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Virtual physical organisms 
in a computer simulation



Enter the worm: c. elegans

7ÈÁÔȭÓ 
up, baby?



)Î ÓÅÁÒÃÈ ÏÆ ÎÁÔÕÒÅƦÓ ÄÅÓÉÇÎ 
principles via simulation

ÅHow can a humble worm regulate itself?

ïReproduces

ïAvoids predators

ïSurvives in different chemical and temperature 
environments

ïSeeks and finds food sources in an ever changing 
landscape

ïDistributes nutrients across its own cells

ïManages waste and eliminates it



Enter the worm: c. elegans

)ȭÖÅ ÏÎÌÙ ÇÏÔ 
1000 cells in 
my whole 
ÂÏÄÙȣ ÐÌÅÁÓÅ 
simulate me!



Worm structure

Á~1000 cells

Á302 neurons

Á50k synapses

Á95 muscles



A complete simulation of the 
×ÏÒÍƦÓ ÂÒÁÉÎƗ ÂÏÄÙ ÁÎÄ 
environment

Simulated
World

Detailed 
simulation 
of  worm 
body

Detailed 
simulation 
of  worm 
neurons



The goal: understanding a 
faithfully simulated nervous 
system end to end

Extracting mathematical principles from simple nervous 
systems is necessary if we are going to understand and 
reconstruct the much larger nervous system of the human.



Outreach: put the model 
online and let the world 
play with it

ÅSex: Hermaphrodite
ÅInterested in: 
Escaping my worm 
Matrix
ÅRelationship status: 
Its complicated.



How much do we know about the 
worm?
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Full connectome

Varshney, Chen, Paniaqua, Hall and Chklovskii, 2011



Entire cell lineage mapped
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Entire cell lineage mapped



Imaging of cellular dynamics

SreekanthChalasani, Salk Institute



Behavior



P. Sauvageet al. / Journal of Biomechanics 
2011

Biomechanics



Plan overview

ÅSooner

ïConductance based model of muscle cells

ïPhysical model of muscle cell forces

ïPhysical model of worm body with forces from 
environment



Conductance model of c. elegans
muscle cell

Boyle & 
Cohen, 20
07



aǳǎŎƭŜ ŎŜƭƭ ǿƛǘƘ άŀǊƳǎέ

Cell Body

5 arms, 
10 compartments 

each, passive 
currents

Cell body, 1 
compartment, active 

currents

Boyle & 
Cohen, 20
07



The connectional currents
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body wall muscle cells
(adult worm)
cell lineage shown:
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Simplified quadrants of muscle cells
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Equivalent circuit diagram

Boyle & 
Cohen, 20
07



Relationship between muscle action 
potentials and muscle contraction

Gaoet al, 2011



Simulation of swimming organisms: coupling internal mechanics with external fluid dynamics 
(2004). R. Cortez, L. Fauci, N. Cowen, R. Dillon. Simulation of 3D c. elegans (interaction of an 
elastic structure with its surrounding fluid) is discussed among other things.
Modeling nematode swimming (2008)R. Tyson, J. Hebert, C. Jordan, L. Fauci. 
Options: boundary-layer mesh joining regular mesh /
adaptive mesh-refinement of regular mesh / immersed boundary method. 

Contemplating options for physical 
body and environment simulation

http://129.81.170.14/~cortez/Prints/thur2.pdf
http://129.81.170.14/~cortez/Prints/thur2.pdf
https://people.ok.ubc.ca/rtyson/Research/Mtl2008.pdf


Estimates of computational complexity

ÅMechanical model

ï~5 Tflops

ÅMuscle / Neuronal conductance model

ï~240 Gflops



GPU vsCPU performance increase

Source: http://csgillespie.wordpress.com/2011/01/25/cpu-and-gpu-trends-over-time/
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Plan overview

ÅSooner
ïConductance based model of muscle cells

ïPhysical model of muscle cell forces

ïPhysical model of worm body with forces from 
environment

ÅLater
ïConductance based model of neurons

ïDiffusion based model of neurons

ïΧΚ

ïtŀǊŀƳŜǘŜǊ ƻǇǘƛƳƛȊŀǘƛƻƴ ǎȅǎǘŜƳΧ



Parameter optimization

Achard, De Schutter, 2006
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Mechanical model

Palayanov, Khayrulin, Dibert (submitted)
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3D body plan

Christian Grove, Wormbase
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