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Networks are pervasive

Each network can be a complex system with emergent behaviors



Brief history of network science

• Networks are pervasive in the natural and engineered world
• Previously studied in domain-specific silos 
• In the late 1990’s a collection of events lead to the field of network science 

• Data on broad scale degree distributions in the internet
• The Watts-Strogatz “small-world” network
• The Barabasi-Albert “scale free” network 
• The unique properties of power law degree distributions:

• The Robust yet Fragile paradigm
• Epidemic threshold can approach zero 

2005





The term “complex network” is generally used to refer to a 
network with a non-trivial degree distribution and/or one with 
emergent behaviors. 



Behaviors not predicted a priori from the constituent equations of 
motion. 

Synchronization and 
pattern formation. 

Phase transitions
“Tipping points”

Cascading failures. 

What are emergent collective behaviors? 



Structural properties

- Degree distribution
- Many real-world networks across domains have broad scale degree 

distributions 
- Most real-world networks do NOT have exactly power law degree 

distributions (i.e., they are not “scale-free”). 
- Power laws provide some theoretical tools for analysis.

- Diameter

- Assortative/disassortative 

- Component sizes and size distribution 

- Community structure / modularity

- Motifs

- Centrality measures (betweenness, eigenvector, degree, etc.) 



Analysis tools:

Network growth models:
- Provide a theoretical framework for analysis 
- Erdos-Renyi 
- PA and variants
- Optimization models (can give rise to PA)
- Duplication-mutation-complementation

Mathematical tools:
- Rate equations / kinetic theory
- Configuration models
- Generating functions 

• Ensemble of random graphs
• Thermodynamic limit N → ∞
• Equilibrium / Steady-state behavior



• Achievements: 

 - Percolation & extent of connectivity
 - Epidemic thresholds
 - Diffusion and spreading
 - Opinion dynamics 
 - Voter models

- Search on networks
- Network control theory 

Things we can analyze:



Empirical networks :

How to disentangle whether the details of the network 
matter for dynamics unfolding on the network

- Degree preserving rewiring 
- Temporal shuffling for time varying networks 

Can build classifiers to select which theoretical model best fits the 
empirical network but this is NOT model validation. 



Important future directions:

• Multiplex and multilayered networks 
• Higher order interactions beyond dyadic
• Temporally varying networks 

- Can neglect temporal nature if there is separation of timescales:

- Fast dynamics and slow network changes -> topology essentially 
static

- Slow dynamics and fast network changes -> topology changes 
rapidly; mean-field theory 



Multiplex networks



• Grooming

• Huddling 

• Alliances

• Aggression

• Policing

• Submission  

Primate Behavior -- Multiplex Networks 

Affiliative versus competitive 
interactions



Simple targeted removal in multiplex networks

E.g., Goal: destroy aggressive layers, but preserve affiliative layers 



Pareto front: tradeoff both objectives

Quantify how close we are to optimal for each objective:

How much actually destroyed in relation 
maximum possible

How much actually preserved in relation 
maximum possible



Multilayer networks



Multilayer networks
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• Hypergraph coupling: Hyperedges 
representing higher-order 
interactions (dyadic, triadic, etc.)

• Challenge: Hyperedges of all 
order contribute to the dynamics 
and the  stability calculations. 

Example higher-order interactions: 
• Chemical reactions
• Co-authorship networks

Higher order interactions -- Hypergraphs 



Cluster synchronization on hypergraphs

2 clusters 4 clusters 8 clusters

Example hypergraph and admissible cluster synchronization states:

Node evolution: 

Anastasiya Salova, R.D., arXiv:2101.05464



Higher order interactions – simplicial complexes

More constrained than hypergraphs are simplicial complexes

2021



- Network structure 
- Dynamic vs static

- Dynamical processes on networks 
- Diffusion/spreading processes
- SI/SIS/SIR dynamics

- Interplay of structure and function 

- Nodal dynamics and network structure 
can interact to give new emergent 
properties!

Key issue:  Dynamics of and on networks 



Further Resources

• The Network Science Society
https://netscisociety.net

• The Cambridge Networks Network (CNN)
https://www.cnn.group.cam.ac.uk/

• The Complex Systems Society
https://cssociety.org

Journals:
• Network Science, Cambridge Univ Press
• Journal of Complex Networks, Oxford Univ Press
• Applied Network Science, Springer 
• Journal of Physics, Complexity, IoP

Societies and conferences:



Your social networks are essential

• Better mental health 
• Better physical health



Network theory for personal success



Final details – peer assessment form



Final details – peer assessment form
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