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 Nodes are pieces of information Nodes are pieces of information
 Links join the pieces that are related to each 
other in some fashionother in some fashion

 Examples:
 World Wide Web World Wide Web
 Citation Networks
R f i l di References in an encyclopedia
 Internet

l Wireless communication

7/2/2009 Jure Leskovec, Stanford CS322: Network Analysis 2



 Memex [As we may think by V Bush 1945] Memex [As we may think by V. Bush, 1945]
 Observed that information in books is highly linear
 O i ti t ti Our associative memory represents semantic 
network
 Memex is a system that mimics such semantic Memex is a system that mimics such semantic 
networks with knowledge and links between the 
conceptsconcepts
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Gopher:Gopher:
 Similar to Web:
 links

 But:
 No graphics
 Imposes much 
stronger hierarchy –
web of menu items –
like a file system
 Terminal based
“ f ” ( l) “go for” (url)
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 Created by Tim Barners Lee in 1990 in CERN: Created by Tim Barners‐Lee in 1990 in CERN:
 a large hypertext database with typed links
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http://www.w3.org/History/19921103‐hypertext/hypertext/WWW/TheProject.html
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 1989:
 HTTP HTML HTTP, HTML

 1990, Christmas:
 First web server at CERN

 1992‐95: Growth
 1993: first Unix graphical web browser 

– Mosaic
 1994: first WWW conference, W3C is 

formed

Yahoo, 1996

formed
 1996‐98:
 Commercialization of the WWW

 1999‐2001:
 Dot‐com boom

 2002:
 Web is ubiquitous
 Web 2 0 Web 2.0, 
 User generated content (blogs, rss)
 Semantic Web
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Amazon, 1995



Google, 1998
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Microsoft, 1995 MSN, 1996
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E ti t d b f b it ( b ) Estimated number of websites (web servers)
 August 2009: 225 million hostnames
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 Yahoo, 2005:Yahoo, 2005:
 indexed 19.2 billion pages

 Feb 2007:
 Estimate 29 billion pages

 Not clear:
 How do we discoverHow do we discover 
webpages?

 Hidden web (deep web)
Wh t d What does a page mean:
 dynamically generated 
pages
Ti t d URL Time stamped URLs
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 In early days of the Web links were navigational In early days of the Web links were navigational
 Today many links are transactional
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Citations
References in enciclopedia



 How is information on the Web organized?

 How is the Web linked?

 What is the “map” of the Web?
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 Two types of directed graphs: Two types of directed graphs:
 DAG – directed acyclic graph:
 Has no cycles: if u can reach v,Has no cycles: if u can reach v, 
then v can not reach u

 Strongly connected:
 Any node can reach any node
via a directed path

 Any directed graph can be 
expressed in terms of these 
two types
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 Strongly connected component (SCC) is a set Strongly connected component (SCC) is a set 
of nodes S so that:
 Every pair of nodes in S can reach each otherEvery pair of nodes in S can reach each other
 There is no larger set containing S with this 
property
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 Fact: Every directed graph is a DAG on its SCCs.y g p
 SCCs partition the nodes of G (each node in exactly 
one SCC)
 If we build a graph G’ whose nodes are SCCs, and edge 
between nodes G’ if there is an edge between 
corresponding SCCs in G, then G’ is a DAGp g ,
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 Given a directed graph G Given a directed graph G
 Find the smallest set of node A so that every 
node in G is reachable from at least one nodenode in G is reachable from at least one node 
in A.
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 Take a large snapshot of the web and try to understand 
how it’s SCCs “fit” as a DAGhow it’s SCCs “fit” as a DAG.

 Computational issue:
 Say want to find SCC containing specific node v? Say want to find SCC containing specific node v?
 Observation:
 Out(v) … nodes that can be reached from v (BFS out)
 SCC containing is SCC containing v is:
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[Broder et al., ‘00]

 There is a giant SCC There is a giant SCC
 There will not be 2 giant SCCs:
 Just takes 1 page from each to Just takes 1 page from each to 
link to one in other – if the 
components have millions ofcomponents have millions of 
pages  the likelihood of this is 
large

 Broder et al., 2000:
 Weakly connected component: 
90% of the nodes
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[Broder et al., ‘00]

 250 million webpages, 1.5 billion links [Altavista]
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[Albert et al., ‘99]

 Diameter (average directed shortest path length) is 19 (in 1999)
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[Broder et al., ‘00]

 Average distance: 75% of time there is no directed pathAverage distance: 75% of time there is no directed path
 Follow in‐links (directed): 16.12
 Follow out‐links (directed): 16.18Follow out links (directed): 16.18
 Undirected: 6.83

 Diameter of SCC (directed): At least 28( )
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cdfcdfcdf



[Broder et al., ‘00]
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[Leskovec et al. KDD ‘08]

 Take real network plot a histogram of p vs k Take real network plot a histogram of pk vs. k

Flickr socialFlickr social 
network

n= 584,207, 
m=3,555,115
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[Leskovec et al. KDD ‘08]

 Plot the same data on log log axis: Plot the same data on log‐log axis:

Flickr social 
knetwork

n= 584,207, 
m=3,555,115
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 Degrees are heavily skewed: Degrees are heavily skewed: 
Distribution is heavy tailed:
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1E‐25

1E‐23
Power law:
Y ~ X‐2

Exponential
Y ~ e‐X



 Various names kinds and forms: Various names, kinds and forms:
 Long tail, Heavy tail, Zipf’s law, Pareto’s law, 
80‐20 rule80‐20 rule
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 In social systems – lots of power laws: In social systems – lots of power laws:
 Pareto, 1897 – Wealth distribution
 L tk 1926 S i tifi t t Lotka 1926 – Scientific output
 Yule 1920s ‐‐ lots of species of beetles
Zi f 1940 d f Zipf 1940s – word frequency
 Simon 1950s – city populations
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Many other quantities follow heavy‐tailed distributions
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CMU students protesting 
at the G20 meeting in 
Pittsburgh  in Sept 2009
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Pittsburgh  in Sept 2009


