren’t obvious.



Just as with language, for math

•The big picture of constructivist approaches 
matters. (The patterns of math; the patterns 
of reading.)

•But internalization of simplistic ideas 

(eg, 2 X 4 = 8; k = “k” sound) matters first.



127



Fast learner—doesn’t forget Slow Learner—forgets
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Fast learner—doesn’t forget Slow Learner—forgets & relearns
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Race car learners

Hiker learners

THE WORLD NEEDS 

BOTH KINDS OF 

LEARNERS!
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Characteristics of fast versus slow learners

• Fast but often inaccurate
• Slow but more accurate

Inflexible
Flexible
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Supplemental schooling our two daughters in 
math from ages 3 to 15.
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Insights from 
movie making!
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Schema
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Schemas
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Schemas
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Identity Schema
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Identity Schema
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“When we hear the words of 
the Buddha… we have to think 
about their meaning and apply 
that meaning to our own lives. 
And when we do this, we 
generate changes in the 
structure and functions of our 
brains..”
The Joy of Living, Yongey
Mingyur Rinpoche, Page 17
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Practice putting the 
mental model into 
long-term memory 
(schema)
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Practice pulling the 
mental model OUT of 
long-term memory

157



Teaching means 
getting in neural 

synchrony
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Teaching means getting in neural synchrony
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Social learning

161



The challenge of 
discussion forums
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The “tyranny of film”

Hutson, J. P., P. Chandran, J. P. Magliano, T. J. Smith, and L. C. Loschky. "Narrative Comprehension Guides 
Eye Movements in the Absence of Motion." Cogn Sci 46, no. 5 (May 2022): e13131. 
https://dx.doi.org/10.1111/cogs.13131.
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The hippocampus in 
declarative learning
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Short breaks or lighter tasks
Allow the hippocampus to strengthen links in the neocortex
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Think-pair-share
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Why cramming works—

but only temporarily
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TWEAKING YOUR SCHEMAS

•Add retrieval practice apps 
to your teaching repertoire!
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Retrieval Practice Apps

Teacher can facilitate creation 

of decks in classes

Live, in-class

•PearDeck

•NearPod
• iDoRecall

•Quizlet

•Kahoot!

•Anki

conjure.so

Making Learning a Habit
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These are like 

sets of links
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Courtesy Alexander Huth

The Neocortex
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Neuron 
shorthand
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181

Neuron 
shorthand
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Metaphor & analogy
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Learning becomes 

easier as a schema 

expands
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• Heavy cognitive load

• No working memory 

is available for 

anything else
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The lower the working memory capacity, the more 
the student is helped by their sets of links in long 
term memory!
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•Botox

•Pencil in the mouth
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Guy Fieri
Camera subtracts 10 charisma 
points 

Remember the “Familiarity 
Principle”
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I can tell you this…but
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Differing bath of neurochemicals

202



Fast learner—doesn’t forget Slow Learner—forgets
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Fast learner—doesn’t forget Slow Learner—forgets & relearns

204



Race car learners

Hiker learners
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The value of good hooks
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Dopamine—the “feel good molecule”
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Mice with inactivated dopamine systems can’t learn anything new.
209



Problem-solving

No solution 

No solution 

No solution 

SOLUTION!
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Problem-solving

No solution 

No solution 

No solution 

SOLUTION!

Hooks & curiosity suppress 
diffuse mode and enhance 
focus 

211



Good visuals are 
important!
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New learning boosts spirits
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www.coursera.org/
learn/teaching-online
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Santiago 
Ramón y Cajal 216



Procrastination

217



Insular Cortex!

Procrastination
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Turn your attention to 
something more pleasant

219



• Turn off all distractions

• Set timer for 25 minutes

• Focus

• Reward!

Pomodoro Technique
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Task switchingDual tasking

Multi-tasking

222



Loss of efficiency Never multi-task

Creativity arises 
from multi-tasking

• Kapadia, Chaitali and Shimul Melwani. "More tasks, 
more ideas: The positive spillover effects of 
multitasking on subsequent creativity." Journal of 
Applied Psychology,  (2020): Advance publication 
online.

• Lu, Jackson G., et al. "“Switching On” creativity: Task 
switching can increase creativity by reducing cognitive 
fixation." Organizational Behavior and Human 
Decision Processes 139,  (2017): 63-75.

?
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Educators fall into 
two groups:

Understand the world through: 

• Reason

• Experience

224



Leo Tolstoy

“…the simplest thing 
cannot be made clear to 
the most intelligent man if 
he is firmly persuaded that 
he knows already, without 
a shadow of doubt, what is 
laid before him.”
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BiasesConfirmation bias: 

• Raymond S. Nickerson, “Confirmation bias: A uiquitous phenomenon in 
many guises,” Review of General Psychology 2 (1998): 175–220. 

Desirability bias: 

• Ben M. Tappin, Leslie van der Leer, and Ryan T. McKay, “The heart 
trumps the head: Desirability bias in political belief revision,” Journal of 
Experimental Psychology: General 146 (2017): 1143–49.

• Ziva Kunda, “The case for motivated reasoning,” Psychological Bulletin 
108 (1990): 480–98. 

Altruism bias:

• Oakley, BA. "Concepts and implications of altruism bias and 
pathological altruism." Proceedings of the National Academy of 
Sciences 110, Supplement 2 (2013): 10408-10415.

“I’m not biased” bias:
• Emily Pronin, Daniel Y. Lin, and Lee Ross, “The bias blind spot: Perceptions of bias in self versus 

others,” Personality and Social Psychology Bulletin 28 (2002): 369–81.
• West, RF, et al. “Cognitive Sophistication Does Not Attenuate the Bias Blind Spot,” Journal of 

Personality and Social Psychology 103 (2012): 506–19. 
226



Train people to target 
the easy and obvious 
“right” thing, and 
then it’s hard for 
highly intelligent 
people to change, 
because of  
inflexibility.
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Joan McCord
(1930 – 2004)

• American Professor of 
Criminology at Temple University 

• First female president of the 
American Society of Criminology

• Longitudinal studies: Cambridge 
Somerville Youth Study
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▪ Counseling

▪ Tutoring

▪ Medical care

▪ Psychiatric care

▪ Summer programs

“A Thirty-Year Follow-up of Treatment Effects,” Joan 
McCord, American Psychologist, 1978

▪ More likely to commit a crime
▪ More alcoholism
▪ More serious mental illness
▪ More symptoms of stress
▪ More stress-related disease
▪ Died younger
▪ Occupations with lower 

prestige
▪ Less likely to find their work 

satisfying

2/3rds thought the program improved their lives
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Agenda
• Consolidation

• Learning becomes easier as a schema expands

• Greater versus lesser capacity working memory in 
learning – scaffolding

• Declarative (hippocampal) versus procedural (basal 
ganglia) learning pathways and their relation to direct 
instruction

• Interleaving

• Neurodiversity

• Mirroring and motivation

• The value function

• Fast & slow learners

• Dopamine and the importance of "hooking" students

• The impact of teaching for society

• Introduction

• Direct instruction

• Learning means linking neurons

• Metaphors in learning

• Retrieval practice and spaced repetition 

• Focused and diffuse modes of thinking

• Working memory, long-term memory, and illusions 
of competence in learning

• Mental models and schemas (memory frameworks)

• Identity schemas and motivation

• Mental models contrasted with schemas and events

• Teaching & learning means getting in neural 
“synchrony” 

• A deeper understanding of retrieval practice with 
regards learning math even at in-depth, post-
doctoral levels, including the role of the 
hippocampus
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Focused mode

There are differences between terms!

232



Focused mode Diffuse mode

233



Focused mode Diffuse mode

Hippocampal learning 
pathway (declarative)
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Focused mode Diffuse mode

Basal ganglia learning 
pathway (procedural)

Hippocampal learning 
pathway (declarative)
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Why interleaving is important

“hedgehog”
“erizo”

https://commons.wikimedia.org/wiki/File:Igel.JPG
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“hedgehog”

“erizo”
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“hedgehog”

“erizo”



245

“hedgehog”

“erizo”
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“hedgehog”

“erizo”
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“hedgehog”

“erizo”



248

“hedgehog”

“erizo”
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“hedgehog”

“erizo”
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“hedgehog”

“erizo”



251

Interleaving provides 
practice with different 
contexts and approaches!

“hedgehog”

“erizo”
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