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Presentation Notes
Learning is deeper and more durable when it is effortful




What is Learning?

“Acquiring knowledge and skills and having 
them readily available from memory so you 
can make sense of future  problems and 
opportunities,” from Make it Stick.
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Presentation Notes
To be useful learning requires memory
We need to keep learning and remembering all our lives
If you are good at learning you have an advantage in life
Learning is an acquired skill and the most effective strategies are often counterintuitive.
A mental model is a mental representation of some external reality



Human Brain
• 2% of the body weight
• Uses 20% of the body’s glucose & oxygen

1/3 for cell health maintenance
2/3 for neuron activity

• Cut off energy supply and the brain stops 
functioning in 10 seconds
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Sleep, exercise, nutrition, & meditation



Memory
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Every time you learn something new you change your brain.



Memory
systems

Conscious
explicit memory

Subconscious
implicit memory

Processed in
hippocampus &
frontal lobes

Processed in
cerebellum &
basal ganglia

semantic
facts, meaning,
concepts

episodic
experiences,
special events

Driving a car,
Typing on a keyboard



Patient H.M., Henry Molaison
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In 1953 had surgery that included removing his hippocampi.

Died in 2008



Two Memory Systems in the Brain 
(Brenda Milner)

• Conscious, explicit memory

• Subconscious, procedural memory    
how to ride a bike

Hippocampus is important for explicit memory and memory 
Consolidation. Remove the hippocampus and no more adding 
to long-term memory

2014

Milner B. In: Physiologie de l’hippocampe. Passouant P, 
editor. Centre National de la Recherche Scientifique; 
Paris: 1962. pp. 257–272
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Henry Molaison formerly known as patient H.M.





At Least Two Memory Systems in the Brain 
(Brenda Milner)

• Conscious, explicit memory

• Subconscious, procedural memory    
how to ride a bike

Hippocampus is important for explicit memory and memory 
Consolidation. Remove the hippocampus and no more adding 
to long-term memory

2014

Milner B. In: Physiologie de l’hippocampe. Passouant P, 
editor. Centre National de la Recherche Scientifique; 
Paris: 1962. pp. 257–272
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Henry Molaison formerly known as patient H.M.



Spaced versus Massed



The Forgetting Curve

• Hermann Ebinghaus 1885
• Experiment

Memorize a list of nonsense syllables
“WID”  “ZOF”  “MOT”

• Check how many are remembered after 1-day, 
2-days, 3-days, ….

• Retrievability = e− ⁄t τ

Presenter
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He created over 2,000 such words. He put together lists of the syllables.

He was at the University of Berlin and published his results in the book, Memory: A Contribution to Experimental Psychology.

In 1914 Edward Thorndike named Ebbinghaus’ forgetting curve the Law of Disuse.



Discovered by Hermann Ebbinghaus in 1885
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In 1914 Edward Thorndike named Ebbinghaus’ forgetting curve the Law of Disuse



Some forgetting makes the retrieval harder, which leads to stronger learning
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Spaced learning improved recall, but it also facilitates diffuse learning whereas block learning (all-nighter) utilizes only superficial focused mode learning

Distributed learning



What is forgetting?

Memory is still there but retrieval is harder

or

Memory has disappeared



New Theory of Disuse

Bjork, R. A., & Bjork, E. L. (1992). A new theory of disuse and an old theory of stimulus 
fluctuation. In A. Healy, S. Kosslyn, & R. Shiffrin (Eds.), From learning processes to cognitive 
processes: Essays in honor of William K. Estes. (Vol. 2, pp. 35– 67). Hillsdale, NJ: Erlbaum

• Unlimited storage capacity
• Once entrenched the memory remains there
• Retrieval capacity is severely limited
• Retrieval strength fades with disuse no matter 

how well  learned/entrenched
• We need current info most assessible.

Presenter
Presentation Notes
Brain contains 100 billion neurons, most of which link to thousands of other neurons. Storage capacity probably a million gigabytes

Limitation on retrieval is helpful.




Easy to see memory is still there even if 
you cannot retrieve it

• Cannot recall your grade school friends name.
• Shown a list of four names you can pick it out.



• Memory, focus and will-power are functions 
of the brain like strength is a function of a 
muscle

• You don’t lift weights indefinitely till you are 
strong

• Some forgetting is like muscle breakdown

• Rapid gains from blocked practice is evident, 
but the rapid forgetting is not



“Cramming seems to stamp things in by intense application 
before the ordeal.  But a thing thus learned can form few associations. 
On the other hand, the same thing recurring on different days in 
different contexts, read, recited, referred to again and again, 
related to other things and reviewed, gets well wrought into the 
mental structure.”

William James in his 1901 book, Talks to Teachers on 
Psychology and to Students on Some of Life’s Ideals



Determining the number of permutations

• abbbcc has 60 permutations, abbcbc, abcbcb, 
bbacbc, …..

• UGs would not know how to do this
• Each student was randomly assigned to one of 

four groups
• Spacers with 1-week and 4-week RIs 

(Retention intervals)
• Massers with 1-week and 4-week RIs 



Doug Rohrer and Kelli Taylor, “The Effects of Overlearning and Distributed Practise
on the Retention of Mathematics Knowledge,” Appl. Cognit. Psychol. 20: 1209–1224 (2006) 

Spacers received a tutorial at start of session one and massers at start of session two

Presenter
Presentation Notes
10 problems to solve, each in 45 seconds and immediately afterward shown the solution for 15 seconds.



38 Surgical Residents Learning Microsurgery

• Each randomly assigned to one of two groups
• Series of 4 short lessons in microsurgery
• Group 1 completed all 4 lessons in one day, 

common teaching practice
• Group 2 had each lesson spaced by a week

C-A. E. Moulton, A. Dubrowski, H. MacRae, B. Graham, E. Grober, & R. Reznick, Teaching 
surgical skills: What kind of practice makes perfect?, Annals of Surgery 244 (2006), 400–409.
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Rattached tiny vessels



Tested One Month After Last Lesson
Reattaching the pulsating, severed aortas of rats

• The blocked group scored lower on all 
measures than the spacers—elapsed time, 
number of hand movements, and overall 
surgery success

• 16% of blocked learners damaged the aortas 
beyond repair

Presenter
Presentation Notes
Embedding new learning in long-term memory requires a process of consolidation, in which memory traces are strengthened, given meaning, and connected to prior knowledge, a process that takes days.



Where you study



Recall More in Study Environment
• 18 scuba divers studied 36 words submerged 

at 20 feet
• One hour later they took a test

9 on land
9 submerged at 20 feet

• Those underwater remembered 30% more 
words

D.R. Godden and A.D. Baddeley, “Context-Dependent Memory in Two Natural
Environments: On Land and Underwater,” British Journal of Psychology, 1975 page 325.

Presenter
Presentation Notes
Reinstatement effect environmental context acts as a cue for past memories.



• 54 PSYC 101 students studied 40 words
• They were divided into three groups

Group 1 studied in silence
Group 2 studied with a jazz piece playing
Group 3 studied with a Mozart piece playing

Steven M. Smith, “Background Music and ConteXt-Dependent Memory,” The 
American Journal of Psychology, Vol. 98, No. $, 591-603 (19850.



Two days Later their recall was tested

• Jazz-Jazz 21 words
• Mozart-Mozart 21 words
• Jazz-Mozart 11 words
• Jazz-Silence 11 words
• Silence-silence 11 words



Vary where you study

• Two groups studied forty four-letter words
• Two 10-minute sessions, a few hours apart
• Group 1 was split into two groups

½ studied in a cluttered basement
½ studied in a neat bright room

• Group 2 had one session in each setting
• Three hours after the last 10-minute session 

the groups were tested in a third room

Steven M. Smith, Arthur Glenberg, and Robert A. Bjork, “Environmental Context and 
Human Memory,” Memory & Cognition, volume 6, 1978, page 342

Presenter
Presentation Notes
You become independent of cues from any one location. 

Third room was a regular neutral classroom



• The one-room group recalled an average of 16 
words

• The two-room group recalled an average of 24 
words

“Strong recall improvements with variation of 
environmental context”

Presenter
Presentation Notes
It is not known why varying the environment improved the recall.

Maybe studying in two rooms double the contextual cues linked to any single word.



Vary Were You Study
• Your room
• Library
• Location of your test
• Coffee shop

Moderate, versus low, ambient noise increases arousal, 
cognitive disfluency, and enhances creativity

Ravi Mehta, Rui (Juliet) Zhu and Amar Cheema, Is Noise Always Bad? Exploring the Effects 
of Ambient Noise on Creative Cognition,” Journal of Consumer Research
Vol. 39, No. 4 (December 2012), pp. 784-799

Presenter
Presentation Notes
Having effective retrieval cues is an aspect of learning that often goes overlooked.

when students encounter cognitive disfluency, and have to put in more work in processing the material, it may sink in more deeply

You want your learning to be independent of the environment/





The actual test was harder than the 
practice/previous tests!



The actual test was harder than the 
practice test!

• In your quiet room
• No time limit
• Class material available
• Key readily available

What were the conditions when you took the practice test?

Presenter
Presentation Notes
Sneak in the room where you will take the test while another class is going on and take a practice test



Interleaving

Presenter
Presentation Notes
Will feel slower than massed practice. Both teachers & students sense this. They see their grasp of the material coming slowly but don’t sense the compensating long-term advantage. Teachers don’t like it because it feels sluggish. Students find it confusing. The research is unequivocal that mastery and long-term retention are much better if you interleave, than mass, practice.



Interleaving

• Different subjects 
• Same subject mix topics (identifying artists) [1]
• Different skills (bean bag toss) [2]

[2] Kerr and Booth, “Specific and Varied Practice of Motor Skills,” Perceptual 
Motor Skills, Vol. 46, page 395.

[ 1] Kornell and Bjork, “Learning Concepts and Categories, Is Spacing the 
“Enemy of Induction”?.” Psychological Science, Vol. 19, page 585.

Presenter
Presentation Notes
No obvious verbal, motor task, equations, etc. to master to identify paintings, no one understands exactly how people distinguish artistic styles.



Interleave different skills (bean bag toss)

Kerr and Booth, “Specific and Varied Practice of Motor Skills,” Perceptual 
Motor Skills, Vol. 46, page 395, 1978.
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36 eight-year olds who were enrolled in a Saturday morning PE course.

Toss golf-ball size bean bags from a kneeling position at a bull’s eye three feet away while vision was blocked. 

After each throw, they could look to see how they had done then took the next shot.

Six practice session of 24 throws.

Group 1 practiced throwing at a target three feet away.

Group 2 practiced by alternating shots between a target two-feet away and a target four-feet away.

At the end of the 12-week summer course group 2 handily won a competition throwing at a three-foot target.

Repeated the study with 12-year olds with even more dramatic results.



Interleaving
Same subject mix topics (identifying artists) [1]

[ 1] Kornell and Bjork, “Learning Concepts and Categories, Is Spacing the 
“Enemy of Induction”?.” Psychological Science, Vol. 19, page 585, 2008.

Van Gogh Monet

Presenter
Presentation Notes
No obvious verbal, motor task, equations, etc. to master to identify paintings, no one understands exactly how people distinguish artistic styles.

Interleaving better teaches the students the differences between artist’s styles, which proved useful.



Interleaving

Same subject mix topics (identifying artists) [1]

• 65% correct for those who used interleaving
• 50% correct for those who used blocking

[ 1] Kornell and Bjork, “Learning Concepts and Categories, Is Spacing the 
“Enemy of Induction”?.” Psychological Science, Vol. 19, page 585, 2008.

In a questionnaire after the final test 80% of participants
rated block learning better than interleaving!

Presenter
Presentation Notes
No obvious verbal, motor task, equations, etc. to master to identify paintings, no one understands exactly how people distinguish artistic styles.

Interleaving better teaches the students the differences between artist’s styles, which proved useful.



Volume of wedge, spheroid, spherical 
cone, and half cone

• Group 1 practiced problems clustered by type
• Group 2 practiced the same problems, but the 

sequence was mixed (interleaved)

Presenter
Presentation Notes
Interleaving helps us learn better how to assess context and discriminate between problems



Volume of Wedge, Spheroid, Spherical 
Cone, and Half Cone

• On a test group 1 scored 60% and group 2 
scored 89%

• A test a week later group 1 scored 20% and 
group 2 scored 63%

D. Rohrer and K. Taylor, “The Shuffling of Mathematical Problems Improves 
Learning,” Instructional Science 35(2007), 481-498.

Presenter
Presentation Notes
One obvious reason interleaving accelerates math learning in particular is that tests themselves are mixed set problems. Mixing problems also forces us to identify each type of problem and match it to the appropriate solution.
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repetition creates a powerful illusion. Skills improve quickly and then plateau.

varied practice produces a slower apparent rate of improvement  in each single practice session but a greater accumulation of skill  and learning over time

Interleaving and using different locations are  forms of interrupting, making the learning harder, but stronger. Spaced practice is a from of interference, desirable difficulty that forces the brain to work harder intensifies subsequent retrieval and storage strength

Short term impediments that make for stronger learning have come to be called desirable difficulties.





Preparation and Incubation

Presenter
Presentation Notes
Incubation



• Preparation is associated with the concentrating 
abilities of the brain’s prefrontal cortex 

• Incubation is what happens when you relax your 
attention and just let your mind wander 

Presenter
Presentation Notes
To learn and be creative in engineering you need both focused and diffused thinking





“Happy ideas come unexpectedly, without effort, like an inspiration. 
So far as I am concerned , they never come to me when my mind 
was fatigued, or when I was at my working table…they came 
particularly readily during the slow ascent of wooded hills on 
a sunny day,” Hermann von Helmholtz.

Made contributions in many scientific fields

Discovered the principle of the conservation of energy



Wallas’ Stages of Control

• Preparation: time you spend at your desk working on a 
problem

• Incubation: when you put the problem aside

• Illumination: the aha moment!
• Verification: finish solving the problem

Graham Wallas, The Art of Thought, 1926

walks, naps, playing a sport, cooking,
change subjects you are studying, take a shower, etc.



Move three dimes to form a triangle 
pointing downward



Thiss equation contains three errrors.

Presenter
Presentation Notes
Students often think befuddlement means they are not smart. If you breezed through high school you might not know being confused is normal and part of the learning process.



Connect the dots with four continuous straight lines



Large Projects

• Start right away
• Do a little every day, or every other day
• Incubation for full duration of the project



Deliberate Practice

Presenter
Presentation Notes
If you are not improving, it’s not because of a lack of innate talent, it’s because you are not practicing the right way.



For over almost 40 years Anders Ericsson has studied the 
top athletes, musicians, chess players, doctors, 
salespeople, teachers, mathematicians, etc.

What is it that made them experts?



“The right sort of practice carried out over a 
sufficient period of time leads to improvement. 
Nothing else.”

“Learning isn’t a way of reaching one’s 
potential but rather a way of developing it.” 

Peak: Secrets from the New Science of Expertise 
by Anders Ericsson and Robert Pool 

Presenter
Presentation Notes
If you are not improving, it’s not because of a lack of innate talent, it’s because you are not practicing the right way.




• Hired Steve Faloon, a Carnegie Mellon UG, to 
come in 3 times per week to try to remember 
a series of digits

• Generally people can only remember 6-7 
digits

• Can practice increase this limit?
• Did Steve ever get beyond single digits?

Ericsson, K. A., Chase, W. G., & Faloon, S., “Acquisition of a memory 
skill,” Science, 208, 1181-1182 (1980)

Presenter
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867-5309

Steve was a serious runner

Steve got to 82 digits

He developed increasingly sophisticated ways of encoding digits b making mental representations.

These mental representations are domain specific. Steve’s for remembering digits did nothing to improve his memory for letters.



Deliberate Practice Develops Effective Mental Representations

• National-level, mid-range, and novice chess players
• Shown a board for a few seconds
• The pieces were in an arrangement of a game or 

randomly
• What did they remember?

William Chase and Herbert Simon, “Perception in Chess,” Cognitive 
Psychology 4, 55-81 (1973)



game random

national most 2

mid half 2

novice 4 2

William Chase and Herbert Simon, “Perception in Chess,” Cognitive 
Psychology 4, 55-81 (1973)
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Grandmasters do not get this ability from playing games. It is from studying games played by masters, analyzing positions in depth, predicting the next mover, and if you get it wrong going back and figuring out what you missed. So type of practice matters.



training regular by leads to in the parts brain of that 
are training challenged the changes the



How many words do you remember?



Regular training leads to changes in the parts of the 
brain that are challenged by the training. 

Presenter
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17 words

Now you are not seeing individual words, you are seeing the words as part of a larger whole.

This arrangement carries meaning that allows you to make sense of the words using preexisting “mental representations.”



Now how many?



Regular training leads to changes in the parts of the 
brain that are challenged by the training. 

Meaning aids memory



Approach studying as a way to learn the material, 
not to obtain a grade…………the grades will come



Testing Effect



Testing

• View testing as a means of assessment

• Many Learning Benefits, it is deliberate practice

 Retrieval (recall) exercise that aids retention
 Form connections
 Frequent testing keep students on task and interrupts 

forgetting
 Students discover gaps in their knowledge
 Learn more from next study episode

Presenter
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Slow deep breaths

When you are asked to struggle with solving a problem before being shown how to solve it, the subsequent solution is better learned and more durably remembered.



Roediger and Karpicke, “Test-Enhanced Learning,
Psychological Science, Vol 17, page 250

• 120 UG students studied two scientific passages (sun 
and sea otters)

• First group studied the two passages twice for 7 
minutes

• Second group studied the two passages once for 7 
minutes and in next 7-minute segment wrote down as 
much as they could recall from the two passages

• Split each group into three groups and tested—one 
group was tested 5 minutes, one group 2 days, and one 
group 1 week after last session.



testing ≠ studying
testing > studying

Presenter
Presentation Notes
Testing enhances learning more than repeated studying



How to Study



How not to Study

• Reading the text and your notes over and over
• Highlighting
• Glancing at a solution to a problem
• Massed

Mistake familiarity with knowing the material

This is what Anders Ericsson calls naive practice

Presenter
Presentation Notes
Misjudge the depth of what you knew. You are essentially just doing something repeatedly and expecting that the repetition alone will improve your performance. This is the Fluency/Competency Illusion




Presenter
Presentation Notes
Reflection involves retrieval, elaboration, and generation

It is better to solve a problem than to memorize a solution.  It is better to attempt a solution and get it incorrect than not to make the attempt



How to Study

• Read the text and you notes, just don’t go over 
and over them (no more than 20-30% of your 
time)

• Spaced retrieval (recall) exercises
• Work problems—examples in text, problems in 

text that weren’t assigned, homework, previous 
exams

• Explain the material to someone or explain it to 
yourself out loud

Approach studying as a way to learn the material, 
not to obtain a grade…………the grades will come.

Presenter
Presentation Notes
Engineering is not a spectator sport. You learn by trying to make sense out of the material. You do not learn something complex by having someone else tell you. Do the recall of a lecture as you are walking to your next class, back to your room, etc. Writing helps to deeply encode what you are trying to learn. You’ll be surprised to see how often understanding arises as a consequence of attempts to explain to others or yourself, rather than the explanation arising out of your previous understanding.

When you are asked to struggle with solving a problem before being shown how to solve it, the subsequent solution is better learned and more durably remembered.

It is better to solve a problem than to memorize a solution.  It is better to attempt a solution and get it incorrect than not to make the attempt.




Testing is a Powerful Form of Studying

• Do a past exam as if you were actually taking it
• Wait a day and then look it over, see if you 

have figured out how to do the problems you 
had difficulty with. Only at this point look at 
solutions or ask for help.

• Do it again with another past exam
• Try to write an exam
• Eventually go back and retake the first exam

Presenter
Presentation Notes
Feedback is important to learning, but delayed feedback is better than immediate feedback.
The improvement in knowledge because of test taking is called the testing effect. You wouldn’t learn a new song by playing it only once
Mastery requires both the possession of ready knowledge and the conceptual understanding of how to use it.
Trying to solve a problem before being taught the solution aids learning.
.




“Immediate recall in the form of a test is an effective 
method of aiding the retention of learning and should,
therefore, be employed more frequently.”

“Achievement tests or examinations are learning devices 
and should not be considered only as tools for 
measuring achievement of pupils.” 

Herbert F. Spitzer, “Studies in Retention,” Journal of Educational Psychology, 
December 1939, page 641.



177 UGs surveyed at Washington University

Karpicke, Jeffrey D., Butler, Andrew C. and Roediger III, Henry L.(2009) “Metacognitive 
strategies in student learning: Do students practice retrieval when they study on their 
own?,” Memory,17:4,471 — 479 

Study Strategies



How to Read Your Text

A.I. Gates, “Recitation as a factor in memorizing,” 
Archives of Psychology 6 (1917)

As you read, look up and silently recall     
what you have been reading

Presenter
Presentation Notes
It has been found the ideal percentage of time doing this “testing” should be 60%
This is the “testing effect.”
“Elaboration,” process of giving new material meaning  by expressing it in your own words and connecting it with what you already know.



Augment With Study Groups
• Catch errors in your thinking
• Opportunity to explain things out loud
• Become comfortable explaining to others
• Quick way to determine errors in credible sources
• Avoid it becoming a socializing session

You need to start your studying alone and the majority 
of your studying should be alone

Presenter
Presentation Notes
“The first principle is that you must not fool yourself and you are the easiest person to fool,” Richard_P._Feynman.



Take Advantage of Office hours

• Both TAs and professors
• Goal: one professor a semester who knows 

who you are
• Go with a friend to office hours

Presenter
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Benefit of the doubt when assigning grades. You never know when connections you have made with peers or professors will result in an opportunity



Learning Styles (visual, written text, or 
auditory) is a Myth

• People have learning preferences, but you do 
not learn better when the instruction fits 
those preferences.

• Best style sometimes depends on material
• The more senses you bring to bear—vision, 

hearing, touching, smelling—the more hooks 
(retrieval clues) to the material.



Class



Primacy-Recency Effect
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We tend to remember best that which comes first, second best
that which comes last, and least that which is in the middle.



Primacy-Recency Effect
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The act of creating questions is a profound step toward understanding.

Constantly formulating and raising questions is a mind-opening habit that forces
You to have a deeper engagement with the world and a different experience.

Getting in the habit of asking questions will transform you 
into an active, rather than passive, listener.





From Perry Sampson, University of Michigan
https://er.educause.edu/articles/2015/8/promoting-engagement-in-larger-classes

Students who encode information by actively taking notes perform
better because they experience better conceptual understanding.





The Pen Is Mightier Than the Keyboard
Advantages of Longhand Over Laptop Note Taking
Pam A. Mueller1 and Daniel M. Oppenheimer2 
1Princeton University and 2University of California, Los Angeles 

“…we found that students who took notes on laptops 
performed worse on conceptual questions than students 
who took notes longhand. We show that whereas taking 
more notes can be beneficial, laptop note takers’ 
tendency to transcribe lectures verbatim rather than 
processing information and reframing 
it in their own words is detrimental to learning.”

Presenter
Presentation Notes
Writing improves retention and comprehension



Hands Are Made for Learning

• Hunter-gathers 
touch plants to gauge edibility
touch objects to determine weapon suitability

• Keyboards and smartphone screens are a 
sensory desert

• More the brain is tickled with sensory input 
the more it pays attention



Sleep
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