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a b s t r a c t

With the rapid development of mobile devices and wireless technologies, mobile internet websites play
an essential role for delivering networked services in our daily life. Thus, identifying website communi-
ties in mobile internet is of theoretical and practical significance in optimizing network resource and
improving user experience. Existing solutions are, however, limited to retrieve website communities
based on hyperlink structure and content similarities. The relationships between user behaviors and
community structures are far from being understood. In this paper, we develop a three-step algorithm
to extract communities by affinity measurement derived from user accessing information. Through
experimental evaluation with massive detailed HTTP traffic records captured from a cellular core net-
work by high performance monitoring devices, we show that our affinity measurement based method
is effective in identifying hidden website communities in mobile internet, which have evaded previous
link-based and content-based approaches.

� 2014 Elsevier B.V. All rights reserved.

1. Introduction

Mobile internet refers to accessing the internet websites from
mobile devices via cellular networks. With the rapid increase of
powerful mobile devices, innovative mobile applications and in-
creased cellular spectrum allocation, the traffic volume of mobile
internet has been growing continuously [1,2]. Video traffic was
57% of all consumer internet traffic in 2012 and is growing [1],
and there have been constant efforts in speeding up content deliv-
ery [3,4] and enhancing user experience [5–7]. To cope with the
explosive growth of data volume and best serve their customers,
mobile network operators need to design and manage their net-
work resources from the overall perspective of the entire mobile
internet. Basically, mobile internet services are delivered to users
via cooperation among mobile devices, cellular networks and web-
sites. From the viewpoint of service providers, user activities are
centered around websites. Therefore, the community structure of
websites can be a rich source of information about the circum-
stance of the mobile internet. In this paper, we propose a new algo-
rithm to extract the community structures of websites in mobile
internet and demonstrate its effectiveness by experiments with
real-world traffic data. In particular, we focus on how to measure
the affinity relationships between websites and use them for

identifying important web communities in the mobile internet
environment.

Despite the decentralized, unorganized and heterogeneous nat-
ure of world wide web, some works have shown that the complex
web system can be described by graphs or networks which capture
the connections between the entities they are made of, such as cli-
ents and websites [8]. In a graph, some nodes maintain closer rela-
tionship with each other than the rest of the graph. The set of such
nodes is usually referred to as community, cluster or module. It is
important and interesting to discover these a priori unknown com-
munity structures in graphs. The purposes of initial works on
investigating the community structures are for structure visualiz-
ing [9,10] and content searching [11,12] in the web environment.
Subsequently, there have been a growing number of works direc-
ted at revealing community structures based on various context
information. In general, these works can be categorized into two
types. The first type is the link-based approach which extracts
community information from the link structure of the hyperlinked
web environments. Another type is the content-based approach
which defines the relationships between websites in terms of sim-
ilarities between their contents, such as title, keywords, descrip-
tion, and words in the web pages. Most of content-based works
use a vectorial representation of web pages to cluster web sites
by related topics. Owing to the semantic relevance between the
definition of relationships between websites in the above two
types [13], some works have been proposed to combine link and
content information for identifying web communities [14].
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Although there has been tremendous interest in identifying
website communities, earlier studies mainly focused on the origi-
nal information of web pages collected by various crawlers or
through web data mining. To a certain extent, the existing relations
between website communities and user behaviors have been over-
looked and are far from being well understood. In this paper, we
carry out the mining of website communities from the user per-
spective by examining detailed HTTP traffic records in mobile
internet. Our traffic records were captured by powerful line-speed
monitoring devices which tracked a 10Gbps trunk link in the back-
bone of a cellular data network. The records consist of complete
information of accessing users, used devices and serving websites.
The rich information allows us to establish the relations between
website communities and accessing users. Based on the examina-
tion of these records, we propose a shared user based affinity mea-
surement between websites and build an affinity graph to
represent the structure of observed mobile websites. However,
the original dense affinity graph may poll too large a set of rela-
tions between nodes that will incur high computational workload
as well as decrease the fidelity of the mining task. So, we modify a
scale-free topology criterion, originally designed for undirected
graph, to transform the full directed affinity graph into a sparse
one by choosing a threshold parameter value that leads to a graph
whose in-degree distribution follows a power law. Then, the influ-
ence score, which represents the importance of each website in the
sparsified affinity graph, can be calculated based on the out-degree
values and weights of its neighbors. At last, all websites are ranked
by the calculated influence scores. The k websites with top scores
and their neighboring websites in the sparsified affinity graph
are identified as top-k website communities. Convincing results
based upon real-word traffic data have substantiated the effective-
ness of our systematic method.

The main contributions of our work are twofold. First, we have
proposed a new algorithm for identifying top-k website communi-
ties in mobile internet. Unlike existing solutions, our method can
identify the hidden community structure from the user behavior
perspective, which cannot be revealed by existing link-based and
content-based community identification approaches. Second, we
have conducted experiments on a large cellular data network with
massive HTTP traffic data to evaluate the effectiveness of our algo-
rithm. Experiments on real-world data show that our algorithm
can effectively identify communities in which websites have
strong affinity relationships. Two novel types of website communi-
ties are identified and explained in the evaluation.

The rest of this paper is organized as follows. Section 2 provides
a brief review of the background and related works. Section 3 de-
tails our proposed method for identifying website communities.
We then present how we evaluate the effectiveness of our method
and discuss the results in Section 4. Finally, we conclude the paper
in Section 5.

2. Background and related works

Website community identification in the web environment has
attracted ample attention in recent years. The most basic and
straightforward approach for identifying communities is grouping
web objects according to their natural hyperlink structure charac-
teristics. A web environment can be modeled as a graph in which a
node represents a website or web page on various contexts and an
edge represents a link from one node to another. After abstracting
the web as a graph, a set of graph theory based mathematical tools
can be applied to detect communities for different purposes. For
example, Gibson et al. [15] defined a hyperlinked community on
web which contains a core of authoritative central node and linked
hub pages. Based on their proposed HITS algorithm [11],

community structures can be derived through the link topology.
Another graph theory tool applied in identifying web communities
is the maximum flow and minimal cut theorem. Flake et al. [16]
defined a community as a set of web pages that link to more pages
in the community than to pages outside the community. Under this
definition, the problem of identifying communities is mapped into
a family of graph partitioning problems. The identification proce-
dure is carried out as a loop for a given number of iterations using
the maximum flow and minimum cut algorithm. Also, Merelo-
Guervs et al. [17] proposed a Self-Organizing Map (SOM) based
method to divide a set of blog websites into communities and pro-
duce a community navigation map. Besides the graph model, vec-
tors are also used to represent the web objects for both content
similarity and hyperlink structure based considerations [18–20].
The advantage of vector representation is that it is suitable for
applying clustering technologies based on well studied vector ori-
ented distance measuring algorithms like k-means and k-nearest
neighbors clustering. For example, works in [21,22] clustered web-
sites by computed distances between vectors, which represent the
topic features and link weights respectively, and both yielded rea-
sonable results.

Owing to the high computational complexity of crawling and
parsing contents and links in web pages, the above link-based
and content-based methods do not scale well, i.e., computationally
expensive in a large scale environment. In addition, absence of user
behavior information in these procedures renders the identified
communities useless in some situations. We present two motivat-
ing examples to understand the importance of identifying user
behavior related website communities in mobile internet. The first
example deals with the replication of hotspot web contents to re-
duce cost and improve user experience. With the increasing band-
width of cellular data networks, users are consuming more
resource-hungry and quality sensitive services on their mobile de-
vices, such as video and online gaming applications. To reduce net-
work traffic from the third party for cost saving and to shorten
response time for improving user experience, mobile operators
tend to build self-owned web servers for replicating hotspot web
contents. Because of the copyright issue, they have to negotiate
with the owners of such websites for importing hotspot contents
one by one. Hence, choosing appropriate websites to replicate in
a limited resource condition including space, power and band-
width is becoming critical. A straightforward method is to replicate
web objects based on the rank of accessing popularity [23]. This
simple approach, however, requires a long time to accumulate en-
ough request statistics for each object. During the collection time,
the hot object may not be popular anymore. Therefore, mobile
operators need a more intelligent method to find correlated popu-
lar websites to be replicated. The second example is the require-
ment of identifying the latent service dependency between
websites. With advances of web services technologies, some
important websites which provide critical web services are hidden
behind other websites, such as authentication server for single
sign-on, advertising content server for advertising display web-
sites, and streaming servers. The relations between these service
providing websites and supporting websites may not be obvious
in the hyperlink structure because most of them are implemented
by dynamic programming interface rather than static texture link.
The user access logs are the only information that can be relied
onto infer the relationships between websites.

In above two examples, the common goal is to find some com-
munities in which websites are correlated by shared users rather
than hyperlink structure or content similarity. We call such a set
of websites as an affinity community. In this paper, we propose a
means to identify such communities by: (a) considering the rela-
tionships between websites based on the user behavior informa-
tion, (b) quantifying the top-k important communities, and (c)
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