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to browse the web over these networks, the mobile web is

net is browsing the World Wide Web. The advent of advanced expected to become even more important in the future.

browser-enabled cell phones, high-speed wireless networks, and

“unlimited-data” pricing plans is fueling the demand for Web

access on mobile devices. Further, there is an increasing amount

of content in the mobile Web, the set of web pages written
in markup languages (CHTML, XHTML, and WML) designed
specifically for consumption on mobile wireless devices. Under-
standing the structural properties of the WWW can be very
helpful in a variety of applications, such as crawling the web
more efficiently, or performing better search results ranking. So
far, however, this line of investigation has been limited to the
web consisting of HTML pages. In this study we examine the
structural properties of the mobile web graph inferred from a
crawl of mobile markup pages.

We find that the mobile web graph differs in general from the
fixed web in several important ways. Its connectivity is sparser
than the fixed web and its node degree distributions fall off
much more rapidly. We further analyze the web graph in terms
of its bow-tie structure, which has been studied previously for
the fixed web. The properties of the bow-tie structure for mobile
web are quite different from those of the fixed web, such as
having a smaller central core strongly connected component
(SCC) and more disconnectedness. We also find the CHTML
and XHTML/WML subgraphs of the mobile web subgraph
differ significantly, indicating the influence of different usage
and maturity of the mobile web in Japan compared to other
countries. We also consider the domain-level graphs, where all
nodes of a domain are collapsed into a single node and all inter-
domain edges are hidden, and find notable differences between
the fixed and mobile graphs.

To our knowledge this is the first study of the structural
properties of the web graph. We briefly comment on the potential
implications of the findings, focusing on crawl as an example
application.

I. INTRODUCTION

One of the premier applications on the global Internet

In general, mobile phones have a small display size, and
are connected to a relatively low-bandwidth cellular netwo
These factors influence the characteristics of mobile pages
They are often smaller in length, have fewer outgoing links,
and have fewer images, making them different in composition
from fixed web pages. Further, consider theb graph to be
the graph formed by considering each page on the web a node
and each hyperlink an edge between nodes. These factors also
influence the properties of the graph formed by interconaect
of these pages. Fewer outgoing links imply that the graph
formed by the mobile web is sparse compared to the fixed web.
These characteristics have significant implications farce
engines that crawl and serve the mobile web.

The structural properties of the fixed web have been well
studied [1], [5], [7], and models have been proposed that
represent the structure and evolution of the web [9], [10].
In contrast, very little is known the structural propertiefs
the mobile web. In this paper we study the structure of the
mobile web and compare it to that of the fixed web. To the
best of our knowledge, this is the first study that charaotsri
the sparseness and the structure of the mobile web graph in
statistical terms.

Our contributions in this paper are as follows. We describe
first-order statistical characteristics of the mobile webpd,
such as average node degrees. We then analyze the graph
using public-domain software that has been previously fmed
analysis of the fixed web [6]. We show that, like the fixed web,
the mobile web is composed ofbaw-tie structure, which is a
model proposed by Brodet al. [1] to study the fixed web, and
we characterize the properties of this structure. We centra
the bow-tie structures for the fixed and mobile web graphs,

browsing the World Wide Web, with a key task being searchirgghlighting differences in relative sizes of the compasesf

for information using a search engine. We define the mob

lke bow-tie and in degree distributions. We also consider th

web to be the web of pages written in markup languages lIGHTML and XHTML/WML subgraphs separately, since the

CHTML, XHTML and WML, designed for, or particularly
suitable for, consumption on mobile wireless devices sigch

former subgraph corresponds largely to pages for consompti
i@ Japan, a highly evolved mobile data access market. We

cellular phones. The fixed web is the set of web pages writtehow that the CHTML and XHTML/WML subgraphs differ

in HTML.

significantly in their structural properties. Since a sfigaint

The mobile web has been growing steadily. In many couproportion of the edges in both the fixed and mobile graph are

tries the rate of growth of mobile devices exceeds that afmong pages belonging to the same domain, we then consider
desktop PCs. With the increased coverage of high-bandwidlie corresponding domain-level graphs, where all nodes of a
wireless networks, and the availability of hand-held desic domain are collapsed into a single node and all intra-domain



edges are hidden. The comparison of the domain-level fixéd, and OUT, and belong to the Disconnected component. For
and mobile web graphs also shows interesting differences.simplicity, we use Tendrils in this paper to mean the union of

In addition, we illustrate the value of understanding ththe Tendrils and Tubes set.
web structure by considering a particular application, web
crawl. Web crawl is a fundamental web operation that, while
appearing deceptively simple, is challenging and reseurce
intensive. It can be made more efficient and effective when
the structure of the graph that is being crawled is taken into
account.

This paper is organized as follows: Section Il summarizes
the background information required to understand the pape
while Section IIl reviews prior work. We have used multiple
corpora in this study to analyze and contrast the structural
properties of mobile web graph. Each corpus consists of set
of crawled web pages that share a common characteristics.
Section IV describes each corpus and the processing st
used to generate extract the structural properties. Sestio
compares the structural properties of the fixed web graph and
the mobile web graph. Sections VI and VII study the strudtura The structure of the fixed web graph has been been studied
properties of language subgraphs and domain-level graptisdetail [1], [5], [7], [8], [11]. These studies have looked
Then, Section VIII studies the impact of these structur#te distributions of the in-degree, out-degree, size afngfly
differences on the design of a crawling algorithm for theonnected components and Pagerank values and found them
mobile web. Finally, we conclude in Section IX and discusg/l to follow a power-law distributioh Broder et al. [1]
some future directions. introduced the bow-tie model for the fixed web graph. Later

studies [5], [8] have also used this model to characteriee th
Il. BACKGROUND structure of the fixed web graph. Also, the subgraphs of the

We recall some definitions on directed graphs. The odixed web graph formed by clusters of pages sharing a common
degree of a node is the number of edges originating froff@it were observed to retain the structural propertieshef t
it, and the in-degree is the number of edges pointing to ifjxed web graph [5].

A strongly connected component is a set of nodes such thaiVe are not aware of any work that statistically characterize
there exists a path between any pair of distinct nodes tife properties of the mobile web graph.

the set. A directed graph may have many strongly connected
components.

Broderet al. [1] proposed a bow-tie model to visualize the This section describes the corpora we have used in this
structure of the web. The bow-tie model (figure 1) consisgudy. It also describes the processing steps used in ngrivi
largely of three major components: SCC, OUT, and IN. TH&e graph properties.

SCC component consists of a set of. nodes comprising ébgCorpora used in the study

largest strongly connected component in the graph. The S

is at the core of the bow-tie model. Some of the most XHTML, WML and CHTML are the three predominant
prominent pages in the web graph would be part of the scarkup languages used to develop web pages for cell phones.
All the other components of the bow-tie model are definddHTML was developed by NTT DoCoMo and is used pre-
with respect to the SCC. The OUT component refers to t§@minantly in Japan, whereas XHTML and WML are dom-
set of nodes that satisfy two properties: (a) Each node @ thpant markup languages in the rest of the world. We have
set is reachable from at least one node in the SCC, and (b)aitrlyzed the the corpus of XHTML/WML pages separately
node in the SCC is reachable from any node in this set. INff®m that for CHTML pages because of significant differences
the set of nodes such that: (a) There is a path from each nddéheir properties. We discuss these differences in motailde

in this set to at least one node in the SCC, and (b) no notfesection V. These differences stem from the highly evolved
in this set is reachable from any node in the SCC. nature of mobile web in Japan compared to the rest of the

Apart from these three major components, the bow-tiéorld. Both these corpus are based on the Google’s mobile
model consists of three minor components: Tubes, Tendriféeb index of June 2007.
and Disconnected components, all of which do not belong!n this paper, we do not consider the situation where a
to SCC, IN or OUT. Tubes consist of nodes that are onMBobile web page links to another mobile web page only via
directed path from a node in IN to a node in OUT. Tendril@ fixed web page. In that case the two pages are considered
consist of nodes that are either reachable from nodes in the , , o
IN component or can reach nodes in the OUT Componem;NRecall that a discrete random variabte has a distribution with a power-

s tail if Pr(X = z] oc 2—%, for some constante > 1 andz > Tpin,
The remaining nodes are not reachable from any node SGBereq is known as the power-law coefficient.

Disconnected Components

eps
I'—liJg. 1. Bow-tie structure of the web-graph proposed by Bradeal. [1].
IIl. RELATED WORK

IV. METHODOLOGY



to not be connected in the mobile web graph. We believe this and the relative sizes of the different components in the
case is somewhat uncommon, and studying this case further bow-tie structure.

is outside the scope of the present paper. We have developed tools based on the large-scale diswlibute
To compare the characteristics of the mobile web with thgtocessing tool MapReduce to accomplish the first threesstep
of the fixed Web, we have used two different crawls for thﬁtering pages, extracting the under|ying page-|eve| grap
fixed web: and extracting the domain-level graph. We also used these
(i) WebBase 2001 [3]: a publicly available crawl done ino determine the average in- and out- degree of nodes in
2001 by the WebBase project at Stanford and was ust@ graph. We used techniques described in [4] to compute
to study the structure of the fixed web [8]. This corputhe coefficient of the power-law distributions for in- andt-ou
is old and might not accurately capture the characteristiegree. We used the COSIN tools developed by Domhto
of today’s web. However, we still use it as one of thel. [6] to obtain the relative sizes of the different components
references to compare the properties of mobile web the bow-tie structure.
graphs with because one hypothesis in the folklore is Note that we exclude the Fixed Web 2007 corpus when
that today’s mobile web can be regarded as a primiti@mparing page-level graph properties because the COSIN
version of the fixed web. Hence, the properties of ®ols [6] used to derive the relative sizes of the components
snapshot of the fixed web from the past will serve as afi the bow-tie structure cannot handle the scale of thiskgrap
interesting reference point. Webbase 2001 is the earli&taling and parallelizing COSIN tools to handle web graph
publicly available web corpus we could find. This corpuwith billions of nodes is beyond the scope of this paper.
has been analyzed in detail in [8].
(ii) Fixed Web 2007: This corpus is based on the Google’s
web index of June 2007. In this section, we present the characteristics of paget-lev
ayeb graph for mobile. We compare these properties with that
for the fixed web.

V. PAGE-LEVEL GRAPH PROPERTIES

We analyze these web graphs at two different levels of gr
ularity: page-level and domain-level. In tipage-level graph,
each node represents a web page, and an edge represeis fegree Distributions
hyperlink. In thedomain-level graph, each node represents an

. ) Figure V-A shows the in-degree and out-degree distribstion
entire web domain.

for both the XHTML+WML and CHTML corpora. Table |

v v~ compares the average node degree and the coefficient of
E Yool prectird e the power law distribution for both in-degree and out-degre
Graph rap Graph . . . . .
v - distributions for both the corpora with the corresponding
Fiter — statistics for WebBase 2001 (the statistics for WebBasel 200
meres Ln " are taken from Donat@t al. [7]). We make the following
| crapn observations:

Properties

— The average node degree of XHTML/WML as well as
CHTML corpus is considerably smaller than that for Webbase
2001. This implies that these two mobile-web graphs are
significantly sparser. In general, we do expect the mobile we
Fig 2 shows the schematic diagram of the processig@aphs to be significantly sparser than fixed web graph as
pipeline. We describe each of the component in this pipelifigobile web pages tend to have fewer hyperlinks. However,
below. it is interesting to see that the mobile web graph of 2007 is
« Filter Pages of interest: This step applies filters to the sparser than the fixed web of 2001.
data set if any are defined, for example, when we restrict The in-degree and out-degree distributions for both the
our study to pages in a specific language. mobile-web graphs fall according to a power-law. This is-sim
o Extract Underlying Page-level Graph: This involves pars- ilar to the behavior seen in the fixed web, and we believe that
ing the web pages, extracting hyperlinks, and creating generally speaking similar underlying causes operateHer t
adjacency matrix to represent the graph. Note that weobile web. However, note that the out-degree distribstion
retain only those edges which point to a page within tHall off much more rapidly for both the mobile subgraphs than
set of pages being considered. Any link to a page outsifter the fixed web. This implies that there are fewer mobile
this set is simply dropped. pages with a large number of hyperlinks compared to pages
o Extract Domain-level graph: This step collapses all thein Webbase 2001, and is to be expected.
nodes within a domain to auper-node. The super-node — The CHTML corpus has significantly higher average node
inherits all the links originating from and terminating atlegree compared to the XHML/WML corpus (5.06 versus
any nodes within the domain. Any duplicate link betweeB.75), implying that the CHTML web graph has signifi-
a pair of super-nodes is removed. cantly more edges than the XHTML/WML web graph. Since
« Determine Graph Properties. Determine average in- andCHTML pages are almost exclusively consumed in Japan,
out- degrees of nodes, in- and out-degree distributionge hypothesize that this is due to the advanced state of the

Fig. 2. Processing pipeline for extracting graph propsrtie
B. Processing Seps



Corpus Avg node degree Coefficient of power-law distribution
In-degree distribution| Out-degree distribution

XHTML/WML 3.75 2.00 3.49
CHTML 5.06 1.99 4.06
WebBase 2001 7.0 21 2.7
TABLE |
INDEGREE AND OUTDEGREE DISTRIBUTION PROPERTIES FOR BOTH THHOBILE WEB CORPORA AND THEWEBBASE 2001 CORPORA
[ Corpus [ SCC ] IN [ OUT [ Tendrils | Disconnected]
XHTMLWML | 10.5% | 18% | 10.4% | 18.3% 42.7%
CHTML 22% | 25.9% | 14.2% | 22% 15.8%
Webbase 2001 33% | 11% | 39% 13% 4%
TABLE |l
RELATIVE SIZES OF THE VARIOUS COMPONENTS IN THE BOWIE STRUCTURE FOR BOTH THE MOBILE WEB CORPORA AND THEVEBBASE 2001
CORPORA
. . . P . [ Corpus | Language[ Fraction of nodes]
mobile web in Japan; sophisticated mobile phones and faster = =
cellular networks contribute to the creation of richer @t Enlgn”esshe 5%
by publishers. XHTML/WML Russian 13.4%
French 3.4%
B. Bow-tie structural properti German 2.3%
ow-tie structural properties CHTML Japanese 92.3%
Table Il presents the relative sizes of the various compisnen English 5.9%
of the bow-tie structure for XHTML/WML, CHTML, and TABLE I

WebBase 2001 corpus. In general, the mobile web graphs have
larger Disconnected (and Tendril) components, and smaller
SCC and OUT components as compared to the fixed webWe next present the relative sizes of the components of
graph. This data indicates that the mobile web graphs are mtite bow-tie structure for the top three languages in the
disconnected than the fixed graph. They also have a larger XMNTML/WML corpus in Table 1V. For comparison, we also
component than the OUT component which is the reverse pesent the relative sizes for the XHTML/WML corpus as a
what is observed for the fixed web corpus. This implies thathole. We observe that the characteristics of languageifspe
the mobile subgraphs have more pages pointing to the cengiedphs are very different from the aggregate charactesisti
core (SCC) than are being pointed from the core. of the entire XHTML/WML corpus. Of the three language
In addition, we again observe that the characteristics e®nsidered, surprisingly the English language subgraptoist
CHTML corpus are significantly different from that for thedisconnected while the Russian language subgraph is the mos
XHTML/WML corpus. CHTML corpus has larger SCC, largerconnected even though it has fewer nodes than either English
Tendrils, and smaller Disconnected component. This is @ Chinese. At present we do not have an clear explanation
line with our observation earlier that CHTML web graph idor this finding.
considerably more connected than XHTML/WML web graph. We did not perform a similar analysis for the CHTML
Japanese subgraph since the CHTML graph is comprised
VI. LANGUAGE PROPERTIES OF THEMOBILE WEB GRAPH almost entirely of Japanese pages.

DISTRIBUTION OF TOP LANGUAGES

Dill et al. [5] have shown that the fixed web graph has VI
the property ofself-similarity — subsets of pages in the web
graph that all share a common trait often retain the strattur AS described in section IV, we obtained domain-level
properties of the entire graph. To study if this propertydsol 9raphs by collapsing all nodes for a domain into a single
for the mobile web, we split the mobile web corpus based g4Per-node. This allows us to understand the web-graph at
each page’s |anguage, and examine the structural pr(meftiea coarser granularity and extract domain-level features. W
the per-language corpus. present the bow-tie structure properties of the domainl leve
The distribution of the most common languages for bof@faphs for three corpora: XHTML/WML, CHTML, and Fixed
the corpora are shown in Table Ill. Unexpectedly, the to‘ﬁ’eb 2007.
language in the XHTML/WML corpus is Chinese, and not Table V summarizes the average node degree and the rela-
English. In fact the number of Chinese web pages is almdie sizes of the various components of the bow-tie strectur
twice that of English web pages. We speculate that this fgr the three domain level graphs. We make the following
due to the relatively high penetration of WAP in China causeservations:
by different factors like the cheap flat-rate WAP data plans,(i) The average node degree and the size of the SCC
and the relative unavailability of access to desktop PCs [2] for the domain-level graphs is higher as compared to
In contrast, as expected, the top language for the CHTML the corresponding page-level graphs. This implies that
subgraph is Japanese, with English being a distant second. the domain-level graphs are better connected. This is

. D OMAIN-LEVEL GRAPH PROPERTIES



CHTML (In-degree): Power-law coeff = 1.993492, K-S fit = 0.005302 XHTML (In-degree): Power-law coeff = 2.001135, K-S fit = 0.008519
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Fig. 3. Log-log plots of degree distributions. We also useKlolmogorov-Smirnov goodness of fit test [4] to demonstrate tvell the power law distribution
approximates théail of each degree distribution. The KS values lie in the intefoal]; the larger the KS value, the worse the fit.

[ Corpus [ SCC [ IN [ OUT ] Tendrils | Disconnected]
XHTML/WML 10.5% | 18% | 10.4% | 18.3% 42.7%
Chinese 13% 22% 9% 14% 42%
English 2% 3% 7% 25% 63%
Russian 22% | 40% 8% 11% 19%
TABLE IV
RELATIVE SIZES OF THE VARIOUS COMPONENTS IN THE BOWTIE STRUCTURE OF LANGUAGE SUBGRAPHS
[ Domain-level graph [ Avg node degree] SCC [ IN [ OUT [ Tendrils+Disconnected
XHTML+WML (domain-graph) 3.91 40.6% | 40.7% | 2.73% 15.9%
CHTML (domain-graph) 5.56 83% | 16.4% | 0.22% 0.36%
Fixed Web (Google 2007) (domain-grapin) 35.75 93.9% | 5.62% | 0.4% 0.03%
TABLE V

AVERAGE NODE DEGREE AND THE RELATIVE

SIZES OF THE COMPONENTSFOTHE BOW-TIE STRUCTURE OF THE DOMAINLEVEL GRAPHS.

expected because super-node for a domain inherits all fixed web domain-level graphs. Recall from the definition
the in- and out- links of nodes in the domain. that all domains that fall in the IN component do not have

(i) As we observed with page-level graphs, the average node any in-links from any domain in the SCC. In addition we

degree of the domain-level graph for the fixed web is  observe that the XHTML/WML domain-level graph has

much higher than that for both the
CHTML corpus. Between the two,

XHTML/WML and a significantly large Disconnected component, indicating
domain-level graph  that it is fairly disconnected even at the domain level.

for CHTML has higher average node degree than thdiv) The structural differences between domain-level rfebi

for XHTML/WML.

web graph 2001 and fixed web graph 2007 are similar

(i) The XHTML/WML domain level graph has a much to the differences between page-level mobile web graph

larger IN component as compared to the CHTML and the 2007 and fixed web graph (WebBase 2001).



VIIl. A PPLICATION: IMPACT OF STRUCTURE ON IX. CONCLUSIONS ANDFUTURE WORK

CRAWLING ALGORITHMS We study the structure of the mobile web graph and show
that it significantly differs from the fixed web graph. Specif

The structural differences between the mobile webgraph al@!ly: the mobile web graph is sparser, more disconnected
the fixed webgraph raise some interesting issues for crgwliind is less concentrated in the SCC and OUT components
algorithms. Since crawling is resource-intensive, tunihg and more concentrated in the Dls_connected and Tend_rlls
crawl operation to be efficient is important. A crawling algocomponents as compared to the fixed web. We also find
rithm that is well-suited for exploiting the structural peties that the properties of the CHTML mobile web, which is

of the fixed web may not perform nearly as well on the mobil@0stly consumed in Japan, generally lie between those of
web, and vice versa. In particular: the XHTML/WML mobile web and the fixed web. We also

— The degree of disconnectedness inherent in the mobi samine the language characteristics of the XHTML/WML

L A . mobile graph and observe a surprising preponderance of
webgraph can have significant implications for crawl. The i : ) .

. . hinese content. Unexpectedly, we also find the English
portance of a numerous and diverse set of seed URLS mcrea[g(re]s Lace subaranh to be extremely disconnected as compared
for the mobile web. Discovering, characterizing, selegtmd guag grap y b
maintaining such a seed set is also more important and m
involved.

toethe other top languages in the XHTML/WML subgraph.
qrhe structural characteristics of the mobile web graph can
) ) ) ) have significant implications for operations such as créovl,

— Covering the IN component, in particular, requires morgample indicating that the crawling algorithms should use
attention, for example by extensive and judicious seleotib ;merous and diverse seed URLs and should avoid using a
seed URLs in the IN component. This is especially the CagBpth first search.

for the CHTML subgraph. This work is only a first step. Our results motivate the
— A depth-first search strategy for crawl may risk spendingeed for a deeper and more extensive analysis of the steuctur
a disproportionate amount of resources exploring Tendrils of the mobile web. Future work might include performing
disconnected components. This is especially probleméatica more extensive study of the mobile web, proposing an
pages in SCC or OUT are more likely to be of interest talternative to the bow-tie model for the mobile web graph,
most users. better understanding the properties of the language spbgra

— If the amount of content in a given language is an indicatend quantitatively characterizing the impact of the mobile
of user interest in content in that language, this implieat thweb graph structure on the performance of different search
a crawling algorithm could be optimized for crawling siteglgorithms.

in that language (say, XHTML/WML sites in Chinese) and, Acknowledgements We thank our colleagues Justin Wang,
further, perform a deeper crawl for those sites. Of coursdjng Hu, and Yevgeniy Miretskiy for their help in our pro-
the danger is that this becomes a self-reinforcing cyclecemcecessing of data, and Arup Mukherjee, Matthieu Devin, and
efficient and deeper crawl of such language-specific sit¥igla Ha for invaluable discussions.

will result in more content in those languages. Thus any

optimization of this nature needs to be applied carefully, f | A Broder, R.K £ Maghoul. B. Ragh S Rai 2.S
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