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What is complexity?

• The complexity of a physical system or a dynamical process 
expresses the degree to which components engage in 
organized structured interactions. 

• High complexity is achieved in systems that exhibit a mixture 
of order and disorder (randomness and regularity) and that 
have a high capacity to generate emergent phenomena. 

• There is a broad spectrum of ‘measures of complexity’ that 
apply to specific types of systems or problem domains. 
Despite the heterogeneous approaches taken to defining and 
measuring complexity, the belief persists that there are 
properties common to all complex systems. 



A schematic diagram of the shape of such measures. It should be 
emphasized again that a generally accepted quantitative 
expression linking complexity and disorder does not currently 
exist.



General features of complexity 

• Herbert Simon was among the first to discuss the nature and 
architecture of complex systems (Simon, 1981) and he 
suggested to define complex systems as those that are 
“made up of a large number of parts that have many 
interactions.” 

• Simon goes on to note that “in such systems the whole is 
more than the sum of the parts in the […] sense that, given 
the properties of the parts and the laws of their interaction, it 
is not a trivial matter to infer the properties of the whole.” 



• Components. Many complex systems can be decomposed into 
components (elements, units) having local dynamics, which are 
decomposable into subcomponents, resulting in systems that 
are complex at multiple levels of organization, forming 
hierarchies of nearly, but not completely decomposable 
components. 

• Interactions. Components of complex systems engage in 
dynamic interactions, resulting in integration or binding of 
these components across space and time into an organized 
whole. Interactions often modulate the individual actions of the 
components, thus altering their local functionality by relaying 
global context. 

• Emergence. Interactions between components in integrated 
systems often generate phenomena, functions, or effects that 
cannot be trivially reduced to properties of the components 
alone. 



Hierarchical structure of the brain



Measures of Complexity

• Most extant complexity measures can be grouped into two main 
categories: 

• Members of the first category (algorithmic information content 
and logical depth) all capture the randomness, information 
content or description length of a system or process, with 
random processes possessing the highest complexity since they 
most resist compression. 



Measures of Complexity

• The second category (including statistical complexity, physical 
complexity and neural complexity) conceptualizes complexity 
as distinct from randomness. 

• Here, complex systems are those that possess a high amount of 
structure or information, often across multiple temporal and 
spatial scales. 

• Within this category of measures, highly complex systems are 
positioned somewhere between systems that are highly ordered 
(regular) or highly disordered (random). 



A schematic diagram of the shape of such measures. It should be 
emphasized again that a generally accepted quantitative 
expression linking complexity and disorder does not currently 
exist.





How does the brain process information 
so quickly? 





Complex oscillation and emotion

• Longitudinal variation of global 
entropy (K) and scores to mood 
assessment scale for each subject. 

• Entropy evolution is represented 
with open circles, and corresponds 
to the left ordinate axis scale. 

• Depressive mood modulation is 
depicted with black squares and 
corresponds to the right ordinate 
axis scale. 

• Days of recording are given in 
abscissa. Depressed patients : Mrs. 
G., Mss. S. and Mrs. R.



Complexity during different sleep stages



Approximate Entropy in AD/HD patients



The effect of alcohol on the EEG complexity 
measured by Approximate entropy



This EEG time series shows the transition between interictal
and ictal brain dynamics. The attractor of the inter-ictal state is 
high dimensional (a low level of synchronization), whereas the 
attractor (the ictal part) shows a clearly recognizable structure. 
(Stam, 2003) 



One possible answer for why seizures occur is that:

Seizures have to occur to reset (recover) some 
abnormal connections among different areas in the 
brain. Seizures serve as a dynamical resetting mechanism.



Why are brain ‘oscillations’ so 
complex?



Why complexity?

• Why does complexity exist in the first place, especially among 
biological systems? A definitive answer to this question 
remains elusive. 

• One perspective is based on the evolutionary demands 
biological systems face. The evolutionary success of biological 
structures and organisms depends on their ability to capture 
information about the environment, be it molecular or 
ecological. 

• Biological complexity may then emerge as a result of 
evolutionary pressure on the effective encoding of structured 
relationships which support differential survival. 



Why complexity?

• Another clue may be found in the emerging link between 
complexity and network structure. 

• Complexity appears very prominently in systems that combine 
segregated and heterogeneous components with large-scale 
integration. 

• Such systems become more complex as they more efficiently 
integrate more information, that is, as they become more 
capable to accommodate both the existence of specialized 
components that generate information and the existence of 
structured interactions that bind these components into a 
coherent whole. 

• Thus reconciling parts and wholes, complexity may be a 
necessary manifestation of a fundamental dialectic in nature (cf. 
Scholapedia).



Functional segregation and integration 

• While the evidence for regional specialization in the brain is 
overwhelming, it is clear that the information conveyed by 
the activity of specialized groups of neurons must be 
functionally integrated in order to guide adaptive 
behavior 

• Like functional specialization, functional integration occurs 
at multiple spatial and temporal scales. 

• The rapid integration of information within the 
thalamocortical system does not occur in a particular 
location but rather in terms of a unified neural process. 



How does the brain ‘bind' together the 
attributes of objects to construct a unified 

conscious scene?

• Neurons can integrate frequently co-occurring constellations of 
features by convergent connectivity. However, convergence is 
unlikely to be the predominant mechanism for integration. 

• First, no single (‘master') brain area has been identified, the 
activity of which represents entire perceptual or mental states. 

• Second, the vast number of possible perceptual stimuli 
occurring in ever changing contexts greatly exceeds the number 
of available neuronal groups (or even single neurons), thus 
causing a combinatorial explosion. 

• Third, convergence does not allow for dynamic conjunctions in 
response to novel, previously unencountered stimuli.





• (A) Connections between groups are arranged such that groups with similar 

response selectivity are preferentially connected, are arranged 

anisotropically along the axis of their orientation selectivity, and connection 

density falls off with distance. Segregation and integration are balanced and 

complexity is high. 

• (B) Connection density is reduced. No statistically significant correlations 

exist, and a flat EEG results.

• (C) Connections are of the same overall density as in (A), but are spread out 

uniformly and randomly over the network. The system is fully integrated but 

functional specialization is lost, and complexity is low. 







What are the fundamental principles 
underlying complex brain dynamics? 



Summing up

• A key insight is that network topology, the graph structure of 
the interactions, places important constraints on the system's 
dynamics, by directing information flow, creating patterns of 
coherence between components, and by shaping the emergence 
of macroscopic system states. 

• Complexity is highly sensitive to changes in network topology. 
Changes in connection patterns or strengths may thus serve as 
modulators of complexity. 

• The link between network structure and dynamics represents 
one of the most promising areas of complexity research in the 
near future. 


