i‘ frontiers

NEUROSCIENCE

FORYOUNG MINDS doi: 10 3385/frym 2020,00048

HOW MUCH IS 2 x 4? UNDERSTANDING HOW THE
BRAIN SOLVES ARITHMETIC PROBLEMS

Nikolaus Koren', Judith Scheucher' and Stephan E. Vogel "

Section of Educational Neuroscience, Institute of Psychology, University of Graz, Graz, Austria

How much is 2 x 4? Sounds like an easy question, but have you ever
DR.H. thought about how you solve that problem? In this article you will
ST learn about two different strategies that we use to solve arithmetic
SCHOOL problems. You will also get to know the different brain areas—like the
intraparietal sulcus—that work together when you use these different
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™ strategies. Which strategy and which brain regions you use changes
J over time as you get more familiar with arithmetic. This transition

AGE: 12

is especially visible in the way brain areas work and communicate
with one another—some areas become more active, while others
become less active. After reading this article, you will know more
about the techniques we use to solve arithmetic problems and
the brain areas needed to find the answers for your next math
homework assignment.

INTRODUCTION

Because math is one of the most important skills to master,
understanding how arithmetic problems are solved can have a very
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Example setup for a
study investigating
arithmetic problem
solving. Participants are
presented with an
arithmetic problem on
a computer screen.
Once the answer is
given, a new problem
appears. For each
problem, researchers
record the time it took
to solve the problem
(speed) and if the
answer was

correct (accuracy).

Is a difficulty in learning
or understanding
arithmetic. For a good
overview look at the
Young Minds article;
When your brain
cannot do 2 4 2: a case
of developmental
dyscalculia [1].
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big impact. Not only do you need math every day at school, but also
as a grown-up. If you want to become a programmer, an engineer, or
a scientist, you will deal with numbers on a daily basis. Because math
is important in almost every job, people who are not good at math
sometimes have a hard time finding a job. Some of them might even
suffer from something called developmental dyscalculia. Therefore,
understanding what happens in the brain when you calculate can be
very helpful for kids who struggle with math. Understanding the reason
for these difficulties enables teachers to structure their lessons in a
way that allows children to learn more easily. And of course, just being
curious about how things work is always reason enough to conduct
an experiment!

To study arithmetic, children and adults are usually asked to solve
arithmetic problems as fast and accurately as they can. The problems
are usually presented on a computer screen, one after the other (see
Figure 1). Once the participant provides an answer, the next problem
appears. To study the different strategies that we use during arithmetic,
scientists usually use a mix of different arithmetic operations of
varying difficulty.

Using these methods, scientists found that arithmetic problems can be
divided into two categories: small and large problems. Small problems
are solved very quickly, and participants make fewer errors when
solving these problems. A good example would be “2 x 4." Large
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Figure 2

Children taking part in
one of our functional
Magnetic Resonance
Imaging (fMRI, left) and
Electroencephalography
(EEG, right) studies.
These two tools let
scientists study the

brain while it is

working.

ELECTROENCE-
PHALOGRAPHY
(EEG)

A neuroscientific tool
to measure the
electrical signals a brain
produces. This method
can tell us with high
accuracy at what time
point brain areas are
performing a

specific task.

FUNCTIONAL
MAGNETIC
RESONANCE
IMAGING (fMRI)

A tool to measure
oxygen differences in
the brain. Because
active areas need more
oxygen during a task,
we can tell with high
accuracy which parts
are doing the job.
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Figure 2

problems are usually a bit harder to solve. Participants take longer to
solve these problems and also make more errors. A good example
would be “12 x 3." Scientists sometimes disagree on where to draw
the line between small and large problems. How hard it is to solve a
problem depends on your age and ability. However, speed and error
differences between small and large problems suggest that we use two
main strategies to solve them [2].

The first strategy, calculating the answer, is often used with large
problems. Itis called procedural strategy, because coming up with the
answer involves multiple steps—or multiple procedures. For example,
to solve “12 x 3" you might split the problem into two easier ones like
10 x 3=30"and "2 x 3 =6." Afterwards, you can add up the results to
get the answer “36.” But adding extra steps has its downsides. It takes
more time and each step also increases the chance of making errors.
You do not, however, use the same strategy to solve the same problem
forever. After solving it multiple times, the correct answer will 1 day just
pop into your head. This shows that the way you solve this problem
has changed.

Now you are using the second strategy: knowing the answer by
heart—often called fact retrieval. By practicing the same problem
multiple times, you stored its answer in your long-term memory.
The switch from using procedural strategies to using fact retrieval is
an important step during the development of arithmetic abilities [3].
Instead of calculating the answer, you are now able to remember it.
Additionally, by becoming better at solving easier problems, you are
also becoming better at solving more difficult problems. To better
understand these changes, we need to look inside our brain while it
solves arithmetic problems. To do so, scientists use different tools,
such as electroencephalography (EEG) and functional magnetic
resonance imaging (fMRI, see Figure 2).
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In this figure you can
see a number of brain
areas and one
connection that are
important for
arithmetic. Two of
them are in the frontal

cortex (red) and two are

in the parietal cortex
(yellow). How they
work together when
you calculate depends
on your age and your
ability. Another
important brain area,
the hippocampus, is in
the very center of your
brain and therefore
hidden from view.

The brain can be
divided into four major
parts: the frontal
cortex, the parietal
cortex, the temporal
cortex, and the
occipital cortex. Each
cortex contains brain
areas with

unique functions.
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superior longitudinal fasciculus

intraparietal sulcus (IPS)

angular gyrus (AG)

Trying to understand how the brain works can sometimes feel like
solving a complicated puzzle. Similar to the way a puzzle is made
up of different pieces, your brain is made up of different brain areas
(see Figure 3). Understanding each brain area’s function will give you
a clearer picture of how it fits into the puzzle.

The first piece of the puzzle is the intraparietal sulcus. It is located in
the parietal cortex and is responsible for understanding the meaning
of numbers [4]. The first step when solving an arithmetic problem is
to understand a number’s magnitude. For example, you have to know
that "4 dogs” are more than “2 dogs.” You also need to understand the
order of numbers (i.e., “1" comes before “2,” that "2" comes before
“3," and so on). While calculating, you use your understanding of
magnitude and order to find the correct solution.

The next pieces of the puzzle involve three brain areas in the frontal
cortex. The ventrolateral prefrontal cortex works with regions in the
parietal cortex to blend out distractions, such as daydreaming about
your next bike ride with your friends. The dorsolateral prefrontal cortex
iIs needed to manipulate numbers, like splitting up a large problem
into easier steps. The inferior frontal gyrus has been found to play an
important role in ignoring similar but incorrect answers [5].
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WORKING MEMORY

A crucial function of
your brain. Similar to
the working memory of
a computer, it stores
information in your
mind in order to work
with it when you

need it.
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The last pieces in our puzzle are the hippocampus and the angular
gyrus. The hippocampus is located deep inside your brain. It plays
an important role in storing arithmetic facts [6]. The hippocampus
is the “save” button of your brain. When it comes to math, it
works with the frontal cortex to help you store the answers of
arithmetic problems as arithmetic facts in your long-term memory.
The angular gyrusis then involved in finding these facts when you solve
arithmetic problems.

HOW DOES SOLVING ARITHMETIC PROBLEMS CHANGE AS
YOU GET OLDER?

Have you and your friends ever worked on a challenging puzzle
together? If so, you probably worked together to solve it. Your brain
works in a similar way. Different brain regions work together when
solving a problem. The last piece in our puzzle is understanding how
these brain areas work together when you calculate. As you now
know, the way you solve arithmetic problems changes as you get
older. Instead of mostly using procedural strategies to solve arithmetic
problems, you start using fact retrieval more often. But this is not
the only thing that changes. Scientists found that during this process
the way the different brain areas work together changes as well. For
example, while you are young, the frontal cortex has a very important
role. It manages your working memory and attention, because the
way you solve arithmetic problems involves multiple steps (procedural
strategies). As you get older and start to use fact retrieval, the role
of your frontal cortex changes. When you look at the frontal cortex
using fMRI or EEG, you can see that it becomes less active as you
get older. It is still involved in the process of finding the right answer,
but it does not have to work as hard as before. Maybe you have
experienced something similar when cooperating with your friends. At
first, one of you might have had to keep an eye on everyone's progress
and give instructions what to do next (similar to the frontal cortex).
After you have successfully solved a few puzzles together, you will be
able to work together without needing someone to always check on
the progress. The role of the hippocampus changes too. During fact
retrieval it is more active in young children than in adults [7]. This is
because when you are young, the hippocampus is still working hard to
save the answers to arithmetic problems to your long-term memory.
As you get older your hippocampus has to work less and less, because
you come across fewer new answers that have to be saved.

All of the brain areas work together by communicating with one
another. This communication happens over a wide network of
pathways (called white matter) that connect all brain areas. These
networks are similar to the way in which roads connect different cities.
One of these roads in the brain is called the superior longitudinal
fasciculus. This road connects the prefrontal cortex with the parietal
cortex (where the IPS is located) [8]. Because different brain regions
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are involved in the process of solving arithmetic problems at certain
points in your life, the connections between these regions change
as well. Scientists are still trying to fully understand how and why
these connections change as you get older. That means, even though
we already know a lot about how you solve arithmetic problems,
we still need to do more research to complete the puzzle of the
calculating brain.

SUMMARY

Even if it sounds like a simple process at first, solving an arithmetic
problem actually involves many steps. Not only that, but as you get
older you use different strategies to solve them. Almost every part
involved in your brain changes. At first, many brain areas work together
to solve an arithmetic problem. Some parts keep you focused on the
task, others keep track and memorize the results of your calculations.
The hippocampus saves the correct result in your long-term memory.
As you get older, you only need a few specialized brain areas to solve
the same problem. Your brain now works very efficiently. Next time
you do your math homework, take a minute to think of all the different
brain areas that are involved!

ACKNOWLEDGMENTS

We would like to wholeheartedly thank those who assisted in the
translation of the articles in this Collection to make them more
accessible to kids outside English-speaking countries, and for the
Jacobs Foundation for providing the funds necessary to translate the
articles. For this article, we would especially like to thank Nienke van
Atteveldt and Sabine Peters for the Dutch translation.

REFERENCES

1. Bugden, S., and Ansari, D. 2014. When your brain cannot do 2 + 2: a case of
developmental dyscalculia. Front. Young Minds 2:8.
doi: 10.3389/frym.2014.00008

2. Siegler, R. S. 1996. Emerging Minds: The Process of Change in Children’s
Thinking. New York, NY: Oxford University Press. doi: 10.5860/choice.34-5984

3. De Smedt, B. 2016. “Individual differences in arithmetic fact retrieval,” in
Mathematical Cognition and Learning, eds D. B. Berch, D. C. Geary, and K. M.
Koepke (San Diego, CA: Academic Press). p. 219-43.
doi: 10.1016/B978-0-12-801871-2.00009-5

4. Vogel, S. E., Goffin, C., and Ansari, D. 2015. Developmental specialization of the
left parietal cortex for the semantic representation of Arabic numerals: an
fMR-adaptation study. Dev. Cogn. Neurosci. 12, 61-73.
doi: 10.1016/j.dcn.2014.12.001

kids.frontiersin.org May 2020 | Volume 08 | Article 48 | 6


https://doi.org/10.3389/frym.2014.00008
https://doi.org/10.5860/choice.34-5984
https://doi.org/10.1016/B978-0-12-801871-2.00009-5
https://doi.org/10.1016/j.dcn.2014.12.001
https://kids.frontiersin.org/
https://kids.frontiersin.org/article/10.3389/frym.2020.00048
https://kids.frontiersin.org/article/10.3389/frym.2020.00048
https://kids.frontiersin.org/article/10.3389/frym.2020.00048

Koren et al. How the Brain Solves Math

5. De Visscher, A, Vogel, S. E., Reishofer, G., Hassler, E., Koschutnig, K., De Smedt,
B., et al. 2018. Interference and problem size effect in multiplication fact solving:
individual differences in brain activations and arithmetic performance.
Neuroimage 15:718-27. doi: 10.1016/j.neuroimage.2018.01.060

6. Qin, S, Cho, S., Chen, T., Rosenberg-Lee, M., Geary, D. C., and Menon, V. 2014.
Hippocampal-neocortical functional reorganization underlies children'’s
cognitive development. Nat. Neurosci. 17:1263-9. doi: 10.1038/nn.3788

7. Cho, S., Metcalfe, A. W. S., Young, C. B., Ryali, S., Geary, D. C., and Menon, V.
2012. Hippocampal—prefrontal engagement and dynamic causal interactions in
the maturation of children’s fact retrieval. J. Cogn. Neurosci. 24:1849-66.
doi: 10.1162/jocn_a_00246

8. Matejko, A. A., and Ansari, D. 2015. Drawing connections between white matter
and numerical and mathematical cognition: a literature review. Neurosci.
Biobehav. Rev. 1:35-52. doi: 10.1016/j.neubiorev.2014.11.006

SUBMITTED: 29 September 2019; ACCEPTED: 26 March 2020;
PUBLISHED ONLINE: 12 May 2020.

EDITED BY: Sabine Peters, Leiden University, Netherlands

CITATION: Koren N, Scheucher J and Vogel SE (2020) How Much Is 2 x 47
Understanding How the Brain Solves Arithmetic Problems. Front. Young
Minds 8:48. doi: 10.3389/frym.2020.00048

CONFLICT OF INTEREST: The authors declare that the research was conducted in
the absence of any commercial or financial relationships that could be construed
as a potential conflict of interest.

COPYRIGHT © 2020 Koren, Scheucher and Vogel. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

YOUNG REVIEWERS

DR. H. BAVINCKSCHOOL, AGES: 8-12

We are Spectrum classes 5-6 and 7-8 of the Bavinckschool in Haarlem, the
Netherlands. This is a group of 40 kids (19 in group 5-6 and 21 in group 7-8) who
are eager to learn a bit more than the regular school program. They had a lot of fun
reviewing for FYM, and went through the articles with great focus and enthusiasm,
and made a critical evaluation. They really enjoyed contributing to science and
helping out!

kids.frontiersin.org May 2020 | Volume 08 | Article 48 | 7


https://doi.org/10.1016/j.neuroimage.2018.01.060
https://doi.org/10.1038/nn.3788
https://doi.org/10.1162/jocn_a_00246
https://doi.org/10.1016/j.neubiorev.2014.11.006
https://loop.frontiersin.org/people/68053
https://doi.org/10.3389/frym.2020.00048
https://creativecommons.org/licenses/by/4.0/
https://kids.frontiersin.org/
https://kids.frontiersin.org/article/10.3389/frym.2020.00048
https://kids.frontiersin.org/article/10.3389/frym.2020.00048
https://kids.frontiersin.org/article/10.3389/frym.2020.00048

Koren et al. How the Brain Solves Math

LIJIA, AGE: 12

Lidia is an avid reader since she was little, she would read most of the books
independently she could find in the library or home including thick novels. She is
curious about life and how human beings function. She is currently attending Year 8
classes in an international school in Southeast Asia.

AUTHORS

NIKOLAUS KOREN

| am a graduate student at the University of Graz, Austria, where | am currently
finishing my master’s degree in Psychology with a focus on Cognitive Neuroscience.
My master’s thesis focuses on electrophysiological correlates of arithmetic problem
solving in children. | believe it is important to communicate scientific findings outside
of one’s own narrow field of research. If  am not in the lab, | am probably exploring
the outdoors with friends either on foot, or on my bike.

JUDITH SCHEUCHER

| am a graduate student at the University of Graz, Austria where | am studying
Psychology with a specialization in Cognitive Neurosciences. For my master’s thesis,
| am using electroencephalography (EEG) to investigate arithmetic problem solving
in children. In the future, | aim to pursue a Ph.D. in the field of Neuroscience and
keep on working in this fascinating field. My spare time is mostly spent playing in a
concert band, learning to play new musical instruments and reading tons of Nordic
crime novels.

STEPHAN E. VOGEL

I am an Assistant Professor at the Institute of Psychology, University of Graz. My
research focuses on the development of the human brain. Specifically, | am very
interested to better understand how the networks of the brain and its functions
change as we get older. To study these processes, | use different neuroscientific tools
such electroencephalography (EEG) and functional magnetic resonance imaging
(fMRI). | also work and interact with teachers, to help them better understand how
the child’s brain learns. During my free time, | like to mountaineer and ski in the
beautiful mountains of Austria. *stephan.vogel@uni-graz.at

"These authors have contributed equally to this work

kids.frontiersin.org May 2020 | Volume 08 | Article 48 | 8


mailto:stephan.vogel@uni-graz.at
https://kids.frontiersin.org/
https://kids.frontiersin.org/article/10.3389/frym.2020.00048
https://kids.frontiersin.org/article/10.3389/frym.2020.00048
https://kids.frontiersin.org/article/10.3389/frym.2020.00048

	How Much Is 2  4? Understanding How the Brain Solves Arithmetic Problems
	Introduction
	Are There Different Ways to Solve an Arithmetic Problem?
	Which Brain Areas Are Involved in Solving Arithmetic Problems?
	How Does Solving Arithmetic Problems Change as You Get Older?
	Summary
	Acknowledgments
	References
	Young Reviewers
	Authors


