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Hierarchical structure and the prediction of missing

links in networks

Aaron Clauset'”, Cristopher Moore'*~ & M. E. J. Newman™'

Networks have in recent years emerged as an invaluable 100l for
describing and quantifying complex systems in many branches of
science’. Recent studies suggest that networks olten exhibit hier-
archical organization, in which vertices divide into groups that
further subdivide into groups of groups, and so forth over multiple
scales. In many cases the groups are found to correéspond to known
functional units, such as ecological niches in food webs; modules
in biochemical networks (protein interaction networks, metabolic
networks or genetic regulatory networks) or communities in social
networks™. Here we present a general technique for inferring
hierarchical structure from network data and show that the exist-

s mn mlh hlcccsalasr ax=m lomsilbamanizele remlals csmd scaneitaeboalo

to detect and analyse the hierarchical structure, if any, of networks in
the real world. We accomplish this by fitting the hierarchical model
to observed network data by using the tools of stanstical inference,
combinmg a maximum-likelihood approach™ with a Monte Carlo
sampling algorithm'™ on the space of all possible dendrograms. This
technique allows us to sample hierarchical random graphs with prob-
ability proportional to the likelihood that they generate the observed
network. To obtain the results deseribed below we combine informa-
tion from a large number of such samples, each of which is a rea-
sonably likely model of the data. 5

The success of this approach relies on the flexible nature of our
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links in networks

Aaron Clauset'”, Cristopher Moore'*~ & M. E. J. Newman™'

Networks have in recent years emerged as an invaluable 100l for
describing and quantifying complex systems in many branches of
science’. Recent studies suggest that networks olten exhibit hier-
archical organization, in which vertices divide into groups that
further subdivide into groups of groups, and so forth over multiple
scales. In many cases the groups are found to correéspond to known
functional units, such as ecological niches in food webs; modules
in biochemical networks (protein interaction networks, metabolic
networks or genetic regulatory networks) or communities in social
networks™. Here we present a general technique for inferring
hierarchical structure from network data and show that the exist-
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to detect and analyse the hierarchical structure, if any, of networks in
the real world. We accomplish this by fitting the hierarchical model
to observed network data by using the tools of stanstical inference,
combinmg a maximum-likelihood approach™ with a Monte Carlo
sampling algorithm'™ on the space of all possible dendrograms. This
technique allows us to sample hierarchical random graphs with prob-
ability proportional to the likelihood that they generate the observed
network. To obtain the results deseribed below we combine informa-
tion from a large number of such samples, each of which is a rea-
sonably likely model of the data. 26

The success of this approach relies on the flexible nature of our
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