
 Complex Network Analysis

H. Ihshaish & J. Dijkzeul VORtech BV. 
Delft/NL

Software Engineering Case study: “LINC software for 
complex network analysis”

“computational  issues”

LINC School II, Utrecht, The Netherlands

Thursday, April 25, 13
PDF compression, OCR, web optimization using a watermarked evaluation copy of CVISION PDFCompressor
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Large-­‐scale	
  data	
  analysis
 Graph	
  abstrac+ons	
  are	
  very	
  useful	
  to	
  analyze	
  complex	
  data	
  sets.

• Sources of data: simulations, experimental devices, the Internet, sensor networks
• Challenges: data size, heterogeneity, uncertainty, data quality

Social Networks BioInformatics Climate??

Application: e.g., identifying drug 
target proteins

Application: e.g., identifying 
communities, information spread 

modeling

Application: e.g., identify patterns?
analyze spatio-temporal interaction

 of climate data  

....
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Large-­‐scale	
  data	
  analysis
 Graph	
  abstrac+ons	
  are	
  very	
  useful	
  to	
  analyze	
  complex	
  data	
  sets.

Towards better understanding of our 
climate system

“Complex network theory provides a powerful framework to 
statistically investigate the topology of local and non-local 
statistical interrelationships, i.e. teleconnections, in the 
climate system. Climate networks constructed from the 
same global climatological data set using the linear 
Pearson correlation coefficient or the nonlinear mutual 
information as a measure of dynamical similarity between 
regions, are compared systematically on local, mesoscopic 
and global topological scales.”

J.F. Donges, Y. Zou, N. Marwan and J. Kurths, “Complex Networks in Climate 
Dynamics”, Eur. Phys. J. Special Topics 174, 157–179 (2009).
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  “ C o m b i n a t o r i a l p r o b l e m s 
generated by challenges in data 
mining and related topics are now 
central to computational science. 
Finally, there’s the Internet itself, 
probably the largest graph-theory 
problem ever confronted.”

   -  Isabel Beichl &   Francis   
Sullivan, 2008

Computer	
  science,
Scien7fic	
  and	
  Combinatorial	
  Scien7fic	
  Compu7ng,
High	
  Performance	
  Compu7ng
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Combinatorial problems arise in many 
applications:

๏ find shortest/cheapest round trips (TSP)
๏ planning, scheduling, etc
๏ internet data packet routing
๏ protein structure prediction

Combinatorial problems involve finding a 
grouping and ordering of a discrete finite set of 
objects, satisfying a given set of conditions..

Candidate solutions: solution components that 
might be encountered during a solutions 
attempt, but need not satisfy given conditions..

Solutions are candidate solutions that satisfy all 
given conditions...
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Social Network Analysis

WWW

Computational Biology

Scientific Computing

Climate Data analysis

Application Area Problems

community detection,
central entities

marketing
social search

metabolic pathways,
gene regulation

graph partitioning,
coloring, matching

community detection,
super nodes (BC)

Graph Algorithms

Centrality measures

Traversals, 
Shortest paths

Connectivity

Community detection

Graph	
  Analysis
“from	
  Domain-­‐Specific	
  requirements,	
  to	
  Computa7on...”

data size

complexity
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Social Network Analysis

WWW

Computational Biology

Scientific Computing

Climate Data analysis

Application Area Problems

community detection,
central entities

marketing
social search

metabolic pathways,
gene regulation

graph partitioning,
coloring, matching

community detection,
super nodes (BC)

Graph Algorithms

Centrality measures

Traversals, 
Shortest paths

Connectivity

Community detection

Architecture

• Single processing 
unit

• Parallel machines 

- GPUs
- x86 multicore servers
- Massively multithreaded 
clusters, ....
- Multicore clusters,
- Distributed memory clusters,
- Clouds

Graph	
  Analysis
“from	
  Domain-­‐Specific	
  requirements,	
  to	
  Computa7on...”

data size

complexity
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Graph	
  Analysis
“from	
  Domain-­‐Specific	
  requirements,	
  to	
  Computa7on...”

Input data

Find ..

Which algorithm?
factors.....Graph kernel
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Graph	
  Theory:	
  Review

➡ Began in 1735
➡ Bridges of Königsberg (today’s Kaliningrad)

Euler's solution of the Königsberg bridge problem is considered to be the first 
theorem of graph theory.

walk all 7 bridges without crossing each of them ONCE
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Graph	
  Theory:	
  Review
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Graph	
  Theory:	
  Networks	
  and	
  Analysis

a) “Simple” networks

b) Complex networks

• degree distribution
• clustering coefficient
• assortativity, comm. structure,
• hierarchical structure

• Types (Topological features)

• Lattices, random graphs, ....

• Scale-Free: power-law degree  distribution 
(heavy-tailed DD )

• Small-World: small diameter and a high 
clustering coefficient.

• Analysis

1-Element-Level

2-Group-Level

3-Network-Level

•degree, betweenness, 
closeness centralities.

•network clustering 
(communities)

•small world effect 
(network diameter), 
transitivity
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Graph	
  Theory:
Graph	
  (Network)	
  Representa7on:	
  “Data	
  Structure”

space?
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Graph	
  Theory:	
  Review
Graph	
  Representa7on:	
  “Data	
  Structure”

space?

Thursday, April 25, 13
PDF compression, OCR, web optimization using a watermarked evaluation copy of CVISION PDFCompressor



	
  “Data	
  Structure”:	
  Why	
  it	
  maOers??	
  
space and complexity tradeoffs?

➡Adjacency lists use memory in 
proportion to the number edges, which 
might save a lot of memory if the graph 
is sparse. It is fast to iterate over all 
edges, but finding the presence or 
absence of specific edge is slower than 
with the matrix.

➡An adjacency matrix uses O(n*n) 
memory. It has fast lookups to 
check for presence or absence of 
a specific edge O(1), but slow to 
iterate over all edges.

Adjacency matrix Adjacency list
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  “Data	
  Structure”:	
  Why	
  it	
  maOers??	
  
space and complexity tradeoffs?

Adjacency matrix Adjacency list

There is often a time-space-tradeoff involved in such problems, that is, it 
cannot be solved with few computing time and low memory consumption. One 
then has to make a compromise and to exchange computing time for memory 
consumption or vice versa, depending on which algorithm one chooses and 
how one parameterizes it.
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  Running	
  Time	
  for	
  Algorithms:	
  e.g.,

Give	
  me	
  the	
  number	
  of	
  edges	
  in	
  a	
  graph	
  using	
  the	
  adjacency	
  
matrix	
  as	
  a	
  data	
  structure!!

G no of nodes=n

edges = 0;

for (i = 0; i < n; i++) {
  for (j = 0; j < n; j++) { 
        if (Aij == 1)

edges=edges+1;
    }
}

      return edges;

Adjacency matrix AAlgorithm

Runtime = O(n2)

Algorithm	
  Complexity
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Complexity using big-O notation (run time). For a problem of size N:
• a constant-time method is "order 1": O(1)
• a linear-time method is "order N": O(N)
• a quadratic-time method is "order N squared": O(N2)

The running times (rounded up) of different algorithms on inputs of increasing size, for 
a processor performing a million high-level instructions per second, in cases 
where running time exceeds 1025 years, “very long time” is recorded.

	
  Running	
  Time	
  for	
  Algorithms:	
  e.g.,
Algorithm	
  Complexity
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Complexity using big-O notation (run time). For a problem of size N:
• a constant-time method is "order 1": O(1)
• a linear-time method is "order N": O(N)
• a quadratic-time method is "order N squared": O(N2)

The running times (rounded up) of different algorithms on inputs of increasing size, for 
a processor performing a million high-level instructions per second, in cases 
where running time exceeds 1025 years, “very long time” is recorded.

	
  Running	
  Time	
  for	
  Algorithms:	
  e.g.,
Algorithm	
  Complexity

      ??
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Network	
  “Shortest	
  Paths”:	
   Floyd–Warshall algorithm

Algorithm	
  Complexity

6

0   4    7
1   0    2
6  ∞   0

D(0) 
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Graph	
  Analyzing	
  Algorithms:	
  
Network	
  “Shortest	
  Paths”:	
   Floyd–Warshall algorithm

0   4    7
1   0    2
6  ∞   0

0   4    7
1   0    2
6  10   0

0   4    6
1   0    2
6  10   0

0   4    6
1   0    2
6  10   0

D(0) D(1) 

D(2) 

D(3) 

6

time: O(n3)

Space: O(n2)
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Graph	
  Analyzing	
  Algorithms:	
  
Network	
  “Shortest	
  Paths”:	
   Floyd–Warshall algorithm

0   4    7
1   0    2
6  ∞   0
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0   4    6
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D(3) 
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time: O(n3)

Space: O(n2)

Thursday, April 25, 13
PDF compression, OCR, web optimization using a watermarked evaluation copy of CVISION PDFCompressor



Betweenness	
  Centrality
Algorithm	
  Complexity

(same as shortest paths?? )
• Time: O(N3)
• Space: O(N2)

D(0)
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Betweenness	
  Centrality
Algorithm	
  Complexity

(same as shortest paths?? )
• Time: O(N3)
• Space: O(N2)

D(0)
  P[i,j]= k (if less)    
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Graph	
  Analyzing	
  Algorithms
Algorithm	
  Complexity

Betweenness Centrality
• Time: O(N3)
• Space: O(N2) D(1)
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Graph	
  Analyzing	
  Algorithms
Algorithm	
  Complexity

Betweenness Centrality
• Time: O(N3)
• Space: O(N2) D(2)
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Graph	
  Analyzing	
  Algorithms
Algorithm	
  Complexity

Betweenness Centrality
• Time: O(N3)
• Space: O(N2) D(5)
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Parallelism	
  and	
  HPC:	
  “type	
  with	
  both	
  hands,	
  and	
  ten	
  fingers”
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HPC:	
  “Where?”
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HPC	
  and	
  graph	
  analyzing	
  algorithms
	
  

➡Different parallel architectures ➡Different programming models

➡  Different levels of fit to irregular   
problems & graph algorithms
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Challenges
Parallel	
  Algorithms	
  for	
  network	
  analysis

Critical to consider graph size and topology in application 
to architecture mapping
• Can achieve high performance on GPUs if the graph + data structures fit in device 

memory (memory size wall).
• Reasonably good performance on distributed memory clusters if the graph has low 

conductance (can be partitioned w/ low edge cut).

Latency: (memory wall)  as most of memory is hundreds or 
thousands  of cycles away from the processor that wants it.
• Computations that follow the edges of irregular  graphs are  unavoidably 

latency-limited (worst cases with poor locality)...
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Parallel

Parallel
Parallel

Example:	
  Parallel	
  “Shortest	
  Paths”:	
   Floyd–Warshall algorithm

(k-1)

Time > N3/p

 Time > N3/p
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Outline 

Software Engineering
➡ Importance
➡ Process

Network analysis
➡ Data mining and Networks approach  
➡ Computational issues
➡ Parallel network algorithms

Software Production: parallel “Igraph” algorithms
➡ How is it being developed: “SE” 
➡ What next?
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Requirements:
Parallel	
  Algorithms	
  for	
  network	
  analysis

J.F. Donges, Y. Zou, N. Marwan and J. Kurths, “Complex Networks in Climate 
Dynamics”, Eur. Phys. J. Special Topics 174, 157–179 (2009).

Fast and Correct
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Design

➡ Start from scratch ➡ Parallelize an existing library 

Parallel	
  Algorithms	
  for	
  network	
  analysis
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Design

➡ Start from scratch ➡ Parallelize an existing library 

Parallel	
  Algorithms	
  for	
  network	
  analysis
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Design

➡ Start from scratch ➡ Parallelize an existing library 

Selection Criteria:

Data Structure flexibility
Language
Implementation of alternative algorithms
Documentation
Acceptance
Reliability

Parallel	
  Algorithms	
  for	
  network	
  analysis
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Parallel

Parallel

Parallel

Design:	
  Parallel	
  “Shortest	
  Paths”:	
   Floyd–Warshall algorithm

(k-1)

Time > N3/p

 Time > N3/p

Thursday, April 25, 13
PDF compression, OCR, web optimization using a watermarked evaluation copy of CVISION PDFCompressor



Parallel Design BC Algorithm Illustration
SNAP: Small-world Network

Analysis and Partitioning (Madduri and Bader 2009)

Design
Parallel	
  Algorithms	
  for	
  network	
  analysis
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Parallel Design BC Algorithm Illustration
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Design
Parallel	
  Algorithms	
  for	
  network	
  analysis
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Parallel Design BC Algorithm Illustration
SNAP: Small-world Network

Analysis and Partitioning (Madduri and Bader 2009)

Design
Parallel	
  Algorithms	
  for	
  network	
  analysis
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Parallel Design BC Algorithm Illustration
SNAP: Small-world Network

Analysis and Partitioning (Madduri and Bader 2009)

Design
Parallel	
  Algorithms	
  for	
  network	
  analysis
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• Implementation

• Incremental + Versioning 
    (igraph-ori -->v0.1, v0.2 )

• C  -- OpenMP “threads” 

Design
Parallel	
  Algorithms	
  for	
  network	
  analysis
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• Implementation

• Incremental + Versioning 
    (igraph-ori -->v0.1, v0.2 )
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Design
Parallel	
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  for	
  network	
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• Network Construction

• network size?
• time?

What	
  next?
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• Network Construction

• More algorithms

• network size?
• time?

What	
  next?
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• Network Construction

• More algorithms

• network size?
• time?

D
oc

um
en

ta
tio

n

What	
  next?

• Testing....
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