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Network Physiology

Plamen – created this promising 

approach

some similarities in System Earth 



Challenge: 

modeling as complex network –

interaction of tipping areas

Cascading (domino-like) or

isolated?



Earth Syst. Dynam., 12, 601–619, 2021

Interacting tipping elements increase risk of climate 

domino effects under global warming



Complex Networks:

Formation of Heterogeneity

(in dynamic behaviour)



Synchronization

(phase, amplitude)

Full - Partial

Clustering

Chimera…



Chimera

• Chimera states are hybrid states characterized 

by the coexistence of localized synchronized 

and unsynchronized dynamics (partial synchro)

• Non-trivial phenomena occurring due to 

symmetry breaking

• First documented:                

Kuramoto/Battogtokh (2002) (791 cit)                 

name given by Abrams/Strogatz (2004) (914 cit)

• Now popular topic in complex systems science 

and applications 



Our first „Chimera“ contribution

But unfortunately not using the 

fancy term CHIMERA (cit 152)



Another Paper in 2008



Two population model

- internal coupling 

K – interpopulation coupling

α - phase shift – asymmetry in coupling



Order Parameter

Order 

parameter

Model via order 

parameter

Frequency distribution of width γ

Bifurcation parameters: K, α and γ



b) State 1 (we) –

Breathing chimera 

(Abrams)

c) State 2 (we) –

Stable chimera 

(Abrams)



Complex Networks



Example: 

Brain Dynamics

Concept: Network of Networks

(Anatomy vs. Functionality)

Network from measured anatomic 

connectivity



System Brain: Cat Cerebal 

Cortex



Connectivity

Scannell et al.,

Cereb. Cort., 1999



Analysis of the network

structure



Hierarchical organization in complex brain networks

a) Connection matrix of the cortical network of the cat brain 

(anatomical)

b) Small world sub-network to model each node in the network (200 

nodes each, FitzHugh Nagumo neuron models - excitable)

➔ Network of networks

Phys Rev Lett 97 (2006),  Physica D 224 (2006), New J Phys (2007), CHAOS (2008), 

CHAOS (2009), Frontiers of Neuroscience (2010)



Density of connections 

between the four communities

•Connections among the 

nodes: 2 … 35

•830 connections

•Mean degree: 15



Parameter: Betweenness

Betweenness Centrality B

Number of shortest paths that connect nodes j and k

Number of shortest paths that connect nodes j and k 

AND path through node i

Local betweenness of node i

(local and global aspects included!)

Betweenness Centrality  B = <       >





Major features of  organization of  cortical 

connectivity

• Large density of  connections (many direct 

connections or very short paths – fast 

processing)

• Clustered organization into functional com-

munities

• Highly connected hubs (integration of  

multisensory information) - superhubs



Data-based network construction

➔ Modelling

Combination: 

macroscopic (data based) &

mesoscopic (FHN neuron models 10000 

elements)



Model for neuron i in area I

FitzHugh Nagumo model

D = 0.03

SW network p = 0.3



Transition to synchronized firing

g – coupling strength – control parameter

Possible interpretation: functioning of the brain 

near a 2nd order phase transition



Functional Organization vs. Structural

(anatomical) Coupling



Cognitive Processes

Problem: Understanding processing of  visual 

stimuli

- Kanizsa-figure as stimulus (virtual figure vs. 

control figure)

- EEG-measurements (500 Hz, 30 channels)

- Multivariate synchronization analysis to identify 

synchronized clusters



Kanizsa Figures





Brain synchronization via light 

stimulation
• Light stimulation via LED flickerng at 5 different 

light intensities and different frequencies in 

rhythmic and jittered regimes

• EEG measurements – Pz used for analysis

• Sampling 1000 Hz

• 5 x 7 intensity-frequency combinations

• Intrinsic frequency in alpha-range determined

• Phases via Hilbert trafo

• Problem: modify brain oscillations?



- Significant Arnold-like tongue for rhythmic stimulation

- No indication for jittered stimulation

- Offers rather simple ways to change brain oscilations

Notbohm, Kurths, Herrmann, Front. Human Neurosc. 2016



2. Macroscopic Modelling 

(2017)  

Now also looking for 

Chimera-like states



Network model

• Topology: Cat brain (as before but a bit 

more refined)

• 65 nodes and 1139 connections

• Dynamics: Hindmarsh-Rose neuronal 

model



HR model

G – coupling matrix (0, 1/3, 2/3, 1)

I – membrane input current (= 4.4)

α - intra connection strength (inside an area/community) 

β - inter             „ (between areas/communities)





SC – spiking chimera-like state BC – bursting chimera-like state

Red – visual, magenta – frontolimbic, green – auditory, blue - SM



SI – synchronized states, IN – incoherent states (small 

blocks)

Based on recurrence plots of phase differences


