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What is a model in computational 
(neuro)biology?



What is a model? A preliminary definition

A model is a quantitative description of a system, or the 
components of a system and their relationships, and 
their evolution 
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Artificial neuron: theoretical

McCulloch, Pitts (1943) Bull Math Biophys 5: 115-133.

O

I



Leaky integrate and fire: phenomenological
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Lapicque (1907) J Physiol Pathol Gen 9: 620-635.



Conductance-based: mechanistic
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Hodgkin, Huxley (1953) J Physiol 117: 500-544



3D-model: descriptive

Richards et al (2005) PNAS 
102: 6166-6171



What is a model? A more relaxed definition

A model is a quantitative description of a system, or the 
components of a system and their relationships
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Rall (1959) Exp Neurol 1: 491-527.

The Purkinje Neuron

1 Neuron

> 3000 compartments

De Schutter (1994) J Physiol 71: 375-400.



Connectivity: Qualitative

Izhikevich, Edelman (2008) PNAS 
105:  3593-3598



What is a model? A final definition?

A model is a formal description of a system, or the 
components of a system and their relationships



Functional assembly

Markram (2006) Nat Rev Neurosci 7: 153-160.

10 000 Neurons

~100 compartments

The neocortical column of
the blue-brain project



A whole organ

1 000 000 Neurons

10-50 compartments

1 000 000 000 synapses

The thalamo-cortical system

Izhikevich, Edelman (2008) PNAS 105:  3593-3598



Signalling pathways: logic

Kennedy et al (2005) Nat Rev Neurosci 6



Signalling pathways: ODEs
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Biophysical models of signalling

Stefan et al (2008) 
PNAS, in the press



Agent-based models

Each molecule is an object. 

Real space diffusion

Tolle (2006) 
Curr Bioinfo 1: 315-320



 Signalling in multi-compartment models

Upinder Bhalla (personal communication)



Neuronal
system

Electrical behaviour

Biochemical processes

Quantitative representation

Qualitative representation

Logical interactions
and inferences

Space and diffusion

Multi-compartment model

Geometry and topology

Cellular network Molecular network



What do-we need to understand each other?

Standard formats

BioPAX

Systems Biology Markup Language (SBML)

Systems Biology Graphical Notation (SBGN) 

Guidelines

Minimum Information Requested In the Annotation of Models

Minimum Information About a Simulation Experiment

Ontologies

BioPAX ...

Systems Biology Ontology

Kinetic Simulation Algorithm Ontology (KiSAO)

Terminology for the Description of Dynamics (TeDDy) 





What is a SBML?

Website: SBML is a computer-readable format for 
representing models of biochemical reaction networks 
[...]. It's applicable to models of metabolism, cell-
signaling, and many others.



What is a SBML?

Website: SBML is a computer-readable format for 
representing models of biochemical reaction networks 
[...]. It's applicable to models of metabolism, cell-
signaling, and many others.

SBML allows to encode models of biological processes 
unambiguously, so that any simulation software 
interpret them the same way.

SBML core element is the reaction, not the variable. 
The final mathematical representation is built by the 
reading software.

SBML is neutral when it comes to simulation 
approaches and algorithms.



What can we encode in SBML?



What can we encode in SBML?
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What can we encode in SBML?
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What can we encode in SBML?
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events

What can we encode in SBML?



<?xml version="1.0" encoding="UTF­8"?>
<sbml level="2" version="1" xmlns="http://www.sbml.org/sbml/level2">
  <model>
    <listOfCompartments>
      <compartment id=”cell” />
    </listOfCompartments>
    <listOfSpecies>
      <species id=”A” compartment=”cell” initialConcentration=”1”/>
      <species id=”B” compartment=”cell” initialConcentration=”0”/>
    </listOfSpecies>
    <listOfParameters>
      <parameter id=”kon” value=”1”/>
    </listOfParameters>
    <listOfReactions>
      <reaction>
        <listOfReactants>
          <speciesReference species=”A” />
        </listOfReactants>
        <listOfProducts>
          <speciesReference species=”B” />
        </listOfProducts>
        <kineticLaw>
          <math xmlns=”http://www.w3.org/1998/Math/MathML”>
            <apply>
              <times />
              <ci>kon</ci>
              <ci>A</ci>
              <ci>cell</ci>
            </apply>
          </math>
        </kineticLaw>
      </reaction>
    </listOfReactions>
  </model>
</sbml>
 

A → B

http://www.sbml.org/sbml/level2
http://www.w3.org/1998/Math/MathML


A more realistic example ...

<species 
    id=”A” 
    name=”­tubulin”
    compartment=”cell”
    initialAmount=”1000”
    substanceUnits=”item”
    hasOnlySubstanceUnits=”true”
    boundaryCondition=”true”
    constant=”false”
    charge=”0”
    metaid=”PX” >
  <notes>
    <body xmlns=”http://www.w3.org/1999/xhtml”>
      <p>One of the components of microtubule</p>
    </body>
  </notes>
  <annotation>
    <rdf:RDF 
        xmlns:bqbiol="http://biomodels.net/biology­qualifiers/" 
        xmlns:bqmodel="http://biomodels.net/model­qualifiers/"
        xmlns:rdf="http://www.w3.org/1999/02/22­rdf­syntax­ns#">
      <rdf:Description rdf:about="#PX">
        <bqbiol:is>
          <rdf:Bag>
            <rdf:li rdf:resource="http://www.uniprot.org/#P68370"/>
            <rdf:li rdf:resource=”http://www.geneontology.org/#GO:0045298”/>
          </rdf:Bag>
        </bqbiol:is>
      </rdf:Description>
    </rdf:RDF>
  </annotation>
</species>

http://www.w3.org/1999/xhtml
http://biomodels.net/model-qualifiers/
http://www.uniprot.org/#P68370


SBMLeditor

http://www.ebi.ac.uk/compneur-srv/...

Rodriguez et al. (2007) 
BMC Bioinformatics, 8:79



SBML is not limited to biochemistry!

Rate Rules can describe the temporal evolution of any 
quantitative parameter, e.g. transmembrane voltage;

Events can describe any discontinuous change, e.g. 
neurotransmitter release;

A species is an entity participating to a reaction, not 
always a chemical entity:

It can be a molecule

It can be a cell

It can be an organ

It can be an organism

Systems Biology is scale-free!  



SBML Levels

Level 1 (March 2001)

Predefined kinetics functions

One type of reactive substance

ISO646 encoding

Level 2 (June 2003)

Function definitions

Modifier species

Events

All math in MathML

Unicode encoding

Level 3 (dev started)

Hucka et al (2003)
Bioinformatics 19: 524-531

Hucka et al (2004)
IEE Systems Biology 1: 41-53



Newest: SBML Level 2 Version 3 release 2

Released on September 26th 2007

Simpler and cleaner (units ...)

Generic entities (compartmentType, speciesType)
path to generalised reactions

Constraints and initialAssignments

Controlled (MIRIAM) annotations (+ links to SBO)

Backward compatible with Level 2 Version 1

More detailed and bug-free  specification ... 166 pages, 
10pt, small margin. 

Hucka et al (2007) Nat Precedings 
DOI:10101/npre.2007.58.2



SBML Level 3

Modular SBML, with common core + optional packages

Graph Layout (certain; already in use in Level 2 as 
annotation, shared by several software)

Generalised reactions [one definition for all compartments] 
(probable)

Model composition [models based on submodels] (probable)

Complex species (multi-components multistates) (probable)

Formal modeling [logical, petri-net etc.] (probable)

Arrays or sets of entities (maybe)

Geometry of physical entities (maybe)

Spatial anisotropy and movements (maybe)

Dynamic compartments (maybe)

???



SBML development process

Editorial board

1 chair (head of SBML-team) 

5 elected editors. Single 3 year term.

One SBML “forum” a year

 General discussion about the evolution of the language

 Presentation of SBML-compliant software

One SBML “hackathon” a year

Development of SBML-supporting tools

Implementation of SBML-support

Writing of specification

Communication tools

SBML-announce mailing list

SBML-discuss mailing list

Sourceforge trackers to debug the specification



Is SBML enough? What's missing?

An SBML model lists participants, but does not identify 
them.

An SBML model contains mathematical expressions, 
but does not tell-us what they mean, and how they are 
derived. 

An SBML model constructed for a certain modelling 
approach may not be usable straight-away within 
another modelling framework.

⇒  SBML models cannot be easily searched
    SBML models cannot be easily converted
    SBML models cannot be easily merged 



Minimum Information Requested in the 
Annotation of Models(MIRIAM)

requirements for
reference correspondence

scheme for
encoding annotations

model attribution 
and generation

annotation of
model components

MIRIAM guidelinesMIRIAM guidelines

Le Novère et al (2005) 
Nat Biotech  23: 1509-1515



requirements for
reference correspondence

scheme for
encoding annotations

model attribution 
and generation

annotation of
model components

MIRIAM guidelinesMIRIAM guidelines

Minimum Information Requested in the 
Annotation of Models(MIRIAM)



MIRIAM annotation

Data-Type
(required)

URI

Not a URL, 
not a “Web-
address”!



MIRIAM annotation

Data-Type
(required)

URI

Identifier
(required)

text string

Identifier
(required)

text string

Not a URL, 
not a “Web-
address”!

Format depends
on the resource

identified by
the data-type



MIRIAM annotation

Data-Type
(required)

URI

Identifier
(required)

text string

Qualifier
(optional)

text string

Identifier
(required)

text string

Not a URL, 
not a “Web-
address”!

Format depends
on the resource

identified by
the data-type

Controlled 
vocabulary

established by
the community



MIRIAM annotation

Data-Type
(required)

URI

Identifier
(required)

text string

Qualifier
(optional)

text string

Identifier
(required)

text string

Not a URL, 
not a “Web-
address”!

Format depends
on the resource

identified by
the data-type

Controlled 
vocabulary

established by
the community

The data-type and the identifier can be combined in a single URI

urn:miriam:MyResource:MyIdentifier



MIRIAM Resources

MIRIAM Database 
Core element of the resource, storing all the 
information about the data-types and associated 
information;

MIRIAM Web Services
SOAP-based application programming interface (API) 
for querying MIRIAM Database

MIRIAM Library 
Library to use MIRIAM Web Services

MIRIAM Web Application 
Interactive web interface for browsing and querying 
MIRIAM Database, and submit or edit data-types.

Laibe, Le Novère (2007) 
BMC Systems Biology, 1: 58







Qualification of annotation

model element

biological 
entity A

biological 
entity B

annotation

represents represents

qualifier

relationship



Qualification of annotation

species MPF

M-phase
promoting factor

CDC2

UniProt P04551

represents represents

bqbiol:hasPart

has a part



Qualification of annotation

reaction MKPase

MAPK
dephosphorylation

phosphoprotein
phosphatase

EC 3.1.3.16

represents represents

bqbiol:isVersionOf

is a version of



Current BioModels.net Qualifiers

bqmodel:is The modelling object represented by the model component is the subject 
of the referenced resource. 

bqmodel:isDescribedBy The modelling object represented by the component of the 
encoded model is described by the referenced resource.

bqbiol:is The biological entity represented by the model component is the subject of 
the referenced resource.

bqbiol:hasPart The biological entity represented by the model component includes 
the subject of the referenced resource, either physically or logically.

bqbiol:isPartOf The biological entity represented by the model component is a 
physical or logical part of the subject of the referenced resource

bqbiol:isVersionOf The biological entity represented by the model component is a 
version or an instance of the subject of the referenced resource.

bqbiol:hasVersion The subject of the referenced resource is a version or an instance 
of the biological entity represented by the model component.

bqbiol:isHomologTo The biological entity represented by the model component is 
homolog, to the subject of the referenced resource, i.e. they share a common 
ancestor.

bqbiol:isDescribedBy The biological entity represented by the model component is 
described by the referenced resource.



Current BioModels.net Qualifiers

NEW

bqbiol:encodes The biological entity represented by the model component encodes, 
directly or by transitivity the subject of the referenced resource.

bqbiol:isEncodedBy The biological entity represented by the model component is 
encoded, directly, or by transitivity, by the subject of the referenced resource. 

bqbiol:occursIn The biological entity represented by the model component takes 
place in the subject of the referenced resource. 



SBML and MIRIAM

<species id="Ca_calmodulin" metaid="cacam">
  <annotation>
    <rdf:RDF
        xmlns:rdf="http://www.w3.org/1999/02/22-rdf-syntax-ns#"
        xmlns:bqbiol="http://biomodels.net/biology-qualifiers/">
      <rdf:Description rdf:about="#cacam">
        <bqbiol:hasPart>
          <rdf:Bag>
            <rdf:li rdf:resource="urn:miriam:uniprot:P62158"/>
            <rdf:li rdf:resource="urn:miriam:obo.chebi:CHEBI%3A29108"/>
          </rdf:Bag>
        </bqbiol:hasPart>
      </rdf:Description>
    </rdf:RDF>
  </annotation>
</species>  

    



<reaction id="r3b" 
  name="phosphorylation of MAPKK"
  metaid="_506913">
  <annotation>
    <rdf:RDF 
      xmlns:rdf="http://www.w3.org/1999/02/22­rd ... 
      xmlns:bqbiol="http://biomodels.net/biology ... 
      xmlns:bqmodel="http://biomodels.net/model­ ...
      <rdf:Description rdf:about="#_506913">
        <bqbiol:isVersionOf>
          <rdf:Bag>
<rdf:li  rdf:resource="urn:miriam:ec­code:2.7.11.25"/>
          </rdf:Bag>
        </bqbiol:isVersionOf> 

annotation resolver



<reaction id="r3b" 
  name="phosphorylation of MAPKK"
  metaid="_506913">
  <annotation>
    <rdf:RDF 
      xmlns:rdf="http://www.w3.org/1999/02/22­rd ... 
      xmlns:bqbiol="http://biomodels.net/biology ... 
      xmlns:bqmodel="http://biomodels.net/model­ ...
      <rdf:Description rdf:about="#_506913">
        <bqbiol:isVersionOf>
          <rdf:Bag>
<rdf:li  rdf:resource="urn:miriam:ec­code:2.7.11.25"/>
          </rdf:Bag>
        </bqbiol:isVersionOf> 

annotation resolver



<reaction id="r3b" 
  name="phosphorylation of MAPKK"
  metaid="_506913">
  <annotation>
    <rdf:RDF 
      xmlns:rdf="http://www.w3.org/1999/02/22­rd ... 
      xmlns:bqbiol="http://biomodels.net/biology ... 
      xmlns:bqmodel="http://biomodels.net/model­ ...
      <rdf:Description rdf:about="#_506913">
        <bqbiol:isVersionOf>
          <rdf:Bag>
<rdf:li  rdf:resource="urn:miriam:ec­code:2.7.11.25"/>
          </rdf:Bag>
        </bqbiol:isVersionOf> 

annotation resolver



Can-this be understood by biologists?

<?xml version="1.0" encoding="UTF­8"?>
<sbml level="2" version="1" xmlns="http://www.sbml.org/sbml/level2">
  <model>
    <listOfCompartments>
      <compartment id=”cell” />
    </listOfCompartments>
    <listOfSpecies>
      <species id=”A” compartment=”cell” initialConcentration=”1”/>
      <species id=”B” compartment=”cell” initialConcentration=”0”/>
    </listOfSpecies>
    <listOfParameters>
      <parameter id=”kon” value=”1”/>
    </listOfParameters>
    <listOfReactions>
      <reaction>
        <listOfReactants>
          <speciesReference species=”A” />
        </listOfReactants>
        <listOfProducts>
          <speciesReference species=”B” />
        </listOfProducts>
        <kineticLaw>
          <math xmlns=”http://www.w3.org/1998/Math/MathML”>
            <apply>
              <times />
              <ci>kon</ci>
              <ci>A</ci>
              <ci>cell</ci>
            </apply>
          </math>
        </kineticLaw>
      </reaction>
    </listOfReactions>
  </model>
</sbml>
 

http://www.sbml.org/sbml/level2
http://www.w3.org/1998/Math/MathML


Can-this be understood by biologists?



Can-this be understood by biologists?



Can-this be understood by biologists?

Stimulates? but ... 
what exactly?

Associates into?  

Translocates?

No idea. Reciprocal
stimulation?

Is degraded?

Stimulates gene
transcription?



“Everyone” understands that



Enters
The Systems Biology Markup Language



What is SBGN?

A way to unambiguously describe biochemical and 
cellular events in a graphical way

Limited amount of symbols  Smooth learning curve

Can graphically represent quantitative models, 
biochemical pathways, at different levels of granularity

Developed over three years by a growing community

Three languages

Process Diagrams        one state = one glyph, biochemical level

Entity Relationships     one entity = one glyph, biochemical level

Activity Flow                conveptual level

http://www.sbgn.org/

Le Novère et al (2008) 
unpublished



SBGN Process Diagram L1 reference card



Entity Pool Nodes



Auxiliary Units



Process Nodes



Connecting Arcs



Logical Operators



Containers



Metabolic pathway



Submaps



Submaps



Submaps



Multi-cellular example



Genetic regulation



?



Le Novère et al (2007) 
Proc ESCEC2



Systems Biology Ontology vocabularies

Types and roles of reaction participants, including  terms like 
“substrate”, “catalyst” etc., but also “macromolecule”, or 
“channel”

Parameter used in quantitative models.  This vocabulary includes 
terms like  “Michaelis constant” , “forward unimolecular rate 
constant”etc. A term may contain a precise mathematical 
expression stored as a MathML lambda function. The variables 
refer to other parameters.

Mathematical expressions. Examples of terms are “mass action 
kinetics”, “Henri-Michaelis-Menten equation”  etc. A term may 
contain a precise mathematical expression stored as a MathML 
lambda function. The variables refer to the other vocabularies.

Modelling framework to precise how to interpret the rate-law. 
E.g. “continuous modelling”, “discrete modelling” etc.

Event type, such as “catalysis” or “addition of a chemical group”.



\http://www.ebi.ac.uk/sbo/



<listOfCompartments>
  <compartment id=”C” sboTerm=”SBO:0000289”>
</listOfCompartments>
<listOfSpecies>
  <species id=”A” sboTerm=”SBO:0000247” />
  <species id=”B” sboTerm=”SBO:0000247” /
  <species id=”C” sboTerm=”SBO:0000014” />
</listOfSpecies>
<listOfReactions>      
  <reaction sboTerm=”SBO:0000172”>
    <listOfReactants>
      <speciesReference species=”A” sboTerm=”SBO:0000015”/>
    </listOfReactants>
    <listOfProducts>
      <speciesReference species=”B” sboTerm=”SBO:0000011”/>
    </listOfProducts>
    <listOfModifiers>
      <speciesReference species=”C” sboTerm=”SBO:0000014”/>
    </listOfModifiers>
    <kineticLaw sboTerm=”SBO:0000031”>
      <listOfParameters>
        <parameter id=”U” sboTerm=”SBO:0000008”/>
        <parameter id=”V” sboTerm=”SBO:0000025”/>
      </listOfParameters>
    </kineticLaw>
  </reaction>
</listOfReactions>

SBML and SBO

catalysis

substrate

product

Briggs-Haldane equation

Km
kcat

functional compartment

simple chemical
simple chemical
enzyme

catalyst



<listOfCompartments>
  <compartment id=”C” sboTerm=”SBO:0000289”>
</listOfCompartments>
<listOfSpecies>
  <species id=”A” sboTerm=”SBO:0000247” />
  <species id=”B” sboTerm=”SBO:0000247” /
  <species id=”C” sboTerm=”SBO:0000014” />
</listOfSpecies>
<listOfReactions>      
  <reaction sboTerm=”SBO:0000172”>
    <listOfReactants>
      <speciesReference species=”A” sboTerm=”SBO:0000015”/>
    </listOfReactants>
    <listOfProducts>
      <speciesReference species=”B” sboTerm=”SBO:0000011”/>
    </listOfProducts>
    <listOfModifiers>
      <speciesReference species=”C” sboTerm=”SBO:0000014”/>
    </listOfModifiers>
    <kineticLaw sboTerm=”SBO:0000031”>
      <listOfParameters>
        <parameter id=”U” sboTerm=”SBO:0000008”/>
        <parameter id=”V” sboTerm=”SBO:0000025”/>
      </listOfParameters>
    </kineticLaw>
  </reaction>
</listOfReactions>

catalysis

physicalEntityParticipant

GO annotation

Small molecule
Small molecule
Protein

SBML to  BioPAX conversion using SBO

physicalEntityParticipant

physicalEntityParticipant

http://www.biopax.org/



<listOfCompartments>
  <compartment id=”C” sboTerm=”SBO:0000289”>
</listOfCompartments>
<listOfSpecies>
  <species id=”A” sboTerm=”SBO:0000247” />
  <species id=”B” sboTerm=”SBO:0000247” /
  <species id=”C” sboTerm=”SBO:0000014” />
</listOfSpecies>
<listOfReactions>      
  <reaction sboTerm=”SBO:0000172”>
    <listOfReactants>
      <speciesReference species=”A” sboTerm=”SBO:0000015”/>
    </listOfReactants>
    <listOfProducts>
      <speciesReference species=”B” sboTerm=”SBO:0000011”/>
    </listOfProducts>
    <listOfModifiers>
      <speciesReference species=”C” sboTerm=”SBO:0000014”/>
    </listOfModifiers>
    <kineticLaw sboTerm=”SBO:0000031”>
      <listOfParameters>
        <parameter id=”U” sboTerm=”SBO:0000008”/>
        <parameter id=”V” sboTerm=”SBO:0000025”/>
      </listOfParameters>
    </kineticLaw>
  </reaction>
</listOfReactions>

SBML to  SBGN conversion using SBO

http://www.sbgn.org/



https://sourceforge.net/projects/sbo



What is a simulation

A simulation is the instantiation of a model over time, 
using a given algorithmic approach, and a particular 
software: A model can beget simulations giving 
different results!

Logical (boolean or discrete) approach

Deterministic approach

Stochastic approach

Fixed timesteps

Adaptative timesteps

...

Plus ... range of simulations

parameter scan

parameter search/optimisation

phase-plane analysis

bifurcation analysis 

...



Some simulation results from COPASI

Edelstein et al 1996 (BIOMD0000000002)



Some simulation results from COPASI

Edelstein et al 1996 (BIOMD0000000002)

Huang & Ferrell (BIOMD0000000009)



Some simulation results from COPASI

Edelstein et al 1996 (BIOMD0000000002)

Huang & Ferrell (BIOMD0000000009)

Ueda, Hagiwara, Kitanol 2001 (BIOMD0000000022)



Some simulation results from COPASI

Edelstein et al 1996 (BIOMD0000000002)

Huang & Ferrell (BIOMD0000000009)

Ueda, Hagiwara, Kitanol 2001 (BIOMD0000000022)

Bornheimer et al 2004 (BIOMD0000000086)



Minimum Information 
About a Simulation Experiment (MIASE)

Information about the models simulated
MIASE recommends to explicitly define all models used in a simulation by providing a 
specific name and the source of each model. In order to get a desired simulation result, it 
is often not sufficient to use models as such. That is why, changes that have to be 
applied to the model before simulation have to be described. Examples of such changes 
can be the assignment of a new value (e.g. constant, initial concentration), or the change 
of a mathematical expression (e.g. using different enzyme kinetics). simulation settings 
(type of simulation and the corresponding parameters)

Information about the simulation methods used
Each simulation can be characterized by certain types of simulation procedures to be run 
(steady-state, timecourse etc.) and the simulation algorithms used to perform them. The 
information has to be sufficiently detailed so that no arbitrary choices have to be made 
when setting up the simulations. 

Information about the tasks performed
Once simulation settings and changes on the models have been stored, the simulation 
tasks to be undertaken in order to complete the simulation experiment need to be 
specified. Typically, that will involve describing how a simulation procedure has to be 
applied to a specific model, and in which order.

Information about the outputs produced
It is often necessary to define the transformations that have to be applied to the raw 
output of the simulation tasks, and how to provide the final results. These results can be 
numerical or graphical. For instance, a model of a periodic process can provide just 
timecourses showing oscillations; or it can, on the contrary, provide phase diagrams, 
which are more explicit in describing the relationship between variables. An even more 
striking example of the necessity for output definitions is the bifurcation diagram.



Simulation Experiment Description ML

Köhn, Le Novère  (2008) 
CMSB 2008



Models    Simulation    Results              

Minimal 
requirements

Data-model

Ontology

SED-ML ?

?

implements

Makes 
sense of
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