
Metabolic {kinetic} 
model development 

with COPASI
Pedro Mendes

pmendes@uchc.edu
@gepasi

http://www.comp-sys-bio.org
https://copasi.org

mailto:pmendes@uchc.edu
http://www.comp-sys-bio.org/
https://copasi.org/


Scope
• A little bit of history...
• Overview of COPASI and its user ecosystem
• Simulation methods
• Analysis methods
• Reproducibility



• 500 hours of UNIVAC I time
• Euler method for integration, 12-digit numbers
• Many failures of model against experiment but an 

exemplary application of model-based reasoning



BIOSSIM – A generic “biosimulator”

• Model specification and simulation without need for 
programming

• Models can be easily manipulated without having to 
understand specific code

• This is a precursos towards reproducibility, where a 
model becomes independent from the source code 
that runs a simulation 
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● ODE, SDE, or SSA
● Discrete events
● Steady states
● Stability analysis
● Parameter scans
● Sensitivity analysis
● Metabolic Control Analysis
● Time scale separation analysis 

http://www.copasi.org    @COPASI_software

● Optimisation, 
● Parameter estimation
● Cross-sections
● Lyapunov exponents
● Network diagrams
● 2D and surface plots
● GUI and command line versions
● Reads/writes SBML

http://www.copasi.org/
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COPASI development

R24 GM137787 Mechanistic Modeling of Cellular Systems

• Collaboration with Ursula Kummer since 1999
• New GUI, combined Gepasi back-end w/ Kummer’s STODE 

for stochastic simulation
• First public release of COPASI in 2006



● Has now a well-established worldwide user-base
● > 1000 publications that use COPASI
● Around 100 papers published yearly that use COPASI
● Over 10,000 downloads per year

http://copasi.org/Research

http://copasi.org/Research


Citation analysis
• 854 journal articles
• 91 theses
• 33 conf. procs.
• 16 book chapters
• 16 preprints

• Chemistry 204
• Signaling 168
• Metabolism 140
• Biochemistry   64
• Microbiology   63
• Enzymology   59
• Macromol. Biochem.   57
• Cell Biology   56
• Physiology   53
• Immunology   51
• Synthetic Biology   38
• Biotechnology   29
• Pharmacology   24
• Genetics   24
• Biophysics   17
• Genomics   16
• Toxicology   13
• Epidemiology     6
• Whole-Cell Models     5
• Parasitology     5

• PLOS One 44
• J. Am. Chem. Soc. 38
• BMC Sys. Bio. 30
• PLOS Comp. Bio. 28
• Scientific Reports 21
• J. Biol. Chem. 15
• PNAS 15
• FEBS J. 12
• ACS Catalysis 12
• Organometallics 11
• Bioinformatics 11

• Comput. Method    148
• Software       38
• Lab. Method 23
• Theory 18
• Education   6
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Simulation methods available in COPASI
● ODE-based 
● Stochastic differential equations (SDE) 
● Steady-state analysis
● Linear noise approximation
● Gillespie exact methods
● Gillespie approximate methods
● Hybrid ODE-Gillespie methods

● Arbitrary number of compartments
● Compartment sizes can be dynamic (variables)
● Discrete events possible in most simulations



Deterministic and stochastic 
time course simulations



Steady state solutions



The central modeling question

• Given a model of a system: 
how do the parameters affect the state of the 
system?

• Answers explain:
• which parameters have highest effect on desired 

outcomes (eg drug design)
• what properties of the model are more fragile or robust
• which parameters need accurate estimates 

(experimental design)



Analyses of dynamic 
simulations

• Stability analysis: evaluate if steady state is stable
• Sensitivity analysis: measures how much a parameter 

affects a variable (linearization)
• Parameter scanning: perform several simulations at 

different values of one (or more) parameter(s)
• Optimization: find parameter values for optimal states of 

the system (optimal means the maximum or minimum of 
some function of interest)

• Time scale analyses: identify the distribution of time 
scales in the system

• Periodicity analysis: identify periods/frequencies of 
oscillations



Parameter scanning & sampling



Sensitivity analysis & MCA



COPASI – Optimisation



Optimization methods

Based on derivatives:
• Levenberg-Marquardt
• Steepest descent
• Truncated Newton
Direct search:
• Hooke & Jeeves
• Nelder & Mead 
• Praxis

Evolutionary:
• Genetic algorithm
• GA w/ stochastic ranking
• Evolutionary programming
• Evolution strategy w/ 

stochastic ranking
Other stochastic:
• Simulated annealing
• Particle swarm
• Random search



COPASI – Parameter estimation



Programming with COPASI
● Command line simulation engine (CopasiSE)

● Low-level API native C++ w/ bindings for Python, 
Java, R, etc...
• Downloadable from main webpage
• Used by Virtual Cell, Cell Designer, PyCoTools, 

SBpipe, etc. 

● CoRC – accessing COPASI through R 
• https://jpahle.github.io/CoRC/

● BasiCO – accessing COPASI through python
• https://github.com/copasi/basico



Reproducibility in modeling metabolism

● SBML – allows models to be described in a program-
independent way. Models written with older software can 
still be easily run with modern software.

● MIRIAM – describes level of annotation that would allow 
a model and its parts to be easily interpretable

● SED-ML – allows describing model simulations and 
associated output, independently of software

● OMEX – file format that can include SBML, SED-ML, 
data sources, metadata, etc. in a single container

● Biosimulators.org and Biosimulations.org make use of 
these technologies to allow a standard interface to simulate 
the same models across a range of software
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