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Textbook

● O'Reilly, R.C. et al. (2020). Computational Cognitive Neuroscience, 4th Ed. 

https://compcogneuro.org/

Go / Python version of  EMERGENT: https://github.com/emer/emergent

Exercises repository: https://github.com/CompCogNeuro/sims

https://compcogneuro.org/
https://github.com/emer/emergent
https://github.com/CompCogNeuro/sims
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http://dai.fmph.uniba.sk/courses/CCN/
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Brain is comprised of networks of neurons 

connected and communicating via synapses

86x109 neurons
104 synapses in & out
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How do we study how the brain creates mind?

● Neuropsychology—traditionally the study of how brain 

injury affects mental processes or how healthy brain 

relates to mental processes (Phineas Gage, Broca, etc.)

● Neuroimaging—pictures of the brain’s anatomy or 

function, in relation to mental process (fMRI, EEG, 

PET)

● Neuroscience- invasive recording techniques usually 

performed on animals or humans during brain surgery.

● Computational cognitive neuroscience—the most 

recent approach that integrates all of the above
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The third methodology of (neuro)science

● Computational modelling has become the third methodology of science 
along with theory and experiment. 

– Kennet Wilson, the Nobel Prize laureate (1982), was the leader of the movement to 
recognize this status of computational modelling. 

● Theory is the results of abstract thinking and involves generalized 
explanations of how nature works. It is the way to interpret results of 
experiments and to design new experiments.

● Without experiments there is no point in theorizing--theory becomes 
speculation. Theory is corroborated/supported or falsified by experiments.

● Computational approach allows more elaborate tests of theory than would 
be possible by experiment, thus enabling new ways to refine the theory. It 
also allows a much more sophisticated analysis of experiments than theory 
alone could provide.
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Karl Popper 

● Popper,  one of the greatest philosophers of science of 

the 20th century (empirical falsification). 

● Introduced an idea or criterion for theory being a 

scientific theory. This criterion is called empirical 

falsification.

● Scientific theory is such theory that can be falsified 

by experiment or observation.

● Computational models have the faith of theories, i.e. 

single real experiment can falsify them, and even 

countless agreeing experimental data can only 

corroborate them.
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Key elements of computational cognitive science

● Cognition can be defined as “the mental action or process of acquiring 

knowledge and understanding through thought, experience, and the 

senses.” (Oxford University Dictionary)

Central hypothesis of cognitive science (Thagard, 1996):

“Thinking can best be understood in terms of

● representational structures in the mind and

● computational procedures that operate on those structures.”

● However, there is often disagreement about the nature of these 

representations and computations that constitute thinking.
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Marr’s three levels of analysis

● Postulated by neuroscientist David Marr (1982):

1.Computational – what does the system do (e.g.: what problems does it solve 

or overcome) and similarly, why does it do these things;

2.Algorithmic – how does the system do what it does, specifically, what 

representations does it use and what processes does it employ to build and 

manipulate the representations;

3.Implementational – how is the system physically realised (e.g., in the case of 

biological vision, what neural structures and neuronal activities implement the 

visual processes).
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Example: vision

Computation

Algorithms

Implementation
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Reductionism, reconstructionism and emergence

● Reductionism: explaining in terms of underlying mechanisms.

– the complex system is reduced to simpler parts

● Reconstructionism: Putting the reduced pieces back together.

– Critical when there are billions of such pieces (neurons).

– Computer simulations are essential.

● Emergent properties: they emerge only when we put elements 

into mutual interactions.
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Basic steps in creating the model

● Step 1: Clearly state the assumptions, on which the model will be 
based. These assumptions should verbally describe the relationships 
among the quantities to be studied.

● Step2: Completely describe the quantities, i.e. variables and 
parameters to be studied in the model.

● Step 3: Use the assumptions formulated in Step 1 to derive equations 
relating the quantities in Step 2.

● Step 4: use mathematical knowledge and/or computer program to 
solve the equations and make predictions about the evolution of 
studied quantities in the future.
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Step 1: assumptions

● Assumptions should describe what we think about relationships

between variables we want to model. 

– E.g., we assume there are 2 types of inputs to each neuron: excitatory and 

inhibitory. They add up linearly, i.e., input = excitation – inhibition. 

● The quality of assumptions determines the validity of the model and 

the situations to which the model is relevant.

● We must avoid “hidden assumptions” that make the model seem 

mysterious or magical.

– i.e., we include something in the equation that makes the model work but 

corresponds to nothing in reality.



15

Step 2: defining the quantities

● Independent variables

– The independent variable is almost always time (t). Time t is 

independent of any other quantity in the model.

● Dependent variables are the quantities that are functions of the 

independent variable.

– For example, membrane voltage changes over time, V = V(t), i.e. we say 

voltage is a function of time.

● Parameters are quantities that do not change with time (or any other 

independent variable), but their value have a profound influence on 

the behaviour of the dependent variables.
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Variables and parameters

● The goal of a model is to describe the behaviour of the 

dependent variable as the independent variable changes.

– For example, we may ask whether the dependent variable (e.g. voltage) 

increases or decreases with time, or whether it oscillates or tends to a limit.

● Observing how the behaviour of the dependent variable changes 

when we change the values of parameters can be the most 

important aspect of the study of a model.

– For example, we may ask how the voltage evolves when the strength of 

excitatory inputs is the same as the strength of inhibitory inputs or how 

voltage will evolve when these strengths differ, while the values of 

strengths of excitatory and inhibitory inputs are the parameters of the 

model. 
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Step3: the most difficult part

● The hardest part in using the maths or 

computational algorithms to study 

phenomena is the translation from real 

life into mathematical and / or 

computational formalism.

● It is difficult because it involves  

– knowledge of maths and 

programming;

– the conversion of assumptions 

into mathematical equations and 

to computational algorithms. August Rodin: The Thinker
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Equations, i.e., something = something

● We know that the dependent variable changes over time. Thus, we are 

looking for a “rate of change of …” or “rate of increase of …” a 

dependent variable over time. 

● Mathematically, the rate of increase of something corresponds to the 

thing called “derivative”, being written as: 

– Where that “something” is for example membrane voltage, V.

● In other words, the rate of change is synonymous with derivative.

dt

dV
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● We want to express what is the rate of change, i.e. what the 
derivative amounts to. That is, we want to know what is the 
“something” in the following equation:

● The phrase “A is proportional to B” means A = k B, where k is the 
so-called proportionality constant. So, to be mathematically correct 
we have to write the above equation as

● i.e. the rate of change of voltage is proportional to something. 
Proportionality constant k is the parameter of the model.

Derivative = something

something=
dt

dV

somethingk
dt

dV
=
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● The equation:

● is at the core of all models in computational neuroscience.

● Dependent variable can be anything from voltage, current, field 

potential, number of synapses, concentration of neurotransmitter, 

speed of learning, number of memorized items, etc.  

● The biggest challenge is to come up with “something”…

Derivative = k something

( )
something

variabledependent
k

dt

d
=
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Concrete example: population growth

● We can develop and study mathematical models of systems that 

change (evolve) over time, for instance the number of rabbits.

● Except time itself, the number of rabbits depend on other variables 

too.

– For example, the changes in population of rabbits depend on the amount of 

food, number of predators (hawks, foxes, etc.), rabbit diseases, etc.

● In order to make a model of evolution of rabbit population simple 

enough to understand, we have to make simplifying assumptions and 

neglect the things we know nothing about or not enough. 
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The simplest model of population growth

● Step 1: The assumption: the rate of growth of population depends only 
on the size of the population and nothing else. The more rabbits there 
are the more offspring they have.

● Step 2: definition of quantities:

– t = time (independent variable)

– N = population size (dependent variable), i.e., N = N(t)

– k = proportionality constant (parameter)

● How about the units of these quantities? They obviously depend  on 
species and environment. If we are talking about population of people 
then t would be years and N would be millions. If talking about 
rabbits, then t would be months and N thousands.
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Mathematical equation for the growth

● Step 3: let’s express our assumption as an equation. The rate of 

growth of the population is the derivative:

● Being proportional to the population size is expressed as a product of 

the proportionality constant k and the population size N , i.e., k N.

– Hence our assumption is expressed as the (differential) equation:

● Read as: Derivative of N according to time t equals k times N.

𝑑𝑁

𝑑𝑡

𝑑𝑁

𝑑𝑡
= 𝑘 𝑁
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Step 4: solution

● In order to be able to predict the change of rabbit population we must 

know the size of population at time zero N0 , the so-called initial 

condition, i.e.

● Next we want to predict the value of N at various times in the future, 

e.g. N(10) or N(100), i.e. we want to know concrete values of quantity 

N(t) for each value of t, that satisfy this equation:

● To find a solution to this equation means to find a function N(t) 

whose derivative is the product k with N(t).

𝑑𝑁

𝑑𝑡
= 𝑘 𝑁

𝑁(𝑡0) = 𝑁0 > 0
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Analytical solution

● The solution of the differential equation: 

● is an exponential function 

● Where       is the initial population

● Now we can make predictions about the size of the population in the 
future provided we know the value N0 and k. The value of k can be 
derived by fitting the model to real data. We simply try different 
values of k and see which one yields the best fit with the data.

𝑁(𝑡) = 𝑁0𝑒
𝑘𝑡

𝑑𝑁

𝑑𝑡
= 𝑘 𝑁

𝑁(𝑡0) = 𝑁0 > 0

N0
time

N(t)

N0
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Computational model: changing parameter value

● Once we develop a mathematical or 

computational model, we have to 

compare predictions of the model with 

data from the system to check for 

empirical support or falsification.

● If the model prediction and the data 

disagree, then we first try different 

values of parameters, if this does not 

help then we change our assumptions 

and re-formulate the model.

𝑦(𝑥) = 𝑦0𝑒
𝑘𝑥
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Computational model: comparison with data

● Human population growth: data and prediction
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Making an example more realistic

● What would happen if there are two species, one of which is a predator 
(foxes) and one of which is the predator’s prey (rabbits)?

● Our theory might state that: 

– (1) the prey population N grows in proportion to its size but declines as 
the predator population P grows and eats it; and 

– (2) the predator population P grows in proportion to its size and the 
amount of the prey N but declines in the absence of prey. 
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Prediction no. 1

● From this theory we can predict that the prey population N grows 
initially (provided there is enough food and no diseases). 

● As the prey population N grows, the predator population P can grow 
faster. 

● As the predator population P grows, this limits the rate at which the 
prey population N can grow. 

● At some point, an equilibrium is reached when both predator P and 
prey sizes N are in balance.



30

Prediction no. 2

● We might wonder whether there is a second possible prediction from 
the theory. 

● Perhaps the predator population P grows so quickly that it is able to 
make the prey population N extinct. Once the prey has gone N = 0, 
then the predator is also doomed to extinction P = 0. 

● Now we are faced with the problem that there is one theory but two 
possible conclusions; the theory is logically inconsistent.

● What will happen to the population of prey N and predators P? Will 
they become extinct, or will they stabilize? Can the mathematical 
model help us?
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Mathematical model (Lotka and Volterra 1925)

● For the prey population with size N(t) and the predator population 
with size P(t), it is assumed that 

● (1) the prey population N grows in proportion to its size N and 
declines in proportion to the rate at which predator and prey meet 
(assumed to be the product of the two population sizes, NP), i.e.:

𝑑𝑁

𝑑𝑡
= a N – b NP 

● (2) at the same time, there is an increase in the predator population 
size P in proportion to NP and decline in the absence of prey: 

𝑑𝑃

𝑑𝑡
= 𝑐 NP – d P 

● The parameters a, b, c and d are constants.
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Solution (Lotka and Volterra 1925)

● Behaviour of the Lotka–Volterra model of predator–prey 
interactions, with parameters a = b = c = d = 1 (upper graph), 
and a = 1,  b = c = 20, d = 1 (lower graph).
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Comments on the solution

● It turns out that neither of our previous intuitive guesses was correct. 
Instead of both species surviving in equilibrium or going extinct, the 
predator and prey populations oscillate over time. 

● At the start of each cycle, the prey population grows. After a lag, the 
predator population starts to grow, due to the abundance of prey. 
This causes a sharp decrease in prey, which almost causes its 
extinction, but not quite. Thereafter, the predator population declines 
and the cycle repeats. 

● It might now seem obvious that oscillations would be predicted by 
the theory. However, the step of putting the theory into equations 
(model) was required in order to reach this understanding.
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How do we fix the model parameter values?

● Step 1:  Fix the known parameter values (P0, N0) and make educated 
guesses for the remaining unknown parameter values (k, a, b, c, d).

● Step 2: Use the model to simulate experiments, producing model data.

● Step 3: Compare the model data with experimental data.

● Step 4: Adjust one or more parameter values and repeat from Step 2 
until the simulated data sufficiently matches experimental data.

– We simply try different values of parameters and see which ones yield the 
best fit with the data.

– It is recommended to change only one parameter value at a time, in order 
to distinguish which parameters alter the results
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Summary

● To understand the nervous system requires 

understanding at many different levels.

● At each of these levels, we can develop detailed 

computational models for how the elements at 

that level function and interact with each other.

● All models are reductionist, meaning they 

provide mechanistic explanations.

● Mechanistic accounts may not provide 

satisfactory answers for hard questions in 

cognitive science like qualia (epistemological 

limitations).
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Brain and Mind


