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Self-organized Dynamics in Networks of Biology and Physics

Biological Networks

• Neurons & neural circuits

• Horizontal gene transfer & 
evolutionary networks

(10−3 − 1010s; 10−5 − 10−1m)

Networks of physical & artificial units

• Network growth & disordered media

• Modern power grids (mind the renewables!)

•• Autonomous robots & network control

(10−2 − 1010s; 10−9 − 106m)
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Mathematical Challenges for Theory

Simultaneous occurrence of:
• Nonlinearity
• High dimensionality
• Complicated Network Connectivity
• Interaction Delays
• Strong Heterogeneities
• Stochasticity

common approach:
Mean Field Theories, Statistical Description, e.g. averaging over network

HelpHelp: : Self-organization & bio-inspired approaches
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Distributed collective grid dynamics …

LocalLocal shutshut--downdown 
 

NonlocalNonlocal impactimpact

Frankf. Allg. Zeitung, 
Nov 5,2006
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… far from fully understood

just just twotwo singlesingle highhigh--powerpower connectionsconnections in in northwestnorthwest Germany Germany cutcut::

 outagesoutages in France, in France, ItalyItaly, , AustriaAustria, , somesome partsparts of Spain, of Spain, 
Portugal, Portugal, thethe NetherlandsNetherlands, , BelgiumBelgium and and MaroccoMarocco


 

DelayedDelayed (30 min)(30 min) consequenceconsequence

>>>>"In "In thethe pastpast, , thesethese operationsoperations werewere oftenoften performedperformed
withwith no no problemsproblems", ", 
E.O.N. E.O.N. officialsofficials declareddeclared in in greatgreat surprisesurprise<< << (Softpedia)

„„WeWe needneed moremore interconnectionsinterconnections““ 
sayssays A.MerlinA.Merlin of RTE, of RTE, France'sFrance's powerpower--gridgrid operatoroperator (Bloomberg)

Which factors determine
the collective dynamics of power grids?
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How does the grid self-organize dynamically?

2000 
• largely centralized
• dominated by large sources 
• almost central control 

20502050
•• moremore distributeddistributed
•• smallersmaller sourcessources
•• lessless controllablecontrollable
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Dynamic oscillator models: between abstract and detailed

Detailed: heterogeneous, component-level, 
dynamic, small-scale

Abstract: homogeneous, statistic,
quasi-static, large-scale

Oscillator model:
• heterogeneous
• coarse-grained
• dynamic
• large-scale
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Coarse, dynamic oscillator model of power grids

Generator Motor

Phase at time t

input/output power

Transmission 
capacity

Images: physik3d.de, Wikipedia



Marc Timme  - Network Dynamics Group, Max Planck Institute for Dynamics & Self-Organization

Oscillator network as dynamical system

“mechanical” relative phase of oscillator i

First derivative (velocity) – damping

Second derivative (acceleration) – inertia

Capacity of each transmission line

= 1 if there is a line between i and j (=0 otherwise)

Power supplied (+) or consumed (–)
Filatrella et al., Eur. Phys. J. B, 61:485 (2008)
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Previous studies on this model

Filatrella et al., Eur. Phys. J. B, 61:485 (2008)

Approximation to Approximation to gridgrid of of ZealandZealand ((DenmarkDenmark))

•• simple simple topologytopology
•• constantconstant parametersparameters

•• simulationssimulations of of impactimpact
of of temporarytemporary perturbationsperturbations
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Mathematical analysis of stationary dynamics (N=2)
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Mathematical analysis of stationary dynamics (N=2)

Globally unstable

(lim
it c

ycle attra
ctor)

“BLACKOUT”

Globally stable
(fixed point 
attractor)

SYNCHRONY

Coexistence

saddle-node

homoclinic

M. Rohden et al., almost accepted
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Computational analysis of networks of different topologies

M. Rohden, et al., almost accepted, 
Phys. Rev. Lett. (2012)

MoreMore & & smallersmaller sourcessources
 larger larger stationarystationary stabilitystability
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Braess paradox: adding lines causes failure
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Mechanism of Braess paradox: geometric frustration

CyclicCyclic phasephase differencesdifferences needneed to to addadd up to up to zerozero
 Additional capacity „breaks the balance“
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Example of Braess paradox on given topology

AddingAdding oneone lineline
desynchronizesdesynchronizes
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Persistent occurrence on model topologies

Small Small worldworld networksnetworks (N=50+50, q=0.1)(N=50+50, q=0.1)

Substantial number of links cause Braess paradox
Dirk Witthaut & MT, under review (2012)
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Summary

Demonstrated some key capabilities of intermediate oscillator model

• complete understanding of basic determin. system (N=2, bifurcations)

• distributed sources  larger (stationary) stability

• Braess paradox (adding lines may be bad)
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Open Research Questions

Open Open QuestionsQuestions & & workwork in in progressprogress

•• responseresponse to to instantaneousinstantaneous perturbationsperturbations ((notnot shownshown)?)?

• Which lines are most critical (not those with highest load) ?

• sensitivity to continuous fluctuations
(mathematical and computational analysis) in sources and consumers

• redistribution of energy (How to get the power where it is needed)
geographically & time-resolved data (sun, wind, consumer demand)

…
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How robust against connection cuts?

Not heavily loaded links, but least redundant links most critical ?



Theoretical Challenges in Network Dynamics: 
Nonlinear Dynamics, Inference, Computation & Behavior

• Network Dynamics and Information Processing
Phys. Rev. Lett. 89:258701 (2002c); Phys. Rev. Lett. 92:074103 (2004a);
Phys. Rev. Lett. 92:074101 (2004b); Phys. Rev. Lett. 93:074101 (2004c); 
Chaos 16:015108 (2006); Nonlinearity 21:1579 (2008);
Phys. Rev. E 78:065201(R) (2008); Phys. Rev. Lett. 102:068101 (2009);
Europhys. Lett. 90:48002 (2010); SIAM J. Appl. Math. 70:2119  (2010);
Chaos, 21:025113 (2011); Phys. Rev. Lett. 107:244101 (2011);

• Network Inference: Design, Reconstruction and Stability 
Phys. Rev. Lett. 97:188101 (2006); Physica D 224:182 (2006); 
Europhys. Lett. 76:367 (2006); Phys. Rev. Lett. 98:224101 (2007); 
Phys. Rev. Lett. 100:048102 (2008); Frontiers in Comput. Neurosci. 3:13 (2009);
Frontiers Comp. Neurosci. 5:3 (2010); New J. Physics. 13:013004 (2011)
Phys. Rev. Lett. 108:218701 (2012); Witthaut & MT, submitted (2012)
small world formula

• Spatio-temporal patterns, control and computation
Phys. Rev. Lett. 89:154105 (2002a); Chaos 13:377 (2003);
Nonlinearity 18:20 (2005); Nature 436:36 (2005);
Neurocomputing 70:2096 (2007); Neurosci. Res. 61:S280 (2008);
Frontiers in Neurosci. 3:2 (2009); Discr. Cont. Dyn, Syst. 28:1555 (2010);
Handbook on Biological Networks (Chapter on ‘Spike Patterns’), World Scientific (2010);
Bick et al., SIAM J. Appl. Dyn. Syst., accepted, (2012); PLoS Comput. Biol. 8:e1002384 (2012); ; 



Theoretical Challenges in Network Dynamics: 
Nonlinear Dynamics, Inference, Computation & Behavior

• Adaptation and autonomous robots via nonlinear dynamics 
Nature Phys. 6:224 (2010); J. Phys. A: Math. Theor. 42:345103 (2009);
Phys. Rev. Lett., under revision (Kielblock et al., 2012) 
Phys. Rev. Lett., 109, 018701 (2012),
new paradigm: heteroclinic computing

• Intelligent coordination and new computational devices 
Phys. Rev. Lett. 88:245501 (2002b); Cornell Rep. 1813:1352 (2007); 
New J. Phys. 11:023001 (2009); J. Phys. A: Math. Theor., 43:175002 (2010);
Nature Phys., 7:265 (2011); New J. Phys., under review (2012)



Marc Timme  - Network Dynamics Group, Max Planck Institute for Dynamics & Self-OrganizationMarc Timme  - Network Dynamics Group, Max Planck Institute for Dynamics & Self-OrganizationMarc Timme  - Network Dynamics Group, Max Planck Institute for Dynamics & Self-Organization

Thanks to …

Questions & Comments Welcome!

Network Dynamics Group @ MPIDS 
Christian Bick David Breuer Wen-Chuang Chou 
Shubham Dipt Federico Faraci Britta Feldsmann
Frederik Fix Carsten Grabow Sven Jahnke
Hinrich Kielblock Christoph Kirst Christoph Kolodziejski
Fabio Schittler-Neves Martin Rohden Andreas Sorge
Heike Vester Gunter Weber Dirk Witthaut

Raoul-Martin Memmesheimer Harvard / Nijmegen

Florentin Wörgötter, Poramate Manoonpong, Theo Geisel, 
Fred Wolf, Jan Nagler, Anna Levina, & Co.   MPIDS & BCCN Göttingen

Silke Steingrube Solar Energy Research, Univ. Hannover

Shuwen Chang, Holger Taschenberger MPI BPC Göttingen

YOU all for your attention !
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