
For the Love 
of Math
Session 2:  Math 
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Course Schedule
1. Introduction

Is there a math brain?
Neuroscience: Math and the Brain

2. Math and Learning
Education/Cognitive Psychology: Learning Math

3. Is math universal?
Anthropology: Math and Culture

4. Is math a foreign language?
Linguistics: Math and Language

5. How do you feel about math?
Psychology: Math and Emotion

6.   Math for Life

3



Notes from last week

• A reliable network of brain regions appears to be critical for 
mathematical thought
• These regions are similar for mathematicians and for you and me
• Connections amongst this network can be perturbed
• Brain plasticity may allow for some remediation of perturbed 

networks
UPDATE: Look for EEG files next week ( it was a snow day for neuroscientist, Dr. 
Kathy Van Benthem)
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Goals for today

😊 Describe the early foundations for math development

😊 Learn firsthand how cognitive scientists and psychologist study 
math cognition

😊 Describe ways cognitive science can inform pedagogy

😊 Learn more fun facts to wow your friends
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Back to 
basics
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Early Quantity Knowledge

“Innate”- Subitizing
§ Rapid, accurate, and confident judgments of quantity for set-sizes of 4 or less

§ Larger set-sizes require counting or chunking/grouping

§ Quantities, sounds and actions

§ Testing in infants and animals

§ Object tracking system

§ May scaffold understanding of count sequence and linking quantity 
representations 

§ Deficient in children with developmental dyscalculia (the math equivalent of 
dyslexia) (Butterworth, 2005)
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Try the “counting game”

• https://www.intmath.com/numbers/counting-game.php
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https://www.intmath.com/numbers/counting-game.php


Early Quantity Knowledge/Approximate
Ratio Effects

Habituation paradigm 
• Gaze time is dependent variable
• Infants gaze longer at novel stimuli
• Response decreases with repeated exposure 

(habituation)
• Recovery of interest to novel stimuli 

(dishabituation)
• Influenced by age (6mo old pictured)

Reaction time 
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https://www.youtube.com/watch?v=N7BABxMlOs0



Fishy Math

12https://www.youtube.com/watch?v=N7BABxMlOs0



Linking Verbal and Quantity Knowledge
Magnitude Representation

Age Set Size

2 1, 2

2 ½ 1,2,3

3 TO 3 ½ 1,2,3,4

4 1,2,3,4,5,6

5 up to 10
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Tested with the “Give x task”
Children categorized as 

counters
grabbers

Mapping the number word to 
quantity (e.g. “five” = *****)
Precedes mapping symbol to *****



1. Counting – From approximate to exact 
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§ Stable order

§ One-to one correspondence

§ Cardinality

§ Abstraction

§ Order Irrelevance

(Gelman & Galistel, 1978)



2. Symbol Mapping
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1
" five" 5

2 3

(Jiménez Lira, Carver, Douglas & LeFevre 2017). 



3. Number relations

§ Number ordering: Order the numbers from smallest to largest

3 2 4 5 2 7
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Number relations

§ Number line: Where does number X go on the line?

0 10

Where is 4?Where is 6?

5
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Early Digit Knowledge - Exact

Distance effects
§ Slower reaction times the closer 

the numerical distance
§ Reaction times correlate with size 

(size effect)
§ Pattern also seen in adults
§ Symbolic magnitude comparison 

related to arithmetic 
performance in children AND 
adults

§ May be an indicator of our 
representation of quantity
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Your turn
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Tap the larger number  
be fast and accurate
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Mental number line theory
Representing symbols
- a language-independent analogical 

representation of numerical magnitude 
on which small numbers are 
represented on the left and 
large numbers are represented on the 
right (Dehaene, 1997). 

- Used to explain size/distance effect



Network of symbol associations
Representing symbols

Cardinal associations
e.g. 7 > 5

Ordinal associations
e.g., 4, 7, 9 are in order

Arithmetic associations
e.g.,   4 × 5 = 20

4 + 5 = 9

Symbol 
associations

(Xu et al., 2020)
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Transition to Formal Mathematics

v Symbol Grounding 
v Digits acquire meaning 

v Number comparison (cardinal processing)
v understanding relative quantities; bigger, smaller, same
v key skill in early stages of math learning
v integration across symbolic and non-symbolic representations

vNumber ordering (ordinal processing)
v predictive of more complex math (even in adults)
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Hierarchy of skill development

Hiebert’s hierarcy of symbol competence (1988)



Early Verbal Knowledge
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v counting words

v patterns of count words, 

rules of the number 

system

v first, second

v more/less

v larger/smaller

Math Skills

Quantity
Language

Working Memory



Developmental Pathways

LeFevre et al., 2010



“Because cognitive science is centrally concerned with 
learning processes such as thinking, remembering, and 
transfer, researchers’ attempts to improve the learning 
and teaching of mathematics would be incomplete if 
they did not also consider findings from cognitive 
science.”    

Star, J. R., & Vershaffel, L. (2016). Providing support for student sense making: Recommendations 
from cognitive science for the teaching of mathematics. In J. Cai (Ed.), Compendium for Research in 
Mathematics Education (pp. 1–34). National Council of Teachers of Mathematics.
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• Forgetting is exponential
• It drops rapidly to 40% within the 

first few days then slows
• Overlearning (i.e. practice)  reduces 

rate of forgetting
• Stronger encoding (i.e., making 

connections, providing 
explanations) improves memory 
strength



Working memory - interview
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Baddley’s Working Memory Model (2000 
version)



Phonological Loop

• Responsible for the temporary storage of speech-like information

• Involved in language acquisition

• Arithmetic fact retrieval

• Separate mechanism for serial order

PL test: digit span



Digit Span Test

• I will read a number sequence.

• Try and repeat it back (in your head), in the same order
• If I say 6– 2, you would say 6 - 2

• I will show you what I read so you can check your accuracy

• Continue until you fail on both sequences at a given length.

• Your span is one digit less than this.



9 7 5 4

3 8 2 5

9 4 3 1 8

6 8 2 5 9

9 1 3 8 2 5

6 4 8 3 7 1

7 9 5 8 4 2 3

5 3 1 6 8 4 2

8 6 9 5 1 3 7 2

5 1 7 3 9 8 2 6

7 1 9 3 8 4 2 6 1

1 6 3 8 7 4 9 5 2

9 1 5 2 4 3 8 1 6 2

7 1 5 4 8 5 6 1 9 3



Visuo-spatial sketchpad

• Responsible for the temporary 
maintenance of visual and spatial 
information

• Corsi span assessment



Other working memory components

• The Central Executive
• Attention controller
• Focus of attention
• Multi-tasking/dividing attention
• Monitor behaviour (confabulation)
• Backwards digit span

• Episodic Buffer
• Allows various sub-components to interact with LTM
• Can hold “chunks” of info
• Retrieval through conscious awareness



Backwards Digit Span Test

• I will read a number sequence.

• Try and repeat it back in your head…in reverse order
• If I say 6-2, you would say 2-6

• Continue until you fail on both sequences at a given length.

• Your span is one digit less than this.



Backwards digit span
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5 7
2 6
2 7 8
4 9 7
9 7 5 4
3 8 2 5
9 4 3 1 8 
6 8 2 5 9
9 1 3 8 2 5
6 4 8 3 7 1



Working memory and math performance in 
children

Phonological Working Memory Visuo-Spatial Working Memory
Word problem solving Arithmetic performance in early math 

development

Maintenance of intermediate results Symbolic magnitude judgments for multi-
digit numbers

Single digit addition Number line estimation 

Fact retrieval Learning and application of new skills

Multiplication accuracy in older children Predictor of later math performance

Systems shift as students gain computational experience



“Because cognitive science is centrally concerned with 
learning processes such as thinking, remembering, and 
transfer, researchers’ attempts to improve the learning 
and teaching of mathematics would be incomplete if 
they did not also consider findings from cognitive 
science.”    

Star, J. R., & Vershaffel, L. (2016). Providing support for student sense making: Recommendations 
from cognitive science for the teaching of mathematics. In J. Cai (Ed.), Compendium for Research in 
Mathematics Education (pp. 1–34). National Council of Teachers of Mathematics.
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Two types of learning transfer
“improvement in task performance on a task that wasn’t trained”
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§ Near transfer: the ability to apply 
skills you learn from one situation 
to a similar situation

§ Far transfer: the ability to apply 
skills you learn to a completely 
different situation



Near transfer
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0 10

Where is 
4?
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• What is the key building block? (Xu & LeFevre, 2016)

Knowledge of number relations



Far transfer
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§ Spatial training improves children’s mathematics?

Cheng & Mix (2014): one session Hawes et al. (2015): 4.5h 
(40min)      over 6 weeks



Far transfer is difficult
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OTHER FACTORS (E.G., SES, AND 
MOTIVATION)

GENERAL COGNITIVE FACTORS 
CONTRIBUTE TO ONE’S SUCCESS SUCH 

AS ATTENTION 

NEED WELL-CONTROLLED 
LONGITUDINAL STUDIES 



Techniques to 
promote 
transfer of 
learning

• Practice makes perfect – Transfer of 
learning take time and effort!
• Practice one skill at a time, or mix it 
up?
• Blocking: Practice one skill at a 

time, and then moving onto 
another skill
• Interleaving: A learning strategy 

that involves switching between 
topics and ideas

• Mixing it up boosts learning 
(interleaving effect)

47



48https://www.youtube.com/watch?v=WbDpYMp8F6o



Explanations
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§ Interleaving strengthens memory associations (Dunlosky et al., 2013) 

§ Blocking: Once you learn what solution to use, or what movement to execute, the hard 
part is over.

§ Interleaving  improves the brain’s ability to differentiate concepts 
(Rohrer, 2012)

§ Interleaving: Each practice attempt may be different from the last, so rote responses 
don’t work. Instead, your brain must continuously focus on searching for different 
solutions.

§ Blocking: A single strategy, temporarily held in short-term memory, is sufficient.

§ Interleaving: Your brain is continually engaged in activating different associations. 
Repeating that process can reinforce neural connections between different tasks and 
correct responses



Why interleaving?
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Problem                                1. Choose Strategy          2. Execute Strategy

Discrimination



Interleaving vs. blocked training
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Interleaving by Design52

• Recent review of common US 
math texts
• Even in light of current 

research, this is not being 
adopted by publishers

• Rohrer et al. (2020)



Techniques for 
discussion
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Cognitive Load Theory

• https://www.youtube.com/watch?v=stJ-MkTgRFs 55



Minimize 
Cognitive Load

Avoid seductive detail, keep 
learning materials as simple as 
possible

Provide worked examples

Scaffold learning, build, make 
connections– structure 
hierarchcically (85% rule)



Worked 
examples

• Problem statement
• Procedure for solving

• Correct procedures
• Partially completed procedures
• Incorrect solutions needing correction



Cognitive Tutors (Example tracing tutor)

Student interface Inner loop
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Cognitive Tutor – decimal misconceptions

e.g. What two numbers come next: 
0.0, 0.4, 0.8, 0.12, 0.16
0.0, 0.4, 0.8, ___, ____
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McLaren, Adams and Mayer, 2015



Structure of erroneous worked examples
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Hypothetical student
Interactive Minimize cognitive 

load
Adams et al., 2014 



Current research – fraction misconceptions
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Takeaway 
Message

Math skills build somewhat 
hierarchically

Knowledge of number relations are the 
math-specific foundation for formal  
math learning.

Domain-general skills also support math 
learning (i.e., language and     
memory/attention)

Effective instructional design can reduce 
cognitive load and reinforce neural 
pathways to helps learning


