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How do you build a complex system?

Example: a human being

Estimate of the number of different cell types 

in an adult human

Image: book.bionumbers.org
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Instructions

Collect the component parts

Mix and shake well ?

• 35 kg Oxygen

• 6.4 kg Hydrogen

• 17.5 kg Carbon

• 1.5 kg Nitrogen

• 1.0 kg Calcium

• 0.54 kg Phosphorus

• 110 g Sulfur

• 72 g Sodium

• 120 g Potassium

• 76 g Chlorine

• 17 g Magnesium

• 18 g Silicon

• 2.5 g Iron (Enough to make a nail!)

• 2.4 g Zinc

• 83 mg Copper

• 31 mg Iodine

• 12 mg Manganese

• 4.2 mg Fluorine

• 6.2 mg Chromium

• 5.4 mg Selenium

• 4.9 mg Molybdenum

• 1 mg Cobalt

Ingredients
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Recipe for a human being

https://blogs.scientificamerican.com/but-not-simpler/excerpts-from-the-mad-scientiste28099s-handbook-the-human-recipe/



How do you build a complex system?

It’s not enough to know the components

We also need to know how each component relate or 

interact with the others 

How do we describe all these interactions ?

We use the language of Networks



Components = Nodes or Vertices

Interactions = Links or Edges

System = Network or Graph

What is a network ?

Network structure is specified by 

adjacency matrix A 
Aij = 1, if a link exists between i and j (  i)

= 0, otherwise 

…and its adjacency matrix

Network…



But this hierarchy does not imply that science X is “just applied Y.” 

At each stage entirely new laws, concepts, and generalizations are necessary, 

requiring inspiration and creativity to just as great a degree as the previous one. 

Psychology is not applied biology, nor is biology applied chemistry. 

Why Networks ? More is Different
Philip W Anderson, Science (1972)

The elementary entities of science X obey the laws of 

science Y. 



Why Networks ?

• Emergence

• in a network of interacting components

• of qualitatively different behavior from that of the 

individual components.

E.g., component = neuron, system = brain

Interactions add a new layer of complexity!

The Importance of Networks

how interactions → complexity at systems-level



Classical Mechanics
N = 1 particle

Relevant variables:

x, p

Thermodynamics
N = 1023 particles

Relevant variables:

P, V, T

Why statistical mechanics ?

Arrow of Time

Statistical Mechanics

Phenomenology: Kepler’s laws

Foundation: Newton’s laws Foundation: The laws of 

thermodynamics (Carnot, Clausisus)

Phenomenology: Boyle’s law etc

Ludwig Botzmann

But wait! Isn’t that …



Why networks in a Statistical Physics school?

Statistical Physics aims to describe the emergent collective 

properties of large number of interacting elements

These properties often depend crucially on the structural 

arrangement of these interactions

Traditionally, the interactions occur in the neighborhood of

elements arranged on a regular lattice in d (=1,2,3, etc.) dimensions

But can we have a more generalized description of the structural 

arrangements ?

Yes, by using the language of Networks

Which brings us to

Or,  as we say, have arbitrary connection topologies
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Almost every phenomenon in lattice systems studied by

statistical physics can be ported to a generalized 

networked structure – and that conforms better to the 

observed arrangement of interactions in real systems

Example: Percolation



Example: Random Walks

Polymers as random walks
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Example: Diffusion

Deviation from a regular lattice

Image: Susan Nash, SlideShare
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Example: Spin ordering
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Image: P-W Ma and S L Dudarev,  Handbook of Materials Modeling (Springer, 2018)



Video: uclaphysicsvideohttps://www.youtube.com/watch?v=T58lGKREubo

Example: Synchronization of oscillators



Why networks?  instead of lattice

Provides a language to more accurately describe the structural 

arrangement of interactions in real systems across the physical, 

biological and social arenas



Networks appear at all scales in the living world

Ubiquity of Networks

10-3 m10-6 m10-9 m 1 m 103 m 106 m

Molecules Cells Organisms Populations Ecologies

Proteins Intra-cellular 

signalling

Neuronal 

communication

Epidemics Food webs













Social Networks in Fictional World
Generally tend to be much simpler than those in reality, but there are exceptions!
Image: www.reddit.com

Marvel Cinematic Universe: 2008-2018 (pre-Infinity War)
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Explaining the rise of the Medici
https://www.youtube.com/watch?v=SFUWvceed5s

Medici: Masters of 

Florence trailer

























How Google's PageRank Algorithm Works

https://www.youtube.com/watch?v=meonLcN7LD4



Beyond networks: Hypergraphs
Networks → pairwise interactions between nodes.

But

Relations may be defined in terms of multilateral rather than just bilateral relations

Many processes involve several components participating together in an interaction, 

e.g., 

(i) substrate A is converted to product B on coming in contact with enzyme C

(ii) a protein complex that comprises more than 2 proteins

A generalized link connecting more than two nodes is a hyperedge

Hypergraph: A network with hyperedges

Can be represented by a bipartite network – a network consisting of two 

different types of nodes, with links occurring only between nodes of unlike type

BA

EC D A B EC D



Multiplex

Inter-dependent

Multilayer Networks Example:  The cell
❑ Protein-protein interaction networks

❑ Metabolic networks

❑ Gene transcriptional regulatory networks

❑ Cell signalling networks
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Introductory Papers & Books
❑ M. E. J. Newman, Networks: An Introduction (2nd edition, 2018) Oxford U Press

❑A. Barrat, M. Barthelemy and A. Vespignani, Dynamical Processes on Complex 

Networks (2008) Cambridge U Press

❑ U. Alon, An Introduction to Systems Biology: Design principles of biological circuits

(2007) CRC Press

❑ S. H. Strogatz: “Exploring complex networks”, Nature 410:268 (2001)

❑ M. E. J. Newman: “The structure and function of complex networks”, SIAM 

Review 45: 167 (2003)

❑ S. N. Dorogovtsev & J.F.F. Mendes, “Evolution of networks”, Advances in 

Physics 51, 1079 (2002)

❑ S. Boccaletti et al, “Complex networks: Structure and dynamics”, Physics 

Reports (2006)

❑ M. E. J. Newman , A.-L. Barabási  and D. J. Watts (eds) The Structure and 

Dynamics of Networks (2006) Princeton Univ Press

❑ D. J. Watts, Six degrees (2004) Penguin

❑A.-L. Barabási, Linked: The New Science of Networks (2002) Perseus



Assignment The Ten Bridges of Chennai

(a) Draw a graph representation of the above by showing land masses as vertices (nodes) & bridges as edges (links). 

(b) Write down the corresponding adjacency matrix, with A as the first node, B as the second node, C as the third 

node and D as the fourth node. 

(c) What is the average path length in the network? 

(d) Is it possible to find an Eulerian walk through the 10 bridges, i.e., one which goes through all the bridges, visiting 

each of them once and once only (analogous to the problem of finding a walk through the seven bridges of 

Konigsberg solved by Euler)? 

If yes, mention the sequence in which each bridge can be traversed in such a walk. 

If no, provide reasons why there may not be such a path. 


