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Abstract. This work addresses the problem of Web searching for pages
relevant to a query URL. Based on an approach that uses a deep link-
age analysis among vicinity pages, we investigate the Web page content
structures and propose two new algorithms that integrate content and
linkage analysis for more effective page relationship discovery and rele-
vance ranking. A prototypical Web searching system has recently been
implemented and experiments on the system have shown that the new
content and linkage based searching methods deliver improved perfor-
mance and are effective in identifying semantically relevant Web pages.
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1 Introduction

In general, the search problem spans a spectrum of activities ranging from a
precise query for a specific subject to a non-specific desire for learning what
information is available. Keyword search systems are commonly used to address
these needs and have worked well in some cases. However, they are limited by a
vague conception of the user’s intent as represented by the few words typical of
a keyword search [I]. These limitations mean that keyword search may not be
a panacea for information retrieval on the Web and different information search
methodologies need to be developed. In this work, we investigate approaches of
search where the input is a Web page URL, and the search system returns a list
of pages that are relevant to the query URL.

The query URL presumably contains useful content, but the user may desire
additional pages that elaborate upon the subject matter found in the query page.
Such pages could provide additional information or another perspective on the
topic. Thus, Web pages that are relevant to the query address the same topic
as the original page, in either a broad or a narrow sense [2]. If the category in
which the pages are related is too broad, however, the returned pages may not
be very useful. In this work, we aim to find pages with the same specific topic.
For example, if the input page describes a security vulnerability, a page that
addresses the same topic may discuss procedures for removing the vulnerability.
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Relevant page search could have several important benefits. A web site URL
often provides copious information that can be used to infer the user’s infor-
mation need. Thus, without significantly increasing the demands made on the
user, the user can specify much more information about their intended results.
Such a mechanism could be invaluable for document-specific needs such as cross-
referencing or locating additional information. It could also be useful in a general
case where a topic cannot be readily simplified to a few words or a phrase, but
a site is available to provide an example of the topic. In addition to direct use in
information retrieval, relevant page search can assist other content organization
processes such as clustering, topic separation or disambiguation, or a Web page
recommendation system based on pages in a user’s search history.

The paper is organized as follows. Some related work is presented in Section
2. In Section 3, we discuss our approaches that integrate content and linkage
analysis, thereby enhancing available information about page relationships and
improving relevant page searching performance. A prototypical content and link-
age based search system has been implemented and is described in Section 4.
The experiments on the system and the evaluations of the ranking strategies are
presented in Section 5. Some concluding remarks are provided in Section 6.

2 Background

Web searching differs from traditional information retrieval because of the Web’ s
massive scale, diversified content and in particular, its unique link structure. The
hyperlinks on the Web not only serve as navigational paths between pages, but
also define the context in which a Web page appears and reflect the semantic
associations of Web pages [7]. The page information embedded in hyperlinks is
useful and can be used for ranking relevant Web pages.

Due to a growing interest in hyperlink analysis, several hyperlink-oriented
methodologies have been developed and successfully applied to Web-related fields
such as search engines, Web mining, clustering and visualization. The hyperlink
analysis has also been used in finding Web pages that are relevant to a topic
defined by a user-specified keyword set or Web page. One well-known and rep-
resentative work in this area is the HITS (Hyperlink Induced Topic Search) al-
gorithm [6] that applies an iteration process to identify pages with topic-related
links (hubs) and topic-related content (authorities) within a page neighborhood.
The HITS algorithm has offered an interesting perspective on page hyperlink
analysis. However, it suffers from the problem of topic drift when the majority
of neighborhood pages are on a different topic from the query. Several HITS ex-
tensions have been proposed that address the problem by either adding linkage
weights or expanding the page neighborhood ([, [2]).

More recently, [5] describes a more direct algorithm named LLI (Latent Link-
age Information) for finding relevant pages through page similarity. For a query
page, it constructs a page neighborhood in two steps. First, it builds one refer-
ence page set (Pu) by selecting a group of its parent (inlink) pages and the other
reference page set (Cu) by a group of its child (outlink) pages. In the second
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step, it builds one candidate page set (BPS) by adding a group of child pages
from each of the Pu pages. Similarly, it builds the other candidate set (FPS) by
adding a group of parent pages from each of the Cu pages. Both candidate sets
BPS and FPS are presumably rich in relevant pages, and their pages are ranked
and returned by the algorithm. The neighborhood page construction is finalized
by merging some of the reference pages and their outlink sets.

For page ranking in LLI, two matrices (Pu-BPS, Cu-FPS) are constructed
to represent the hyperlink relations among the pages. In both Pu-BPS and Cu-
FPS matrices, each column represents a reference page and each row represents a
candidate page. The binary matrix entries indicate if there are page links between
the corresponding reference and candidate pages. LLI then applies the singular
value decomposition (SVD) on the matrices to reveal deeper relationships among
the pages in the rank-reduced SVD spaces.

3 New Approaches (MDP and QCS)

In this section, we present two approaches (MDP, QCS) for finding pages relevant
to a given query page. They build on the LLI algorithm [5] and utilize both page
linkage and content information for accurate page similarity assessment.

To gather Web page content, terms are read from the page title, meta-
description and keywords, and body text, but we limit the term extraction to
the first 1000 words, as in [I]. Next, common words and word suffixes are re-
moved to improve term matching []]. Finally, we use the vector space model [9]
to represent page content and determine content similarity between pages. Each
page has an associated content vector that is represented by the log(tf)-idf term
weighting scheme [3], and the dot product between two content vectors produces
a normalized similarity score for the two pages.

These content scores can be incorporated into LLI in various ways. During
the neighborhood page construction, we use content scoring to eliminate candi-
date pages that have scores below the median score value. This decreases the
computational load and potentially reduces the influence of irrelevant pages.

Our other content integration efforts concern page ranking. With content
similarity available, dichotomous link/no-link matrix entries are replaced with
content similarity scores between the two pages. There are three primary areas
where we integrated content information into the page ranking algorithm. First
is the representation of the query vector. Not all pages are equal in the number
of relevant pages that they bring into the page neighborhood, and their influence
should vary accordingly. The SVD techniques explored in LLI address this by
assigning higher influences to reference pages that have more links to candidate
pages, and we refine this by using content similarity scores. Reference pages
deemed more relevant by content scoring should correspond to a larger value in
the query vector. Secondly, the nonzero matrix entries are modified by content
relevance. By keeping the zero-nonzero status of the entries, we can retain the
linkage information between pages while allowing a continuous range of values
to incorporate content information. Third, content is also used to influence the
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integration between page sets and the overall ranking of the pages. This can be
especially useful to reconcile scores from two sets that may differ widely in their
scales. We describe two approaches for addressing the first two issues, followed
by several variations in page score integration.

In the multilevel dot product (MDP) approach, content-vector dot products
between two pages determine each nonzero entry. In the query vector represen-
tation, the ith entry is the dot product between the query and the ith parent
or child page. In the matrices that represent the page sets, a nonzero entry is
given by the dot product between the corresponding candidate (BPS or FPS)
page and reference (Pu or Cu) page. This approach thus captures content rela-
tionship information between all page levels: the query, the first link level, and
the candidate pages. However, some dot products could be zero, which would
discard the hyperlink information between the two pages. Thus, the dot prod-
ucts, originally in the range [0, 1] inclusive, are rescaled to [u, 1], 0 < pp < 1. We
use the empirically determined value p = 0.01 in our experiments. This allows
the content similarity scores to influence the results while preserving the benefits
obtained from the linkage structure. After these modifications, the SVD can be
applied as before.

The second approach is query-candidate scoring (QCS). This method mea-
sures content similarity directly between the query page and the candidate pages,
thus eliminating the need to store content information for the reference-level
pages. This can reduce the memory requirement and accelerate the page rank-
ing process. The query representation is determined as follows: for each entry,
there exist pages in the candidate set that exhibit the appropriate linkage re-
lationship with the corresponding reference page. Dot products are computed
between the query content vector and all of these linked pages, and the mean
score becomes the value of the entry. A nonzero matrix score is set as a weighted
average of a content score and a link score. More specifically, a page’s content
score is the dot product between the query content vector and the associated
candidate page, normalized by division with the maximum score in the set. A
page’s link score is the number of in- or out-links that the page has with pages
in the corresponding reference set. This score is also divided by the maximum
link score in the set. These normalization procedures ensure that the range of
possible scores is filled, allowing score influences to be properly balanced. The
final score for a page is given by a linear combination of both content and link
scores. We use a content weight of 0.7 and a link weight of 0.3 in our experiments.
As with MDP, the algorithm can then proceed with the SVD.

Once the SVD has been computed and the cosine similarity scores between
the query vector and the projected candidate pages in SVD spaces are obtained,
various options exist to produce the final page ranking. One option, used in [5],
is to use the scores for page ranking without further processing. We call this the
direct method. It should be noted that a list of scores is generated for each of
the page sets (BPS and FPS) in an SVD space. Therefore, there is no guarantee
that both lists are comparable. This is particularly the case when certain queries
create large size differences between the two page sets, producing two SVD spaces



Exploring Content and Linkage Structures 19

with widely different dimensions. There are several possible ways to mitigate this
compatibility problem. One approach is to balance the scores between the two
sets. In our experiments with MDP and QCS, we accomplished this by dividing
each score in each candidate set by the mean of the top ten scores in the set.

We consider two additional options that allow further and fine-grained inte-
gration of the page scores. The first is the weighted ordinal method, where pages
in each set are sorted by their cosine score and the unreturned pages with the
highest score in each set are iteratively compared. During the comparison, each
page is assigned a new composite score equal to the weighted sum of cosine, con-
tent, and link scores. The content and link scores are obtained in the same way
as the QCS matrix entry weighting scheme, but they are not projected through a
SVD space. In our experiments we used cosine, content, and link weights of 0.6,
0.3, and 0.1, respectively. This approach preserves within-set ordering but al-
lows changes in between-set ordering. The second score integration option works
similarly by computing the composite scores for all pages, but it does not take
the orders of original cosine scores into consideration. In this approach, pages
are returned according to their composite scores. This allows changes in both
between- and within-set ordering but still benefits from the cosine information.
It is referred to as the weighted non-ordinal method.

The MDP and QCS approaches are summarized as follows:

Algorithm (MDP, QCS)
. Construct the reference page sets Pu and Cu (MDP, QCS)
. Extract reference page content (MDP)
. Construct the candidate page sets BPS and FPS (MDP, QCS)
. Extract candidate page content (MDP, QCS)
. Filter candidate pages by content (MDP, QCS)
. Set the query vector by query-reference dot products (MDP) or by
linked-page content scores (QCS)
7. Set the matrix entries of Pu-BPS and Cu-FPS by reference-
candidate dot products (MDP) or by combinations of query-candidate
dot products and linkage frequency (QCS)
8. Perform SVD on Pu-BPS and Cu-FPS (MDP, QCS)
9. Compute similarity scores between the query and candidate pages
in the rank-reduced SVD spaces (MDP, QCS)
10. Balance the scores from the two SVD spaces (MDP, QCS)
11. Rank candidate pages by one of the score integration options
(direct, weighted ordinal, weighted non-ordinal) (MDP, QCS)

S T W N =

4 A Prototypical System for Searching Relevant Pages

In order to evaluate and compare the performance of our algorithms, a proto-
typical relevant page searching system has been implemented. The system takes
a query URL and identifies its reference and candidate pages. Next, the system
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accepts a list of ranking strategies to be performed along with their correspond-
ing parameters. The ranking strategies share the same set of initial pages, but
each ranking trial is presented with the same set of initial pages regardless of its
serial position. This independence includes the possible elimination of candidate
pages from the page neighborhood, as discussed in Section 3. By making the
initial page read common to all ranking approaches but keeping the rankings
otherwise independent, we can ensure higher consistency in our evaluation of
the ranking algorithms.

The ranking strategies implemented in the system are LLI, MDP, and QCS,
along with several variations. LLI is coded as a replicated model in [5] that
ranks pages by direct score comparison. Score balancing is applied to MDP and
QCS, and one can also choose cosine, content, and link weights for the weighted
ordinal and weighted non-ordinal rankings of these two approaches. The user is
permitted to choose an arbitrary number of ranking configurations before the
program exits. For MDP and QCS, all three page integration strategies (direct,
weighted ordinal, weighted non-ordinal) are automatically performed. All page
information is available throughout program execution, but no cache of page
content is maintained between program runs.

5 Experiments

In this section, we compare and evaluate the performance of LLI and the two
approaches, MDP and QCS, which are presented in this work. Note that, given
the volatile nature of the Internet, we could not exactly replicate the results of
LLI reported in [5]. The MDP and QCS algorithms are configured with the score
integration techniques (direct, weighted-ordinal, and weighted-non-ordinal).

For performance comparison, we investigated the top ten results returned by
the algorithms for various input URLs. Then, results were subjectively classified
into four categories: pages whose content has no relevance to the query, pages
whose content is relevant in a broad sense, pages that contain some narrow-topic
related information, and pages that are exclusively devoted to the same topic as
defined in a narrow sense. Fig. 1 summarizes the top returned pages from LLI
and the variations of MDP and QCS for three quite different query pages.

The first query pag concerns deprecated thread methods in the Java API.
The results in Fig. 1 have indicated an improved performance of MDP and QCS
over LLI for the query. A further analysis illustrates a weakness in LLI that was
addressed in our approaches. In this case, some pages contain very few in- or
out-links, and after merging there may only be one or two reference pages left.
The resulting matrix has only one or two columns, which inflates the scoring of
all the corresponding candidate pages. This makes it difficult to integrate the
rankings of the candidate pages from the different sets. Our methods address
this issue by allowing a continuous range of scores within the linkage matri-
ces, and by providing post-SVD adjustments to the ranking scores. Thus, while
the benefits from the SVD-based rankings are preserved, further content and

! http://java.sun.com/j2se/1.3/docs/guide/misc/thread PrimitiveDeprecation.html
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Fig. 1. Result relevance comparison for three query pages

link-based analysis, especially with the weighted non-ordinal method, can pro-
vide further differentiation between pages.

The second query presented in Fig.[Ilis the Jaguar home pageE and was also
used in [5]. This is a good example to demonstrate the algorithm behavior when
very little content (but much misleading) information is available on query pages.
From Fig. 1, it can be seen that even with little useful content information in
the query page, the performance of the MDP and QCS algorithms is still equal
or superior to LLI.

The last query we present in Fig. 1 is a medical news query pageﬁ that dis-
cusses a potential risk factor for early-onset Parkinson’s disease. It reflects a
popular Web search activity that people turn to for finding health related infor-
mation. Fig. 1 shows that in this case all MDP and QCS approaches perform
competitively to LLI and in particular, both MDP and QCS with weighted-non-
ordinal deliver the best results.

Across both techniques and all results, we found that the weighted-ordinal
method produces results that are similar or identical to the direct method. An
examination of program output indicates that this may be because pages with a
high original ranking but lower composite ranking must be listed before all later
pages from the same set, even if the later pages were assigned a higher composite
relevance score. This blocking of later results is addressed by the weighted non-
ordinal method, which generally delivers improved results as compared to the
weighted-ordinal method. For both MDP and QCS, the weighted non-ordinal
method also consistently performs better that LLI.

We have also observed another interesting property of our approaches. Al-
though not indicated by the categorization of the results reported here, we
found that our results generally favor pages with textual content about the
topic in question, while LLI often favors link indices. For example, in the Jaguar
case, many LLI results contain lists of links to official Jaguar sites for different
countries. Our algorithms return some of these pages, but also include pages

2 http://www.jaguar.com (likely the page has been updated since [5])
3 http://www.medicalnewstoday.com/medicalnews.php?newsid=51960
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such as a Jaguar fan club, which arguably offers content beyond pointers to
other pages.

6 Conclusions

The Internet has become an enormous and popular information resource. Search-
ing this information space, however, is often a frustrating task due to the massive
scale and diversity of the digital data. It has been an active research field for
developing efficient and reliable searching techniques. In this work, we investi-
gate the approaches for searching relevant Web pages to a query page. Based
on the algorithm LLI [5] that applies SVD to reveal a deep linkage associa-
tion among pages, we propose two approaches (MDP and QCS) that integrate
content and linkage analysis for more effective page relationship discovery and
relevance ranking. Both approaches incorporate content and link information in
building a neighborhood of pages and their rank-reduced SVD spaces, as well as
in scoring page relevance. We have also developed a prototypical search system
that implements LLI, MDP and QCS algorithms. The experiments of the system
have indicated that the proposed content and linkage based searching methods
(MDP and QCS) deliver improved performance and are effective in identifying
more semantically relevant Web pages. As future work, we plan to conduct ex-
tensive testing of our approaches, and explore methodologies to associate and
rank all neighborhood pages in a unified information space.
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