Chapter 2

Background, M otivation, and Previous Wor k

This chapter provides the badkground and motivation for the gproac to visual-
based information retrieval taken in this dissertation. It also describes previous work that
pertains to my approach. The material covered in this chapter fals into 4 genera
cdegories. citation anayss, link analysis, assciation mining, and information
visualization.

A typicd example of visualizaion-based analysis of link structures is the analysis
of citations in published works. This ealy work has lead to the important co-citation
relationship between documents, along with methods of clustering and visualizing
document colledions. Citation analysisis described in Sedion 2.1.

With the alvent of the World Wide Web, much attention has been paid to link
analysis. This work has resulted in more sophisticated forms of link analysis, including
methods of deteding and measuring various link structures. Advances in link analysis in
this context are coveredin Section 2.2.

In later chapters, | will propose anovel type of analysis that is applicable to link
structures.  This analysis is based on asciation mining of items that co-occur in
transadions, taken from the field of data mining. | describe the task of association
mining for itemsets and fast algorithms for computing them in Sedion 2.3.

Methods of hypertext analysis yield structures and relationships that are generaly

quite ommplex. The level of complexity can be overwhelming when these methods are
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not supported with visualization strategies. There has been a substantial amount of work
in visual-based methods for information understanding. Developments in information

visualization that pertain to this dissertation are described in Sedion 2.4.

2.1 Citation Analysis

Reseachers in science ad tedhnology expend a grea ded of labor in
understanding the complex relationships among documents in their fields of study. This
understanding is also criticad for science ad technology program menagers. For
example, they may need to see the impad of a funded projed on the scientific
community, to deted emerging technologies, to determine the maturity of a field, or to
accessthe aossdisciplinary nature of a work. Achieving such an understanding of the
literature is time @nsuming and labor intensive. Moreover, managers are often
responsible for projeds in multiple aeas of science, many of which are not their areas of
expertise. The needs of science ad technology program managers are of particular
importanceto our reseach sponsor [OSTI00].

While it is often underutilized, much can be leaned through the analysis of
document citations. Citation analysis was pioneaed in the late 1950s, by Eugene
Garfidd [Garf79]. One of Garfield's important ealy contributions is the “historiograph,”
a visuaization of the graph structure of document citations. Figure 2-1 shows ealy
examples of historiographs.

In the ealy 197G, Small introduced the idea of co-citations [Sma73]. A co-
citation is an asciation between 2 documents, meaning that they are both cited by some

other document. The number of co-citations for a given pair of documents rves as a
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measure of similarity between them. The gplication of co-citation document similarities
reduces the complex graph of citations among documents to a smpler statisticd
summary, so that co-citation smilarity serves as a compad representation of citation
graph topology.

Garfield later applied co-citation smilarities for document cluster analysis. That
is, he computed dgoint sets (or clusters) of documents such that documents within
clusters are more smilar to one awther than to documents outside dusters, with
smilarity being based on co-citation counts. He then visualized clusters via “cluster
maps,” which show documents within a duster, with links between documents that are

deamed sufficiently similar. Figure 2-2 shows an example cluster map.

Hand drawn, 1960 Computer generated, 1967

Tlme

Figure2-1: Garfield’'s historiographs are a pioneeing
visualization of citation link structures.
Garfield's citation-based visualizations can show, for example, the historicd
evolution or intelledual structure of a discipline, core dusters within a discipline, or

relatedness among dsciplines. Patterns within the structure of document citations may
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also mirror larger events in society. Analysis tools supporting such visualizaions include

hierarchicd clustering, multidimensional scding, and fador analysis.
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Figure2-2: Garfield’'s cluster maps for visualizing co-
citation based clusters of documents.

It can be difficult to anticipate the exad questions program managers or other
workers may try to answer through the analysis of document citation structure. However,
it is possble to elaborate on some questions that are likely to be of general concern.
These questions can then guide the design of a genera framework for information
retrieval based on citation analysis.

An example problem that may be of general concern is the adility to assessthe
relative maturity of an area of science or technology. This may be deduced from the
historiograph, a time-ordered graph showing the structure of document citations, and

thereby the historicd evolution of adiscipline or set of disciplines.
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Emergence Stability Dedine

Figure2-3: Typical document citation structures for
emerging, stable, and dedining disciplines.

Figure 2-3 shows typicd historiographs for the caes of emerging, stable, and
dedining areas of study, respedively. The nodes of the historiograph are documents.
Their horizontal positions are determined by time of publicaion, while their verticd
positions are abitrary. The edges of the graph are dtations among documents. While
the graph is adually direded, edge diredions can be inferred from the graph layout. That

is, time imposes an ordering of document nodes.

12yearsaverage

Figure 2-4: Citation structure of a discipline under the
oscillating model.

There isaso evidencethat some disciplines exhibit structural oscill ations between

expansion and contradion [Smal93], as shown in Figure 2-4. It has been hypothesized
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that this corresponds to dternating periodsof discovery and consoli dation within the
discipline.

The ideais that disciplines tend to follow a general line of development or life
cycle, beginning with a discovery that brings about a revolutionary paradigm shift. This
shift is then followed by a rapid expansion of papers exploiting the discovery. Eventualy
a stable midde period is readed, which may be daraderized for example by the
appeaance of review papers or a shift to applied science or technology. At some point
the discipline experiences dedine, perhaps coinciding with a period of internal reflecion
or rebuilding. Apparently in this later part of the life o/cle new revolutions are more
likely to occur, in which the ¢/cle isrestarted. This oscill ation of disciplines is consistent
with the ideaof punctuated equili brium.

A centra problem in citation analysis is to be ale to determine dusters within the
structure of document citations. Clusters based on co-citations are known to generaly
correspond well with individual disciplines [Garf78]. Analysis of document clusters and
their interadion over time yields insight into the evolution of science, both within and
among dsciplines. Such anaysis includes hierarchicd clustering for determining
cohesive document groups at various discipline scdes, and spatial visualizaion of
clusters via multidimensional scding.

The proliferation of eledronic publishing has increased the rate of published
documents, making the program nmanager’s job even more difficult. There is also a large
and growing body of unpublished “gray” literature, such as <ientific databases and web
documents.  Fortunately, eledronic documents also provide the opportunity for

computerized processng. In the aea of citation analysis, there eist databases of
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scientific document citations. These ae exemplified by the Web of Science [WOS0(Q],
developed at the Institutefor Scientific Information under Garfield’ s guidance.

The standard approach in citation analysis is to cluster documents within a
colleaion, corresponding to various <ientific fields. Figure 2-5 shows an example of
such citation-based clustering. This type of clustering typicdly uses the frequency of co-
citation as a document similarity measure. It considers documents in pairs, as is done for

traditional graph-theoretic clustering agorithmsin gererd.
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Figure2-5. Clustering of documents based on citation
structure.

Moreover, traditional co-citation analysis relies on smple single-linkage
clustering, because of its lower computational complexity given the typicdly large
number of documents in a mlledion. Reseachers concede aweakness in this sngle-
linkage dustering approach [Smal93]. The @ncen is with the possble “chaining”
effed, in which unrelated documents get clustered together through a dain of
intermediate documents. Figure 2-6 shows an example of single-linkage daining, in

which 2 clusters merge by single co-citation link.
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Figure2-6: Example of chaining in co-citation single-
linkage clustering.

Given the improved processng speeds of computing madines, it bemmes
feasible to apply stronger clustering criteria in citation analysis. In later chapters, |
propose a novel clustering approach involving higher-order similarities among
documents. That is, similarities for document pairs are generalized to include similarities
among document triples, sets of 4, and so on, up to the full number of documents in the
colledion. In other words, co-citation of a document pair is generalized to 3“-order
citation, 4™-order citation, etc. This higher-order similarity admits a stronger clustering
criterion in which a sufficient number of other documents must simultaneoudly cite a
given set of documents for them to be consderedacluger.

This new criterion is certainly stronger than single-linkage dustering, in which a
document need only be sufficiently co-cited with a single member of a duster to be

included in that cluster. It is an even stronger criterion than complete-linkage dustering,
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the strongest of the traditional graph-theoretic dustering methods, in which a document
must be sufficiently co-cited with all other cluster members to be included in the duster.
The key distinction is that here only document pairs are onsidered in the various co-
citations, versus the higher-order setsin our approad.

Such a gtrong clustering criterion insures that documents within a duster are
diredly rather than indiredly related to one another. The resulting smaller, more
cohesive dusters dwould better support micro-scde studies of document colledions.
Documents within these stronger clusters would also be more relevant to one another for
the purpose of information retrieval.

The stronger criterion allows a document to be smultaneously a member of more
than one duster. We do not have dusters in the traditional sense of digoint sets, but
rather sets of documents that have been frequently cited together. These potentialy
overlapping sets may better refled the adua thematic content of the documents.
However, their overlap leads to combinatorially exploding numbers of sets, which can

disorient the user. Inlaterchapters, | propose an approac for overcomingthis.

2.2 Link Analysis

Early reseach in information retrieval focused on word-based techniques for
finding documents that are relevant to user queries. Some ealy work also analyzed link
structures of documents, usualy colledions of documents linked by citation. But the
proliferation of the World Wide Web has resulted in large numbers of hyperlinked
documents, creaed by independent authors. This has lead to the formation of the aea

known as link analysis within information retrieval.
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A Web hyperlink is a reference from one Web page to another, in which the
seledion of the reference on the referring page invokes the referred page. While
hyperlinks are sometimes mere navigational aids (such as providing quick accessto the
Web site's home page), they generally refer to pages whose content supports that of the
referring page. Methods of link analysis thus assume that if pages are linked, they are
more like to have similar content.

One of the better known applicaions of link analysis is the ordering of documents
resulting from a user query. There ae two general approaches to link-based page
ranking: query-independent ranking and query-dependent ranking. Query-independent
ranking attempts to measure the intrinsic quality of Web pages, independent of a
particular user query. Query-dependent ranking measures the qualities of pages in terms
of their relevarce to agiven user query.

A popular query-independent measure of page rank is PageRank, developed by
Brin and Page [Page98]. It applies the number of hyperlinks referring to a page @& a
quality criterion, but weights ead hyperlink acerding to the quality of the referring

page.

PageRank is computed reaursively, via
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where R(v) is the PageRank for page v. Here, the Web is modeled as a graph G
containing a vertex for ead page u, and a direded edge (u,v) if page u linksto page v.

The number of vertices in G is n, and outdegre(u) is the number of graph edges
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leaving page u. The parameter d is a dampening fador, usualy set between 0.1 and
0.2.

PageRank is known to generally work well in distinguishing between high and
low quality Web pages. Although o theoreticd bounds are known for the number of
iterations necessary for convergence, in pradicelessthan 100iterations usually suffice

A popuar agorithm for computing query-dependent page rank is HITS,
developed by Kleinberg [Klei98]. The dgorithm first generates a Web sub-graph known
as the neighbahood gaph generated from an initial set of query-matching documents
and those documents that are linked (in either direction) to the initial set. Documents in
the neighborhood set are then ranked by hub scores and authority scores. Documents
with high authority scores sould have relevant content, while those with high hub scores
should point to documentswith relevart content.

Hub and authority scores are computed reaursvely, as

A(v)=(é§ H(u) (22)
and
H(v):(é} H(v). (23)

Here, for page v, A(v) isthe authority score and H (v) is the hub score, where (u,v) isa

direded edge in the neighborhood graph G. The intuition begins with the idea that
pages with large in-degree might be good authorities, and pages with large out-degree
might be good hubs. Then under reaursion, pages that are pointed to by many good hubs
might be even better authorities, and pages that point to many good authorities might be

even better hubs.
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Like for PageRank, the computation of hub and authority scores has no known
bound on the number of iterations. But in pradice the scores generally converge
quickly. The HITS algorithm does potentially suffer from a problem known as “topic
drift.” If the neighborhood graph contains pages that are not relevant to the query (via
links to initial query-matching pages), they could be given high scores, despite the fad
that they areirrelevant to the search topic.

Terveen et al define alink structure that groups together sets of related sites,
known as the dan graph [Terv98]. For an n-clan graph, ead node is conneded to every
other node by a path of length n or less and all conneding paths go only through nodes
in the dan. Construction of the dan graph tends to filter out irrelevant sites, and
discovers additional relevant ones. It is reported to be robust with resped to “noise” in
the form of off-topic pagesin the initial set.

Mukherjeaet al describe alink structure cdled pre-trees, and apply the structure
to visualization of the Web [Mukh94al[ Mukh94b]. Pre-trees are generdized trees in
which there is a root node, but children need not be trees — they can be abitrary graphs
(cdled branches). Branches are restricted to having no links between them. While not
originally cdled such, the pre-tree data structure has traditionally been applied in top-
down clustering [Hart75].

Mukherjea et al apply pre-trees to induce hierarchies in Web graphs, then
visualize the resulting hierarchies. Their algorithm identifies potentia pre-trees through a
combination of content and structural analyses. It then anksthe pie -treevia ametric that
includes measures of information lost in forming the pre-treg how well pre-tree branches

approximate actud trees, and how well the choice of roat yieldsashallow tree
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2.3 Assciation Mining

In subsequent chapters, | propose a generalization of co-citations that extends
them from a relationship between 2 documents to a relationship among any number of
documents. Interestingly, this higher-order extension is equivalent to “itemsets supports’
in the field of data mining [Rysz98]. In data mining, methods of macine leaning are
applied to databases to discover novel, interesting, and sometimes surprising pieces of
knowledge. Data mining is best known for its financial applicaions, such as marketing,
investing, and risk assessnent for credit or insurance

An important part of data mining is forming association rules among items in the
database. Aswciations are computed dredly from itemset supports, which depend on
the simultaneous occurrence of items within database transadions. Assciation mining is
perhaps best known for its application to market purchases, the so-cdled “market basket”
problem. The aciations are made anong market items based on how frequently they
are purchased together.

An analogy can be made between market purchases and document citations. The
market items are analogous to documents, and the purchase of items is analogous to the
citation of documents. Thus association mining is applicable to citation analysis, forming
associations among groups of documents that are frequently cited together. This mining
would enhance understanding of the structure of document citations, making explicit
those asciations that may otherwise go unnoticed. Additional insight could be gained
by forming citation asciations at levels other than individual documents, for example

authors, publications, ingtitutions, or countries.
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The analogy between market purchases and document citations is not perfed. In
the former, the atities making puchases (people) are distinct from the entities they
purchase (items), whereas in the latter there is no such digtinction (they are dl
documents). In the cae of citations, there thus exists certain kind of symmetry in which
clustering may be gplied to either citing or cited documents. This is equivalent to the
symmetry between co-citations and “bibliographic coupling” within traditional citation
analysis[Garf79].

An argument has been made against the gplicaion of asciation mining for
dynamic environments such as the World Wide Web. The @ncen is that to insure
updated results, the mining would need to be cmpletely redone whenever the data items
change. A data structure has been proposed to address asociation mining in dynamic
environments, caled the itemset tree[Hafe99].

Rather than re-computing itemset supports after database danges, supports could
be stored, then updated with the new information. This trades time complexity for space
complexity. However, the lattice of itemset supports potentially grows exponentialy
with resped to numbers of item sets. The itemset tree provides for the storage of itemset
supports, but has lower space omplexity than the itemset lattice The structure
eliminates the need for accessng the full database when new transadions (e.g. document
citations) are addel, though with some overhead for inserting new transadions.

An important part of association mining is the computation of all itemset supports
that exceal a given threshold, i.e. the frequent-itemset problem. This is a aiticd
problem, since aciation rules are cmputed dredly from supports, and more frequent

itemsets represent those with stronger associations.
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The frequent-itemset problem is generally considered to be the computational
bottlenedk in aswociation mining, because of the mmplexity of the itemset lattice
Efficient algorithms have been proposed than retain the exponential worst-case
complexity [Agra94]. However, they have been shown empiricdly to scde linealy with
problem size New classes of document distances that | propose in later chapters are ale

to take advantage of the<e fast dgorithmsfor computing frequent itemsets.

2.4 Information Visualization

Becaise of the wmplexity of document citations and their associations,
visualization becomes criticd. A traditional approacd, developed by Garfield [Garf79], is
to embed documents or document clusters as points in a plane. The eambedding
algorithms attempt to preserve the original citation-based smilarities among documents,
which are interpreted as Euclidean distances in the plane. The resulting dsplay for a
given cluster of documentsisa“cluster map,” reminiscent of a 2-dimensional scatterplot.

My new approadies to document visualizaion maintain this embedding of
documents or document clusters within a plane, at least as an initial step. | point out that
this is merely a mechanism for inducing spatial coordinates upon (or “spatializing”)
inherently non-spatial data. Such spatialization is common in the anerging field of
information visuali zation [Card99, which was pioneered by Edward Tufte [Tuft91].

A recait development in citation analysis is to visualize the minimum spanning
tree anong documents [Chen99a][ Chen99b]. The tree shows the minimal set of essential
links among a set of documents, with resped to co-citation based dstances.

Spatializaion of the minimum spanning is acomplished through a heuristic that models
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repulsive forces among treevertices and springs for tree elges, known as aforce-direded
approadh.

The minimum spanning treeis interpreted as a network of influences among the
documents, with hghly influential core documents in the ceiter and the emerging
reseach front on the edges. Branches in the network correspond to bifurcations of ideas
in the evolution of science Chen's minimum spanning tree network of influence is
shown in Figure 2-7. Figure 2-8 shows Chen's StarWalker VRML applicaion for Web-

based navigation of the influence network.
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Figure2-7: Chen’s visualization of author influence
network.
In my work, | retain the visuaizaion of minimum spanning tree including a
force-direded approach for spatiaization. But | extend the minimum spanning tree
visualization in a number of ways. For example, | propose showing clusters explicitly in

the visudizaion, by retaining only tree &lges among cluster members. When this is
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based on the gplicaion of a threshold dstance to edges induced by the force-direded
gpatializaion algorithm, the result is a new type of clustering. Clusters are oriented to
highly influential documents, and highly influential documents themselves are placeal in
separate dusters. | aso extend the visualization by highlighting association mining
document itemsets (for identifying significant document associations) and including text

for document nodes (as an aid to information retrieval).
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Figure2-8: Chen’s StarWalker VRML application for
navigation of influence network.

Another extension | propose for the minimum spanning tree is inspired by the
“ThemeScape” visualizaion developed at Padfic Northwest Laboratory [Wise95], shown
in Figure 2-9. This method of information visualizaion estimates the density of
document points in a scater plot, where distances are obtained from text analysis. The
visualization resembles a landscape, in which pe&ks correspond to clusters of documents,

and valleys correspond to the distances between them. Visualizing the document
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landscgpe helps one understand the density structure of a @lledion diredly, rather than

having to infer it from the document points.

Figure2-9: Visualizations of document colledions from
Pacific Northwest Laboratory: Galaxies
scatter plot and ThemeScapes document

landscape.

While the ThemeScape visualization hes been applied to text analysis, | propose
for the first time its applicaion to citation anaysis. In particular, 1 apply it as a
visualization of the minimum spanning treg with distances computed from co-citations. |
extend the standard ThemeScape visualizaion by embedding the tree vertices and edges
within the density landscape surface This alows a dired threedimensiona interadion
with the document points, while the landscgpe surface provides depth cues that aleviate
the disorientation typicd of visualizing pointsin threedimensons.

Moreover, | extend the ThemeScgpe so that the landscape density surface ca be
visudized at a variety of spatia resolutions [Noel97]. At lower resolutions, the
landscgpe fedures are larger and smocther, corresponding to higher-level clusters. At

higher resolutions, the larger feaures resolve into smaller ones, corresponding to lower-
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level clusters. This is analogous to hierarchicd clustering, where the level of resolution
is analogous to the clustering threshold.

Hendley et al have proposed the visualization of Web pages in three dimensions
[Hend95. That is, coordinates are induced for the vertices corresponding to individual
pages, through an iterative process that simulates a physicd system of springs
corresponding to graph edges. Here the alges represent acdual Web hyperlinks. In
contrast, my approad is to visualize the minimum spanning tree resulting from co-
citation similarities based on the adual hyperlinks. The Narcisaus visuaizaion is iown

in Figure 2-10.

Figure2-10: Narcisaus visualizes Web links diredly,
rather than employing measures of page
similarity derived from link information.

Utilizing a 3rd spatiad dimension improves the dility to generate vertex

coordinates under a force-direded graph layout algorithm, sinceit is easier for verticesto
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move pass one another. However, such threedimensional visuaizations are known to
potentially disorient the user, particularly for graph visualizations.

An important idea in modern information wsuadizaion is known as
“Focust+Context.” The ideais that the user should be ale to focus attention on a portion
of the visualized space with the remaining space being de-emphasized but included as
context. This is often accomplished by a nonlinea conformal mapping of the space
being visualized, with under interadive @ntrol. The cnformal warping is designed so

that a spedfic portion of the spaceis exaggerated, to provide focus.
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Figure2-11: InXight’'s hyperbolic lens visualization for
Focus+Context.
One of the better-known examples of Focus+Context distortion is Site Lens,
developed at Inxight. Site Lens employs a mapping from a redangular to hyperbolic
gpace[Lamp95, which inherently has a focus point. Site Lens is giown in Figure 2-11.

Munzner has proposed a threedimensional generaizaion of the hyperbolic lens
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[Munz95][Munz97], shown in Figure 2-12. Such Focust+context techniques are
complementary to the gpproach | take in this dissertation, in that they could be gplied to

any of my proposed visuali zaions.

Figure2-12 Munzner’s 3-dimensional generalization of
the hyperbolic lens visualization.

Another important ideain information visuaization is the dynamic view, in which
the display changes in response to user adion, for example by movement, distortion, or
culling. An example of dynamic view that is particularly applicable to the work in this
disertation is the wne treevisualization [Robe91], developed at Xerox PARC (Palo Alto
Reseach Center). The wne treeis a 3-dimensional tree for visualizing hierarchies, as
shown in Figure 2-13. The treerotates in order to bring forward seleded nodes, thereby
providing focus. The tree ca also be aulled either automaticdly or manually, to include
only tree subsets of interest. The ne tree ould be included as a cmponent of the

visualization of hierarchicd clustersthat | proposein later chapters.
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Figure2-13: The mne tree for visualizing hierarchies,
developed at Xerox PARC.

Figure2-14: Butterfly user interface for searching
citation links, developed at Xerox PARC.

Madinlay et al have developed the innovative Butterfly visuaization for
seaching citation links [Madk95], shown in Figure 2-14. A current document appeasin
the cater of focus as the butterfly “body.” Documents that cite and are dted by the
current document for a given are visualized as sparate butterfly “wings.” The system

aso includes the atomatic caedion of citation graphs from database records,
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asynchronous query processes to help aleviate user waiting, and embedded process
control to provide fine control of focus.

While the Butterfly system visualizes citations for a single document only, my
approach visualizes any number of documents smultaneously. Thus Butterfly is
intended for small-scde interadion with document colledions. In fad, a Butterfly-type
approach could be added to the visualizations | propose in later chapters, as a method of
navigation.

This chapter has given badground and motivation for the gproac | take to
visual-based information retrieval, and has described related work. In the next chapter,
introduce the ideaof higher-order citation analysis, and its applicaion to the visualizaion

of document clusters.



