
How to Model 



History & Goals 
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 No comprehensive guide available 
 Modelling approach ≠ toolkit 

 
 Paul Schrater, Konrad Körding & Gunnar Blohm 
 CoSMo (http://www.compneurosci.com/CoSMo/) 
 Development of how to model approach during 2-week 

modelling projects 
 Methods manuscript in preparation 

 Following this practical guide should leave little room for failure… 

http://www.compneurosci.com/CoSMo/


Computational neuroscience? 
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 It is the use of mathematical, engineering and computer 
science tools to attempt answering neuroscience questions. 

 Builds mathematical models describing computations in the 
brain that give rise to mental abilities 

 A way to put “word models” into mathematical language and 
to analyze the result 
 Identify hidden assumptions 
 Explain observations 
 Make predictions 

 Interdisciplinary: neuroscience, cognitive science, psychology, 
electrical engineering, computer science, physics, mathematics, 
life science, health science, medicine, etc… 



Goals 
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 Gain complete understanding of some experimental 
phenomenon 

 Identify hypotheses, assumptions, unknowns 
 Make quantitative predictions 
 Build a theoretical brain as a model of the real brain 

(stroke lesions etc) 
 Inspire new technologies 
 Models of neurological diseases to help treatment, 

rehabilitation, quality of life 
 Guidance in designing useful experiments (i.e. animal 

research) 
 



Why model brain function? 
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 Models help answering three potential types of questions 
about the brain (Dayan & Abbott, 2001) 
 Descriptive = What? 

 Compact summary of large amounts of data 

 Mechanistic = How? 
 Show how neural circuits perform complex function 

 Interpretive = Why? 
 Computations in the brain are usually performed in an optimal or 

nearly optimal way 
 Understanding optimal algorithms and their implementation to explain 

why the brain is designed the way it is 



Levels of Marr 
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 Brain: hierarchy of complexities 
 

 Computational level - 1 
 Objective? 
 How close to optimal? 
 This is what most computational neuroscience papers do! 

 Algorithmic level - 2 
 Data structures? 
 Approximations? 
 Runtime? 
 Some studies get into this (computer science) 

 Implementation level -3 
 Hardware? Neurons? Synapses? Molecules? 
 Not addressed enough! 

 Models bridging Marr 1-3 are rare! 



Model classifications  

June 29, 2015 CoSMo 2015: How to model 7 

 Models help answering different parallel questions 



Model classifications  
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 Models help answering different parallel questions 
 Generality: inferential model classes 
 Granularity / scale: level of abstraction 

 

 Knowing this interrelated hierarchy is crucial 
 Defines model goals  
 Defines evaluation framework (reviewers) 
 What can and should be expected from a model 
 Determines limitations  

 



Model classifications  
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Classification scheme Observations  Latent phenomena  Causal principle 

Physics example Kinematics 
(phenomenology) 

Dynamics (latent causes) Principle of least action  

Schrater & 
Trappenberg 

Correlational level 
- related data attributes 
- limited experimental 
domain 
- expressed in terms of 
measurements specific to 
experiments  

Explanatory level 
- principles that extend 
beyond one experiment 
but not necessarily causal 
- latent variables 

Causal level 
- predict the impact of 
interventions 
  

Dayan & Abbott Descriptive level (“what”) Mechanistic level (“how”) Interpretive level (“why”) 

Machine learning Discriminative models 
- analysis only, no 
simulation possibility 

Generative models (Not considered) 

Neuroscience 
example 

fMRI analysis Oculomotor control 
models 

Optimality 



Scales of abstraction 
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Scale   Typical variables 
10m People Individual attributes (IQ, personality traits, generosity, 

trustworthiness, etc) 

1m CNS Concepts, syntactic relationships, prediction, 
confidence, value 

10cm Systems Perception, motor plans, decisions, motivation 

1cm Brain area Memory, maps, language, speech, sensory 
representations 

1mm Local networks Local neural circuits, canonical computations 

100µ𝑚 Neurons Firing rates, integrate-and-fire 
1µ𝑚 Synapses Probabilistic vesicle release 
1Å Molecules Ion flux, metabolites, neurotransmitters  



Levels of abstraction 
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Level of abstraction Strong Intermediate Weak 
Levels of Marr Computational 

(abstract variables) 
Algorithmic (specific 
instances of variables, 
codes) 

Physical (instances in 
terms of physical 
causes, 
implementations) 
Implementation 
directly determines 
scale of abstraction 

Reductionism Herbert Simon 
(abstract variables are 
allowed, regardless of 
whether they are 
explicitly coded in the 
brain) 
(“uncertainty” as a 
variable) 

  Reductionist 
neuroscience (all 
variables must be 
expressed in known 
quantities) 
(“mechanistic model”) 

Scale People, CNS, system Brain area, local 
networks 

Neuron, synapse, 
molecule 



10 easy steps to model 

A practical guide 
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Overview of the modelling exercise 
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Framing the question 
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 Step 1: define an objective / goal / question 
 What exact aspect of data needs to be modelled? 

 Answer this question clearly and precisely! 
 Otherwise you will get lost (almost guaranteed) 
 Write everything down! 

 Also identify aspects of data that you do not want to address 
(yet) 

 Example 
 Bad question:  “I would like to model motor control” 
 Good question:  “How do time delays in sensory feedback influence 

motor control in a force field adaptation task” 
 Also: define the model evaluation method! 

 How will you know your model is good? 
 See later… 

 
 



Framing the question 
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 Step 2: What’s known / unknown? 
 Survey the literature 

 What’s known? 
 What has already been done? 
 Previous models as a starting point? 
 What hypotheses have been emitted in the field? 
 Are there any alternative / complimentary models? 

 What skill sets are required? 
 Do I need learn something before I can start? 

 Ensures that no important aspect is missed 
 Provides specific data sets / alternative models for comparison 

(see also evaluation criteria) 

 



Framing the question 
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 Step 3: Determine the basic ingredients 
 What parameters / variables are needed in the model? 

 Constants? 
 Do they change over space, time, conditions…? 
 What details can be omitted? 
 Constraints, initial conditions? 
 Model inputs / outputs? 

 Variables needed to describe the process to be modelled? 
 Brainstorming! 
 What can be observed / measured?  latent variables? 
 Where do these variables come from? 
 Do any abstract concepts need to be instantiated as variables? 
 E.g. value, utility, uncertainty, cost, salience, goals, strategy, plant, dynamics 
 Instantiate them so that they relate to potential measurments!  

 



Framing the question 
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 Step 4: Express hypotheses in math language (abstraction) 
 Relate ingredients identified in step 3 
 Do this before getting influenced by model structure / results 
 Hypotheses can be expressed in terms of relations between variables 

and state the original question from step 1 in a different form (in 
words) 
 What is the model mechanism expected to do?  
 How are different parameters expected to influence model results?  

 Assign variable names 
 Express hypotheses in terms of variables 

 Be explicit, e.g. y(t)=f(x(t),k) but z(t) doesn’t influence y 
 Do the same with constraints, initial conditions, etc 

 Determines model approach and ingredients 
 The more precise the hypotheses, the easier the model will be to sell 



Implementing the model 
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 Step 5: select toolkit / approach – level of abstraction 
 What is the most appropriate approach to answer your question? 

 What level of abstraction is needed? 
 Determine granularity / scale based on hypotheses & goals 
 Stay as high-level as possible, but be as detailed as needed!!! 

 Select the toolkit 
 Requires prior knowledge about flexibility / limitations of toolkit 
 Often more than one option possible 
 Some toolkits are more flexible, span a wider range of behaviour and/or 

are lumpable 
 Also determines how the model will be solved, i.e. simulated 

 Analytical? Numerical? 
 E.g. spatial, temporal resolution? 

 We now have everything we need to actually start modelling! 
 



Implementing the model 
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 Step 6: Drafting 
 Keep it as simple as possible! 
 Draft on paper: flow diagram 

 Draw out model components (boxes) 
 What influences what? (arrows) 

 Consider each model box separately 
 Draft internal workings in terms of equations 
 This might require a lot of work… 
 Relate box inputs to box outputs! 
 Keep in mind that the model should include a way to relate model 

variables to measurements 

 You know have a first model ready to be implemented! 
 



Implementing the model 
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 Step 7: implementation and adjustments 
 Start with the easiest possible implementation 

 Test functionality of model after each step before adding new model 
components 

 Simple models can sometimes accomplish surprisingly much… 

 Add / remove different model elements 
 Gain insight into working principles 
 What’s crucial, what isn’t? 
 Every component of the model must be crucial! 

 Make use of tools to evaluate model behavior 
 E.g. graphical analysis, changing parameter sets, stability / equilibrium 

analyses, derive general solutions, asymptotes, periodic behaviour, etc. 
 



Model testing 
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 Step 8: Model completion 
 When am I done?  hard question!!! 

 Determine a criterion 
 Refer to steps 1 (goals) and 4 (hypotheses) 
 Does the model answer the original question sufficiently? 
 Does the model satisfy your own evaluation criteria? 
 Does it speak to the hypotheses? 

 Can the model produce the parametric relationships hypothesized in 
step 4? 

 Precise question & hypotheses crucial for this! 
 

 If the original goal has not been met  back to drawing board! 
 

 



Model testing 
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 Step 9: model testing and evaluation 
 By definition a model is always wrong! 
 Ensure the explicit interfacing with current or future data 

 model answers the questions/hypotheses/goals with a sufficient amount of 
detail 

 Quantitative evaluation methods 
 Statistics:  how well does the model fit data? 
 Predictability: does the model make testable predictions? 
 Breadth: how general is the model? 

 Comparison against other models (BIC, AIC, etc.) 
 Not easy to do in a fair way… 

 Does the model explain previous data? Subsumption principle in 
physics! 

 A good model should provide insight that could not have been 
gained or would have been hard to uncover without the model 

 Model = working hypotheses  a good model should be falsifiable! 
 
 

 



Publishing 
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 Step 10: Communication through scientific publication 
 Know your target audience! 

 How much math details? How much explanation of math? 
 What’s the message? 
 Should be experimentalists in most cases!!! 

 Provide intuitive explanations, analogies, etc. 
 Dora Angelaki: “a good modeller knows how to relate to experimentalists” 

 Clearly describe what the goals, hypotheses and performance criteria 
were 
 Prevents from false expectation of what the model should be doing 

 A graphical representation is worth 1000 words (or more) 
 Show model simulations in parallel to data 

 Much more convincing! 
 Publish enough implementation details 

 A good model has to be reproducible!  
 



A few more considerations… 
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Lumping vs. abstraction 
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 Abstraction = process of information reduction to only retain 
the relevant underlying essence of a concept and / or render a 
concept more generalizable 

 Lumping = particular instance of abstraction 
 Certain details irrelevant for a given research question are averaged 

out, discarded or merged together 
 E.g. Marr 1 = lumped system 

 Lumping allows focussing on a certain level of explanation 
 However, ultimately models should span different levels of 

abstraction! 
 Otherwise information can be lost 

 E.g. spike coding & information transmission vs. rates  
 (Sophie Denève) 

 This is hard!!! 



Theory, models and data 
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Happy modelling! 
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