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A bstract

Computer science literature, as many other natural systems behave, form a directed graph-we 
call it Citation Graph of Computer Science Literature, whose nodes are articles and edges are links 
to the articles cited in a paper. With hundreds and thousands of publications getting published 
each year in computer science, people are more interested in exploring the features hidden behind 
such huge directed graph by modem graph-theoretic techniques. In this study, we constructed a 
web robot querying the prominent computer science digital library Researchlndex to build citation 
graphs. With the reasonable size citation graph in hand, we first verified that the in-degrees of 
nodes(i.e., the citations of articles) follow the Power law distribution. Next, we apply a series graph 
theoretic algorithms on it: Weakly Connected Component, Strongly Connected Component, Bicon
nected Component, Global Minimum Cut, Max-flow Min-cut and Dijkstra 's Shortest Path algorithm 
and do numerical analyses of these results. Our study indicate that the citation graph formed by com
puter science literature are connected very well and its widespread connectivity doesn’t depend on 
“hubs” and “authorities”. The experimental results also show that the macroscopic structure of the 
citation graph is different from the macroscopic structure of Web graph which is Bow Tie model. 
Also, based on the citation graph built by querying Researchlndex which is a subset and snapshot 
of whole citation graph, we provide the diameter measurements.
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1 Introduction

Many natural systems form a huge dynamic directed graph, such that the nodes are the elements 
of the natural systems and the edges are the interactions among these elements. Researchers and 
scientists from different fields have common interests to explore the features hidden behind these 
huge directed graph. Since for a huge directed graph, the number of its nodes and edges usually 
is millions and billions. It is infeasible to construct a detailed directed graph structure to depict it. 
However, many researches have developed alternate methods to explore and utilize the character
istics of huge dynamic directed graphs. Particularly, the development o f modem graph theory and 
graph-theoretic algorithms facilitates the study in these systems.

Developing and understanding huge dynamic networks greatly aid people in efficient and ef
fective information location and knowledge discovery. For example, the citation graph formed by 
scientific literature whose nodes are articles and whose edges are links to articles cited in a paper 
conveys information about scholarly activities and spawns measures of scientific productivity. In
tuitively, well-known papers tend to be cited frequently and papers dealing with the same specialty 
tend to connect to one another. There have been a number of scientific investigations on quantifying 
citations as measures of academic output. Nevertheless, interpreting link topology of the citation 
graph and offering insights into the nature of underlying inter-relationships such as those among 
people or specialties have not advanced greatly, and are still attractive and promising.

People in Information Science have studied the output of science for many years based on ci
tation and co-citation analysis. Bibliometrics, Informetrics are the technical names for a range of 
analytical methods using publishing materials to develop statistics, multidimensional analyses. Yet 
the questions that what is the structure of citation graph? and what are its properties? still remained. 
Now things have changed. There are more and more published research papers available in WWW. 
The emergence of digital libraries gives us the chance to explore citation graph by employing mod
em graph-theoretic techniques. Researchlndex^ 17], as one of such digital libraries, provides a very 
convenient way to do computer science article search and allows people to search relevant papers 
by navigating the links between papers formed by the citations, i.e., navigating along citation graph 
to find useful information. Given a such easily accessible digital library of computer science liter
ature, we are eager to explore the Citation Graph of Computer Science Literature and mine its link 
structure for structural pattern discovery.

The following considerations motivated our study. Understanding the link topology of the cita
tion graph using graph-theoretic tools may:

1 . yield valuable insight into other citation or co-citation analyses.

2 . facilitate knowledge discovery relying on link information such as similarity calculation, and 
finding communities.

3. help in citation graph visualization.

4. help evaluate the evolution of specialties or research themes over time.

Motivated, we constructed a web robot to query Researchlndex to extract and build the citation 
graph autonomously. Due to the time and space limitation, the constructed citation graph is only a 
snapshot and subset of real citation graph of computer science literature. To this citation graph, we 
did three sets of experiments: 1 . generated the in- and out- degree of nodes distributions, verifying 
that they follow the ubiquitous Power law distribution. 2. applied a series graph theoretic algorithms 
on this graph, checking its connectivity and finding various types of components. 3. using global

1
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minimum cut algorithm sliced this graph into pieces, exploring its interior structure. We will report 
our main results momentarily.

1.1 Main results

By constructing a robot for querying Researchlndex, we built a collection of citation graphs. The 
results of our three sets of experiments on them indicated consistent characteristics existing among 
them:the first set of experiments of being to generate in- degree distributions showed that the in
degree numbers follow Power law distribution with 1.71 as exponent, i.e., the fraction of literature 
with k citations is proportional to 1 /A:1'71.

Our analysis o f second set and third set of experiments, which are checking various types of 
components and applying global minimum cut algorithm, indicated that «  90% of all nodes form 
a single Weakly Connected Component(WCC) if citations are treated as undirected edges. In such 
giant WCC, almost 68.5% of the nodes have no any incoming link see Figure 1, suggesting that 
68.5% of the publications have not been cited yet. Furthermore, in such giant WCC, around 58% 
of the nodes account for a big Biconnected Component(BCC), and almost all rest of nodes fall into 
trivial BCCs each of which consists of only one distinct node. Our analysis of the big BCC shows 
that there are 43% of its nodes without incoming link, and rest of its nodes have both incoming and 
outgoing links. Instead of being Bow Tie model as web graph, the macroscopic structure is a half 
Bow Tie with one side wing cut off (see Figure 2).

papers inside this area 
haven’t been cited yet

68.5 %

papers inside this area 

have been cited.31.5

Figure 1: The connectivity of the citation graph: 68.5% of the nodes in WCC have no incoming 
link.

Treating the citations as directed edges in the citation graph, we showed that the directed diam
eter is 29. The diameter is defined as the maximum over all ordered pairs(u, v) of the shortest path 
from u to v. However, the probability of existing a directed path between any pair o f nodes is only 
2%. The undirected diameter is 18 measured by ignoring the direction of edges.

The remainder of this thesis is organized as five additional sections and one appendix. Citation 
and co-citation analysis in scientific literature has been studied for decades, it is related to our work 
in some point. Other related work is the efforts of characterizing and mining other large scale 
networks such as web graph, we discuss them in Section 2. In Section 3, we give a description of 
the dataset which our study relies on. Graph theory terminology and algorithms as main tools for 
this study are reviewed in Section 4. Section 5 contains the bulk of our experiments and analysis of 
results. Finally, Section 6  contains our conclusion and discussion of future areas of research for the
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papers form a biconnected 
nucleus, it takes 58%.

Figure 2: The connectivity of the citation graph: 58% of the nodes in the giant Weakly Connected 
Component(WCC) account for a big Biconnected Component(BCC). 43% of the nodes in the big 
BCC have no incoming link.

citation graph. We demonstrate our robot algorithm for data collection and discuss the consideration 
for building citation graphs from Researchlndex in the appendix A.
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2 Related work and literature review

Broadly speaking, related prior work can be divided into three categories:(l) citation and co-citation 
analysis on scientific literature, including visualization of citation network. (2 ) characterizing work 
on other large scale networks, including various measurements, and (3) efforts of mining link struc
ture of networks for information location.

In this section, when we discuss the prior related work, we always make corresponding compar
isons to our own study on the citation graph. The commonality consists in utilizing graph theory 
approaches for characterizing large scale networks as well as mining their link topology for efficient 
and effective knowledge discovery.

2.1 Citation and co-citation analyses o f scientific literature

Many current approaches and algorithms for characterizing large scale networks such as World 
Wide Web, extend the research in the field of bibliometrics. Bibliometrics is the study of written 
literature and their citation structure. Someone might think that our study on citation graph of 
computer science literature is bibliometrics study on the citation of those literature. But actually, 
our work was inspired by work of characterizing Web graph. We are more interested in the graph 
structure formed by citations of literature instead of impact factor of each article. We consider our 
work is complementary to bibliometrics, and is a different view of citation structure. Research in 
bibliometrics has long been concerned with the use of citations to produce quantitative estimates 
of the importance and impact of individual scientific publication and journals. The most well- 
known measure in this field is Garfield’s impact factor[10], used to provide computer-compiled 
statistical reports of Journal Citation Reports(JCR) of the Institute for Scientific Information(ISI). It 
is a measure of the frequency with which the average article in a journal has been cited in a particular 
year of period. It is observed that the impact factor is a ranking scheme based fundamentally on 
a pure counting of the in-degree of nodes in the citation graph, but it does not give us any picture 
of such graph. Bibliometrics can take a number of technical forms, as characterized as follows:(l) 
citation analysis: identify the number of times a specific publication is cited in other scientific 
publications, (2 ) co-citation analysis: identify pairs or groups of publications that are cited together 
in other publications, (3 ) co-word analysis: assign keywords to a publication by a professional 
reader; publications which have same keywords and sets of words are linked to each other via a 
clustering technique, and (4) scientific mapping: develop a visual model of the realm of scientific 
fields representing the structure of literature output of particular scientific fields.

Instead of analyzing the average or total number of citations such as impact factor, Redner[26] 
focuses on the more fundamental distribution of citations of scientific literature, namely, the number 
of papers which have been cited a total of x  times, N (x ) .  The study in [26] is based on two rela
tively large data sets: one is the citation distribution of 783,339 papers during the period 1981-June 
1997 that have been catalogued by the Institute for Scientific Information(ISI);the second is the ci
tation distribution , as of June 1997, of the 24,296 papers cited at least once which were published 
in volumes 11 through 50 of Physical Review D(PRD), 1975-1994. Its focus is on citations of pub
lications rather than citations of specific authors. The main result of this study is that the asymptotic 
tail of the citation distribution appears to be described by a Power law, N ( x )  ~  x~a , with a  a  3. 
Another important aspect of citation statistics is its continuing temporal evolution. This feature is 
nicely illustrated by the annual citation statistics of Physical Review D(PRD) publications, where 
the average number of citations for articles published in a given year is typically decreasing slowly 
with time. The citation distribution provides basic insights about the relative popularity o f scientific

4
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publications and provides a much more complete measure of popularity than the average or total 
number of citations such as impact factor. [26] shows, at a basic level, most publications are mini
mally recognized, with «  47% of the papers in the Institute for Scientific Information(ISI) data set 
uncited, more than 80% cited 1 0  times or less, and ~  0 .0 1 % cited more than 1 0 0 0  times:

As scientific mapping, Chen [6 , 7] develop a set of methods that extends and transforms tra
ditional author co-citation analysis by extracting structural patterns from scientific literature and 
representing them in a 3D knowledge landscape. [6 ] address the problem to effectively and in
tuitively access and explore information in a digital library by a set of visualization tools. Their 
work focuses on two major datasets: the ACM SIGCHI conference series containing 169 papers 
published in three conference proceedings, and the ACM Hypertext conference series including 
all the papers published in the ACM Hypertext conference proceedings! 1987-1998). In [7], the 
authors show their procedure for extracting intellectual structure from scientific literature. Their 
approach to knowledge visualization work particularly well for identifying intellectual groupings 
based on an extension of the traditional author co-citation analysis. Their results reveal many chal
lenges for understanding knowledge structure, they argue that because citation analysis builds on 
scientists’ long-established citation practice, approaches that focus on Web-based citation resource 
hold promise. Our work is based on such citation resource:ResearchIndex. As we listed above, the 
visualization approaches of extracting intellectual structure from scientific literature developed in 
[6 , 7] give useful insights into understanding the structure of citation graph of scientific literature. 
Users can apply such visualizations to discover patterns and make valuable connections between 
articles. We consider that our work on characterizing citation graph o f scientific literature will shed 
additional light on visualization of citation graphs.

2.2 Characteristics of large scale networks: Web graph

Consider the directed graph whose nodes correspond to static pages on the web, and whose edges 
correspond to hyperlinks between these pages. A.Broder and others in [3] study various properties 
of this graph including its diameter, degree distributions, connected components, and macroscopic 
structure. They performed a number of experiments on web crawls from May 1999 and October 
1999-approximately 200 million pages and 1.5 billion hyperlinks. First, they verified the in- and 
out- degree distribution follow the Power law distribution with exponent as 2.1, confirming it as 
a basic web property. In their second set of experiments they studied the directed and undirected 
connected components of the web. Their analyses reveals an interesting picture of the web’s macro
scopic structure. Most (over 90%) of the nodes form a single connected component if hyperlinks 
are treated as undirected edges. This connected component breaks naturally into four pieces. The 
first piece is a central core, all of whose pages can reach one another along directed hyperlinks— 
this “giant strongly connected component” (SCC) is at the heart of the web. The second and third 
pieces are called IN and OUT. IN consists of pages that can reach SCC, but cannot be reached from 
it—possibly new sites that people have not yet discovered and linked to. OUT consists of pages that 
accessible from SCC, but don’t link back to it, such as corporate websites containing only internal 
links. Finally, the TENTRILS contain pages that can not reach SCC, and cannot be reached from 
SCC. Perhaps the most surprising fact is that the size of SCC is relatively small- it comprises about 
^ of all pages. Each of other three sets contain about other three j  portions of all pages—thus, all 
four sets have roughly the same size. They call it as Bow Tie model.

Defining the diameter as the expected length of the shortest path where the expectation is over 
uniform choices from the set of all ordered pairs of nodes(u, v ) such that there is a path from u 
to v, A.Broder et.al in [3] show that the diameter of the central core(SCC) is at least 28, and that
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the diameter of the graph as a whole is over 500. They show that for randomly chosen source and 
destination pages, the probability that any path exists from the source to the destination is only 
24%. They also show that, if a directed path exists, its average length will be about 16, likewise, if 
a undirected path exists, its average length will be about 6 .

The work of A.Broder et.al in [3] confirms the early work of Barabasi([23, 1, 2]) in which 
Barabasi introduce the scale-free characteristics of random networks-the probability P{k)  that a 
vertex in the network is connected to k  other vertices decays as a Power law in some large random 
networks. Barabasi in [2] claim that the scale-free characteristics exist in many natural systems. 
In particular, many of these systems form complex networks. For example, living systems form a 
huge genetic network, whose vertices are proteins, the edges representing the chemical interactions 
between them. Similarly, a large network is formed by the nervous system, whose vertices are the 
nerve cells, connected by axons. But equally complex networks occur in social science, where ver
tices are individuals or organizations, and the edges characterize the interactions between them, in 
the business world, where vertices are companies and edges represent diverse trade relationships. In 
order to find the generic features of such network development, they explore the large database de
scribing the topology of large network as WWW. To determine the local connectivity of the WWW, 
they constructed a robot. The data were obtained from the complete map of the nd.edu domain, 
that contains 325,719 documents and 1,469,680 links. From the collected data they determined 
the probability Pout(k)(Pin(k)) that a document has k outgoing(incoming) links follow a Power 
law, with 2.45(2.1) as exponent. Another particularly important quantity in a search process is the 
shortest path between two documents, d, defined as the smallest number of URL links that must be 
followed to navigate from one document to the other. They find that the average of d over all pairs 
o f vertices is 19. Connecting to its scale-free stationary state of large random networks, we expect 
that citation graph exhibit the same scale-free state rather in different size; but the issue is that what 
is its exponent? Scale-free stationary state gives us such insight that we may wish to understand the 
link structure of citation graph by exploiting a subgraph, provided the subgraph has enough nodes 
and edges.

2.3 literature review on mining link structure o f large scale networks for informa
tion location

Understanding the topology and local connectivity of large random networks allows us to predict 
the behavior of diverse algorithms for locating information and patterns in these networks. To my 
understand, searching information and patterns in Hypertext structures by exploiting link topology 
started as early as Botafogo in [5] in 1991. The authors define two types of important nodesrindex 
and reference. An index node is a node whose out-degree is greater than average out-degree, a refer
ence node is a node whose in-degree is greater than average in-degree. In order to better capture the 
notion of how complex a hypertext is, the compactness metric is developed. Informally, the com
pactness is measured by the distances between nodes. Giving the definition of compactness, they 
define a semantic cluster of a hypertext as a set of nodes and links that have two properties:! 1) they 
are a subgraph of the hypertext, (b) the compactness of the subgraph is higher than the compact
ness of the whole graph. Having the definition of semantic cluster of hypertext, they introduce two 
types of algorithms to find semantic clusters in the hypertext:(l) Biconnected components , and (2) 
Strongly connected components. By analyzing the structure of a hypertext using both algorithms, 
[5] show that it is possible to identify groups of nodes that have a high semantic relation. In citation 
graph domain, we expect to find Biconnected component and Strongly connected component struc
tures. The main insight brought by [5] is that could we capture the notion of publication community
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by compactness? and how to identify communities in the context of citation graph?
Many achievements have been fulfilled in exploiting link topology of Web to locate information 

in recent researches. Kleinberg[16] proposes an algorithm that, given a topic, finds pages that are 
considered authorities on that topic. The algorithm, known as HITS, is based on the hypothesis that 
for broad topics, authority is conferred by a set of hub pages, which are recursively defined as a 
set of pages with a large number of links to many relevant authorities. Specifically, their approach 
mainly address the problem of distilling and filtering authorities from large volume of relevant 
information. It consists of two processes: first, they need to construct a focused subgraph of WWW 
with these properties: (1) it’s relatively small, (2) it rich in relevant pages, and (3) it contains most 
of the strongest authorities. Second, based on their hypothesis that there are hub pages which have 
links to multiple relevant authoritative pages;hubs and authorities exhibit what could be called a 
mutually reinforcing relationships good hub is a page that point to many good authorities;a good 
authority is a page that is pointed to by many good hubs, they apply a iterative algorithm to compute 
the hub weights and authority weight of each web page. They show that the vectors of hub and 
authority weights correspond to the principal eigenvectors of matrices inferred from the adjacency 
matrix of the focused subgraph of WWW. The main concerns are fundamentally different from 
problems of clustering. Clustering addresses the issue of dissecting a heterogeneous population into 
sub-populations that are in some way more cohesive; thus, clustering is intrinsically different from 
the issue of distilling authorities from a relevant corpus of broad topics. The hypothesis of hubs and 
authorities exhibiting mutually reinforcing relationship on which the HITS algorithm based is not 
likely to be expected in the context of scientific literature-citation graph. When [16] began with the 
goal of discovering authoritative pages, they are expecting mutually reinforcing relationship is the 
intrinsic property of WWW. On the other hand, their approach in fact identified a more complex 
pattern of social organization on the WWW, in which hub pages link densely to a set of thematically 
related authorities. This equilibrium between hubs and authorities is a phenomenon that recurs in 
the context of a wide variety of topics on the WWW. But in the context of scientific literature, 
it has typically lacked, and arguably not required, an analogous formulation of the role that hubs 
play in WWW. Therefore, when we explore citation graph of scientific literature, we have to avoid 
the pitfalls of using the notions of hub and authority. We argue that the framework of [16] seems 
appropriate as a model of the way in which authority is conferred by hubs in an environment such 
as the Web.

In addition to the two-level algorithm such as HITS in [16] to filter authorities from WWW, 
there have been several one-level approaches to ranking pages in the context o f hypertext and 
the WWW. Brin and Page [25] proposed a ranking measure based on a node-to-node weight- 
propagation scheme and its analysis via eigenvectors. Their approach is based on a model in which 
authority is passed directly from authorities to other authorities, without interposing a notion of hub 
pages. Such model is more likely to be expected in the context of citation graph of scientific liter
ature, therefore, we would like to say much about it here. They make use of link topology of the 
WWW to calculate a quality ranking for each web page; this ranking is called PageRank. They show 
that PageRank is an objective measure of its citation importance that corresponds well with people’s 
subjective idea of importance; we would have the same feeling in citation graph of scientific litera
ture. Analogous to scientific literature, they calculate page’s importance or quality by counting the 
citations of a given page. Instead of counting the citation directly, PageRank extends this idea by 
not counting links from all pages equally. It is worth noting a basic concern in the application of 
this approach to WWW. The PageRank algorithm is applied to compute ranks for all the nodes in 
millions pages of the WWW; these ranks are then primarily used to order the results of subsequent 
text-based searches. In the context of citation graph of scientific literature, we more concern finding
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the activities of specialties instead o f identifying ranks of all documents for a whole.
There are many approaches in knowledge discovery or similarity calculation based on link analy

ses of directed or undirected graphs representing the underlying objects. Rafiei and Mendelzon [22] 
consider a question of finding reputation of a given page by analyzing its neighborhood connection. 
Specifically, in the context of Web, they propose two methods for computing the reputation of web 
page in terms of random walks on the Web graph. Their first method is based on one-level weight 
propagation, PageRank, model proposed by Brin and Page [25]; whereas, their second method is 
based on two-level weight propagation, hubs and authorities model proposed by Kleinberg [16].

Kumar and others [24] show that a large number of Web communities can be identified from their 
signatures in the form of complete bipartite subgraph of the web based on the hub-and-authority 
structure of community proposed in [16]. Their main concerns are to find these implicitly defined 
communities in the Web. Specifically, they mainly focus on the co-citation relationship of webpages 
which occurs repeatedly. The main idea is that related pages are frequently referenced together, 
a phenomenon originated in the scientific literature. Their thesis is that co-citation is- not just a 
characteristic of well-developed and explicitly-known communities but an early indicator of newly 
emerging communities. In other word, they can exploit co-citation in the web graph to extract all 
communities that have taken shape on the web, even before the participants have realized that they 
have formed a community. The process and results of trawling implicitly-defined web communities 
indicate that hub-and-authority structure is well appropriate in the environment such as WWW. In 
our citation graph of scientific literature domain, We also concern to find implicitly-define commu
nities before participants have realized that they have formed such communities;these communities 
are early indicators of emerging specialties. The finding of emerging specialties would be help for 
researchers to justify their current research and identify their future research direction.

There are two more types of efforts in finding relevancy among web pages through exploiting 
link connection information of Web graph. One [8 ] such work is based on the hub-and-authority 
structure proposed by [16]; another [12] is based on the graph theoretic algorithm-Max-flow and 
Min-cut-to identify web communities defined in terms of connectivity among web pages.

Dean and Henzinger [8 ] describe the Companion and Cocitation algorithms, two algorithms 
which use only the hyperlink structure of the web to identify related web pages. Their Companion 
algorithm is derived from the HITS [16] algorithm, and their Cocitation algorithm finds pages that 
are frequently cocited with the input page(that is, it finds other pages that are pointed to by many 
other pages that all also point to the input page).

Flake, Lawrence and Giles in [12] propose an efficient approach to find Web communities by 
computing Min-cut through Max-flow on a derived underlying local web graph. They argue that if 
time and space complexity issues were irrelevant, then one could identify tightly coupled commu
nities by solving the problem as a balanced minimum cut problem, where the goal is to partition a 
graph such that the edge weight between the partitions is minimized while maintaining partitions 
of a minimal size. But unfortunately, most generic versions of balanced minimum-cut graph parti
tioning are NP-complete. If balanced restriction is removed, the algorithm is easier. But one will 
suffer from the problem of highly unbalanced and trivial partitions in a graph. In order to avoid the 
problems mentioned above, they propose the approach to find communities combining Max flow- 
Min cuts algorithm with expectation maximization technique. They show that a community can 
be identified by calculating the s — t  minimum cut of graph with s and t being used as the source 
and sink, respectively.In our domain of citation graph of scientific literature, we notice that since 
we have a  moderately size graph comparing to web graph, we would be able to identify research 
communities by balanced minimum cut graph partitioning. Actually, we define our notion of com-
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munity analogous to web community defined in [1 2 ], and we propose a heuristic approach to solve 
the balanced minimum cut graph partitioning problem to identify communities in our context of the 
citation graph. We detail our approach in corresponding later section.
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3 Description of dataset: digital library and autonomous citation in 
dex: Researchlndex

Researchlndex [15] is a Web-based digital library and citation database o f scientific literature which 
are accessible from WWW. Traditionally, most published scientific literature appears in paper doc
uments such as scholarly journals or conference proceedings. But with the WWW becoming an 
important distribution medium for scientific research, Web publications are often available, and 
they also eliminate the time lag between the completion of research and the availability of such 
publication in terms of paper documents. In order to assist the user in finding relevant Web based 
research publications, Bollacker, Lawrence and Giles[17] developed CiteSeer, an “assistant agent” 
which improves research paper searching. Their results produce the prominent digital library and 
citation database of Computer Science literatur^.Researchlndex.

As a citation database, Researchlndex keeps staying up-to-date with recently published articles. 
Researchlndex should complement commercial citation indices such as the Institute for Scientific 
Information’s Science Citation Index(SCI). But in our study, we consider that Researchlndex is suf
ficiently accurate and useful. A citation index catalogues the citations that an article makes, linking 
the articles with the cited works. Citation indices were originally designed mainly for information 
retrieval and to allow navigate the literature in unique ways, such as backward in time(through the 
list of cited articles) or forward in time(to find more recent, related articles). The availability of Re
searchlndex provides the opportunity to us to build snapshots o f citation graphs of computer science 
literature for our study by autonomously querying Researchlndex.

As being the dataset of this study, Researchlndex has its inherent shortcomings. First of all, 
Researchlndex was created by a robot crawling the Web, the information of its database is that 
which is only accessible in the Web. Secondly, the same paper cited by different articles may 
appear in different formats, it may not appear in the database of Researchlndex uniquely. Thirdly, 
the database of Researchlndex only gathers works in the Web beyond a point in time, older papers 
may not present.

10
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4 Terminology of graph theory and review of graph theoretic algo 
rithms

In this section we briefly review the topics of graph theory and useful terminology as well as graph- 
theoretic algorithms. More details about graph theory could be found in [9] and in-depth develop
ment and implementation of graph-theoretic algorithms are described in detail in LEDA [19].

A graphs undirected) is a pair G  =  (V, E ) of sets satisfying E  C [V]2;thus the elements o f E  
are 2-element subsets of V. The elements of V  are the vertices of graph G, the elements o f E  
are its edges.A graph with vertex set V  is said to be a graph on v. The vertex set of a graph G  is 
referred to as V (G ), its edge set as E(G).  The number o f vertices of a graph G  is its order. A  
vertex v is incident with an edge e if v E e. Two vertices x, y  of G  are adjacent, or neighbors, if 
x y  is an edge of G. Two edges e ^  /  are adjacent if they have an end in common. If all vertices 
of G  are pairwise adjacent, then G  is complete. A complete graph on n vertices is a K n. Pairwise 
non-adjacent vertices or edges are called independent.

Let G' =  (V ', E'),  if V ' C V  and E ' C E,  then G ' is a subgraph of G, written as G ' C  G. if 
G ' C G  contains all the edges xy  E E  with x , y  E V ' , then G ' is an induced subgraph of G.

The degree of a vertex v is the number of edges incident at v, denoted as d(v). A  vertex of de
gree 0 is isolated. The number 6(G) =  min{d(v) \v  6  V} is the minimum degree of G, the number 
A(G) =  m ax{d(v) \v  E V }  is its maximum degree. If all the vertices of G  have the same degree k, 
then G  is k-regular. The number

is the average degree of G.
A  non-empty graph G  is called connected if any two of its vertices are linked by a path in G. G  

is called k-connected if |G | >  k  and G -  X  is connected for every set X  C V  with |A'| <  k. The 
greatest integer k  such that G is -connected is the connectivity k(G) of G. If |G| > I and G  — F  is 
connected for every set F  C E  of fewer than I edges, then G  is called I -  edge — connected. The 
greatest integer I such that G is /-edge-connected is the edge-connectivity A(G) of G.

An acyclic graph, one not containing any cycles, is called a forest. A  connected forest is called 
tree.

Let r >  2 be an integer, A graph G =  (V, E ) is called r-partite if V  admits a partition into 
r  classes such that every edge has its ends in different classes: vertices in the same partition class 
must not be adjacent. When r  =  2, it is called bipartite.

A  directed graph (or digraph) is a pair (V, E )  o f disjoint sets (of vertices and edges) together 
with functions associating with each e E E  a source source(e) € V  and a target target(e) E V.  
In other words, each edge has two end nodes, to which it is said to be incident, and a direction from 
one(source) to another(target). The terminology and notation of digraph theory is similar to that 
of undirected graph theory. In fact, to every digraph there corresponds a graph, obtained by letting 
the edges to be the edges and ignoring the edge directions. Two edges of a digraph is parallel if 
they have the same source and target, and a digraph is simple is it has no loops or parallel edges. A 
digraph may be simple as a digraph, but not as a graph.

Given a digraph G, the out-degree of a vertex v is the number of edges incident v letting v  as 
source;the in-degree of a vertex v is the number of edges incident v letting v as target.

When we write e — vw, e E E  for an edge of G, we mean that v — source(e), w — target(e).

II
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An edge of a  path P  =  vo, ei, u i , e * ,  ujt is forward if source(ef) =  u,_i and target(ei) =  u,- 
and is reverse otherwise. A path in which every edge is forward is a  directed path or dipath. A 
directed cycle is a dipath that is also a cycle.

Let G  =  (V, 2?) be a directed graph and let v and w be two vertices of G. w  is reachable from t; 
if there is a path in G  from v to w, i.e., if either v =  w or there is a sequence e j , ....ejk of edges of G  
with k > 1, v  =  source(ei), w = target(ek),  and target(ei) =  sou.rce(ei+i)  for all i, 1 < i < k.

A directed graph G  is called strongly connected if from any node of G  there is a path to any other 
node of G. A Strongly Connected Component(SCC) of a graph G  is a maximal strongly connected 
subgraph. LEDA[19] implemented a  procedure to compute Strongly Connected Component as:

int STRONG-COMPONENTS (cons t graph & G, node_array<int> & comp_num)

This procedure returns the number of strongly connected components o f G  and computes a 
node_array <  in t  > compjium  with encoding the strongly connected components of G. It runs 
in linear time 0 ( n  +  m), where n =  \V\ and m  =  |i?|.

Let G  =  (V, E) be an undirected graph, A Weakly Connected Component WCC) of G  is a max
imal connected subgraph of G. The procedure implemented in LED A [ 19]

int COMPONENTS (const graph & G, node_array<int>& comp_num)

computes the number of connected components of G. It runs in linear time 0 ( n  +  m), where 
n =  |V | and m  =  |2?|.

A connected undirected graph G  =  (V, E) is called biconnected if G — v is connected for every 
v G V . Here

G — v =  (V  — v, {e;e € E  and v n  e =  0})

is the graph obtained by removing the vertex v and all edges incident to v from G. A Biconnected 
Component(BCC) is a maximal biconnected subgraph. A vertex v is called a cutvertex of G  if G — v 
is not connected. The procedure in LEDA[\9\

int BICONNECTED_COMPONENTS (const graphs G, edge_array<int> & 
compjium)

returns the number of bees of undirected version of G  and the running time is 0 ( n  m).
Let G  =  (V, E) be an undirected graph(self-Ioops and parallel edges are allowed) and let 

w : E  —► i2>o(R is real set) be a non-negative weight function on the edges of G. A cut C  of 
G  is any subset of V  with <(> ^  C  ^  V . The weight of a cut is the total weight of the edges crossing 
the cut, i.e.,

W ( C )  =  Y i  w (e )
e € E ; |e n C |= I

A minimum cut is a cut of minimum weight. The function implemented in LEDA [19]

int MIN.CUT(const graph & G,const edge_array<int>& weight, 
list<node> & C, bool use_heuristic=true)
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takes a  graph G and a weight function on the edges and computes a minimum cut. The running 
time o f the algorithm is 0 ( n m  +  n2 log n).

Let G  =  (V, E)  be a directed graph, let s and t be distinct vertices in G  and cap : E  —> R>o(R 
is real set) be a non-negative function on the edges of G. For an edge e, we call cap(e) the capacity 
of e. An (s, f) -  f lo w  is a function /  : E  —)■ i ? > 0 satisfying the capacity constrains and the conser
vation constrains:

(1) 0 <  /(e )  < cap(e) for Ve €  E

(2) £ e;«*,rce(e)=«, / ( e) =  T,e-,target(e)=v f  («0 forVu G V \ { s ,  t}

We call s and t the source and the sink of the flow problem, respectively. The value of a flow 
/ ,  denoted | / | ,  is the excess o f the sink, i.e.,

I / I  =  £  / ( « )  -  £  / ( « )
e;source(e)=t e-,target(e)=t

A flow is called maximum, if its value is at least as large as the value of any other flow. The function 
implemented in L£ZM[19]

NT MAX_FLOW_T (const graphs G, node s, node t, const edge_array<NT>
& cap, edge_array<NT> & f)

computes a maximum flow /  in the network (G, s, t, cap) and returns the value of the flow.
We close this section with the famous max-flow-min-cut theorem. An (s, t) — cut is a set 5  of 

nodes with s € S  and t not in 5 . The capacity of a cut is the total capacity of the edges leaving the 
cut, i.e.,

cap(S) = ^ 2  cap(e)
e e E n (S x T )

Then

m a x { \ f \  : f  a (s ,t)  — f lo w }  = min{cap{S) : S  a (s, t )  — cut}
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5 Characteristics of the Citation Graph of Computer Science Litera 
ture

It has been observed that a number of random networks spanning as diverse fields as the WWW 
or the people interaction social network exhibit consistent characteristics [2 ] that are independent 
of the nature of the system and the identity of its constituents. One such characteristic is that 
the in- and out- degrees follow Power law distributions. In addition, with the availability of large 
dataset of WWW, people have studied the linkage structure of web graph and developed approaches 
of exploiting link structure for information discovery. People’s investigation of scientific citation 
numbers in Physics [26] only shows the existence of power law in degree distributions without 
exploring its citation graph. The availability of digital library and citation index enables us to 
build the citation graph formed by computer science literature as an example of huge networks 
with thousands of nodes and millions of edges. We now examine the Citation Graph of Computer 
Science Literature in greater detail. In this section, our study is answering questions such like: does 
the citation graph, as other huge networks display, exhibits the power law distribution existing in 
its degrees? how is the connectivity of the citation graph? can we find aggregate information of 
the citation graph by applying those developed efficient graph-theoretic algorithms? what does the 
macroscopic structure of the citation graph look like? Consequently, in this section, we not only 
verify its degree distributions, but also explore its connectivity, components and interior structure.

5.1 Building Citation Graph by querying Researchlndex

The first step of characterizing the citation graph is building it from citation database. After con
structing a robot, we built citation graphs by querying Researchlndex autonomously. We choose 
three subtopics of computer science as start points to fulfill our task of building citation graph. The 
three topics are: Neural Networks, Automata and Software Engineering.

After we provide the topics to Researchlndex, it will retrieve 1000-2000 papers related to each 
of these topics. For each topic, taking returned papers as a base set /?, we start building citation 
graph C G  through following procedure:

1 . w h i l e  \CG\ < p red e fin ed  threshold  an d  new p a p e r  i s  a d d in g  t o  (3
2 . f o r  e a c h  v 6  P h a s  n o t  b e e n  v i s i t e d
3 . a d d  v ’ s n e ig h b o r s  who p o i n t  to  v t o  (3
4 . a d d  v ' s  n e ig h b o r s  t o  whom a r e  p o i n t e d  b y  v t o  f3
5 . m ark  v v i s i t e d
6 . l e t  C G  b e  t h e  g r a p h  in d u c e d  b y  p a p e r s  i n  (3
7 . e n d  w h ile

We have observed that there are two types of articles in Researchlndex: one type of articles con
tributes fully information to citation graph, they are in Researchlndex's  database; another type of 
articles only contributes half information to citation graph, i.e., we have no way to know who are 
their references, they were brought into Researchlndex by references o f other papers, but they are 
not in Researchlndex's database themselves.

After crawling for months, three citation graphs were built and one union citation graph was 
created by combining these three citation graphs. A preliminary analysis of the collection of citation 
graphs is shown in Table 1.

14
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( 1 ) (2 ) (3) (4)
Number of 
papers 
be visited

Number of 
papers 
in database

Number of papers 
without citation over (2 )

Number of citations 
of most-cited paper

citation graph-N.N. 109,519 23,371 16,555 739
citation graph-Automata 117,702 28,168 19,809 503
citation graph-S.E. 94,179 19,018 12,934 186
union citation graph 261,708 57,239 37,348 739

Table 1: The preliminary analysis of the collection of citation graphs.

5.2 Measurements o f Citation Graphs o f Computer Science Literature

In this section we describe empirical observations drawn from a number of our measurement ex
periments on the citation graphs obtained by querying Researchlndex as above. The measurements 
include degree distribution results and diameters.

5.2.1 Degree distributions

We begin by considering the in-degree of nodes in the citation graph. “Distribution with an inverse 
polynomial tail have been observed in a number of contexts. The earliest observation is in the 
context of economic models [21]. Subsequently, these statistical behavior have been observed in 
context of literacy vocabulary [14], sociological models [13] etc”1. Most recently, people have 
observed that the degree distributions in web graph [2, 3] and the scientific citations [26] follow 
power law as well.

In our context of citation graph of computer science literature, we also observed that the in
degree distributions follow a power law: the fraction of papers with in-degree i is proportional to 
1  / P  for some 7  > 1 .

Our empirical experiments on all three citation graphs built from different topics as well as the 
union citation graph confirmed this result at a variety of scales. In all these experiments, the value 
of the exponent 7  in the power law for in-degrees is a remarkably consistent 1.71.

Figure 3 is a Iog-log plot of the in-degree distribution of the union citation graph. The tail end 
of the distribution is ‘messy’ - there are only a few papers with a large number of citations. For 
example, the most cited papers had 739 citations, but the next most cited papers had 639 citations. 
It might be tempted to fit the curve in Figure 3 to a line to extract the exponent 7 . However, there 
are so few data points in that range, simply fitting a straight line to the data would give not good 
slope. To get the proper fit, we need to bin the data into exponentially wider bins as shown in Figure
4. The value 7  =  1.71 is derived from the slope of the line providing the best linear fit to the data 
in the figure.

The out-degree of a paper in our citation graphs depends on the age of the paper, since older 
papers will have fewer references that are in the database. Therefore, these out-degrees do not give 
an accurate picture of the out-degrees of nodes in the complete citation graphs, and therefore their 
distribution has not been considered here.

‘see [3]
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Figure 3: The in-degree distribution in the union citation graph in computer science literature sub
scribe to the power law.
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Figure 4: To bin the in-degree data into exponentially wider bins in the union citation graph in 
computer science literature: it subscribes to the power law with exponent=l .71.
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5.2.2 Diameters

We turn next to the diameter measurement of citation graphs. In this study, the diameter is defined 
as the maximum over all ordered pairs(u, v) of the shortest path from u to v in citation graph. 
We measured two types of diameters of citation graph: directed diameter and undirected diameter. 
Directed diameter is measured by directed shortest path or dipath, while undirected diameter is 
obtained by treating edges without direction.

Before we measure diameters, we tested the connectivity of citation graph in terms o f undirected 
graph. The results revealed that the citation graph is not connected. However, «  80% — 90% of the 
nodes are in one connected component, while the rest form a few very small components. Details 
are described in Section 5.3. Focusing on connected component, we measure the diameters upon 
the giant connected component of citation graph.

Applying Dijkstra’s shortest path algorithm on the giant connected components of citation graphs 
built from three different topics and union graph, we show the diameters in different graphs in Table 
2 .

graph
size

directed
diameter

undirected
diameter

citation graph-N.N. 23,371 24 18
citation graph-Automata 28,168 33 19
citation graph-S.E. 19,018 2 2 16
union citation graph 57,239 37 19
average 29 18

Table 2: The diameters of citation graphs built from different topics as well as union citation graph. 
Topic: N.N.: Neural Networks, S.E.: Software Engineering.

Ignoring the orientation of edges in citation graph, we observed that the citation graph is a 
‘small world’, the undirected diameter is around 18, consistent at variety of scales and topics. In 
contrast, we don’t have such ‘small world’ in directed citation graph. Our statistical study shows 
that the probability of existing a directed path between any pair of nodes is only 2 %, even though 
the measured directed diameter is around 30.

5.3 Reachability and components

We now consider the connectivity of Citation Graph of Computer Science Literature, involving 
examining the various types of connected components and reachability of nodes. Given a citation 
graph G — (V, E ),  we will view G  as a directed graph as well as undirected graph by ignoring the 
direction of all edges. We now ask how well-connected the citation graph is. Its connectivity can be 
examined in terms of both directed version and undirected version of G. For the undirected version 
of G, we ask: is the citation graph connected? what is its biconnectivity? For the directed version 
of G, we make crucial use of the orientation of edges: is the citation graph strongly connected?

We apply a set o f algorithms that compute reachability information and structural information of 
directed and undirected citation graphs: Weakly Connected Component(WCC), Strongly Connected 
Component(SCC) and Biconnected Component(BCC).

As we mentioned before, we created three subgraphs formed by articles related to three different
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topics and one union graph. These raw graphs contain both nodes in Researchlndex's database as 
well as nodes not in Researchlndex' database. We cleaned up raw graphs by discarding nodes who 
are not in Researchlndex's database, keeping only the nodes that contribute full information to cita
tion graphs. After clean up, the graph sizes become: subgraph coming from neural networks papers 
contains 23,371 nodes; subgraph coming from automata papers contains 28,167 nodes; subgraph 
coming from software engineering contains 19,017 nodes; union graph contains 57,238 nodes (see 
Table 1). Our connected component experiments are applied to those cleaned up graphs.

5.3.1 Weakly connected components

Mathematically, a Weakly Connected Component(WCC) of undirected graph G  =  (V, E) is a max
imal connected subgraph of G. A WCC of a citation graph is a set of articles each of which is 
reachable from any other if links may be followed either forwards or backwards. In the context of a 
citation graph, links stand for the citations from one article to other articles cited in the former one. 
The WCC structure of a citation graph gives us an aggregate picture of groups of articles that are 
loosely related to each other.

The results drawn from the weakly connected component experiments on citation graphs are 
shown in Table 3. The results reveal that the citation graph is well connected-a significant constant 
fraction «  80% — 90% of all nodes fall into one giant connected component. It is remarkable that 
the same general results on connectivity are observed in each of the three topic subgraphs. In turn, 
the same behavior is observed for the union graph, suggesting a certain degree of self-similarity.

graph
size

size of largest 
WCC

percentage of 
largest WCC

size of second 
largest WCC

citation graph-N.N. 23,371 18,603 79.6% 2 1

citation graph—Automata 28,168 25,922 92% 2 0

citation graph-S.E. 19,018 16,723 87.9% 1 2

union citation graph 57,239 50,228 87.8% 2 1

Table 3: The results of Weakly Connected Component experiments on different citation graphs: 
the majority («  90%) of articles are connected to each other if links are treated as without direc- 
tions.citation graph:N.N stands for Neural Networks; S.E. stands for Software Engineering.

Derived from the results of WCC experiments, a picture represents the connected component of 
the citation graph is shown in Figure 5.

5.3.2 Strongly connected components

We turn next to the extraction of Strongly Connected Component(SCC) of the connected components 
of the three topical citation graphs and their union graph. A Strongly Connected ComponentSCC) 
of a directed graph is a maximal subgraph such that for all pairs of vertices (u, u) of the subgraph, 
there exists a directed path (dipath) from u to u .  In the context of the citation graph, a dipath from 
u to v means that article u directly cites article v or article u cites a intermediate article w, w cites 
next intermediate article and so on, until it reaches article v indirectly. Since there is a temporal 
direction between citing article and cited article, if article u directly or indirectly cites article v , then 
v  would not cite back to u. As a result, we might expect that there is no SCC in the citation graph.
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Giant connected com ponent

« 9 O«

Figure 5: The connectivity of the citation graph: around 90% of the nodes fall into a giant connected 
component, the rest forms a several very small components.

But contrary to our expectation, the results of SCC experiments on the collection of citation graphs 
reveal that there exist one to three sizable SCC’s in each of the citation graphs, as well as a few very 
small SCC’s. The results drawn from the experiments are shown in Table 4.

graph
size

size of largest 
SCC

size of second 
largest SCC

size of third 
largest SCC

citation graph-N.N. 18,603 144 14 1 0

citation graph-Automata 25,922 192 29 24
citation graph-S.E. 16,723 17 11 8

union citation graph 50,228 239 155 60

Table 4: The results of Strongly Connected Component experiments on different citation graphs: 
there exist many small SCCs, among them there are one -three bigger SCC(s), the rest are even 
smaller comparing those bigger ones, citation graph:N.N stands for Neural Networks; S.E. stands 
for Software Engineering.

In order to know which publications formed the SCCs, i.e. how the directed cycles were gener
ated in those citation graphs, we extracted some SCCs from citation graphs and searched articles of 
these SCCs directly in Researchlndex's database to find their titles, abstracts, authors, journals and 
published years. Our study shows that several types of publications formed SCCs: (1) publications 
written by same authors tend to cite each other, they usually produce self-citations, (2 ) publications 
which are tightly relevant tend to cite each other, e.g., publications, whose authors in same insti
tute, dealing with same specialty and getting published concurrently are highly relevant and tend to 
cite each other, (3) publication which got published in different publication types such as journals, 
inproceedings or technical reports in different time formed directed cycles with other publications. 
Such a publication was considered as the same one during our creation process of citation graph.
(4) books or other publications which got published in several editions in different time often acted 
as jump points in citation graph. Since different editions of publication were treated as the same
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one node in citation graph, acting as jump point forming directed cycles in citation graph; that is 
the reason of the existence of one to three bigger SCCs, while (1) - (3) types of articles often fell 
into even smaller SCCs containing 2-5 articles. For example, the paper entitled “Option Decision 
Trees with Majority Votes! 1997)” by R. Kohavi appearing on “Machine Leaming:Proceedings of 
the Fourteenth International Conference” and the paper entitled “Data Mining using MLC++ -  A 
Machine Learning Library in C+-K1997)” by R. Kohavi and others appearing on “Tools with Arti
ficial Intelligence” are cited by each other. One more example is, there are three papers who are pa
per 1 entitled “Efficient Distribution-free Learning of Probabilistic Concepts! 1994)” by MJ.Keams 
et al. appearing on “Computational Learning Theory and Natural Learning Systems, Volume I”, 
paper2 entitled ‘Toward Efficient Agnostic Learning! 1992)” by M J.Keams et al. appearing on “In 
Proceedings of the Fifth Annual ACM Workshop on Computational Learning Theory” and paper3 
entitled “Learning Switching Concepts! 1992)” by A. Blum appearing on “COLT:Proceedings of 
the Workshop on Computational Learning Theory” forming a directed cycle on which paperl cites 
paper2, paper2 cites paper3 and paper3 cites the earlier appearance of paperl on “In Proceedings of 
the Thirty-First Annual Symposium on Foundation of Computer Science! 1990)”.

A conceptual map that is elicited from analysis of results of SCC experiment on the union ci
tation graph is depicted in Figure 6 . A number of small SCCs are embedded in a well connected 
background net. This background net is a directed acyclic structure, i.e., there is no directed cycle 
in background net.

see •<

■O'

o

Figure 6 : The directed connectivity of the citation graph: a number of small SCCs embedded in a 
background net;the background net is a directed acyclic graph.

5.3.3 Biconnected components

We are not satisfied with the coarse structural information drawn from WCC experiments on the 
undirected version of the citation graph such that there exists a unique giant connected component.
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However, our effort of further refining the structure of the citation graph by looking at SCC which 
makes use of orientation of edges revealed that this giant connected component does not generally 
contain any large strongly connected subgraphs-we couldn’t obtain explicit aggregate information 
in terms of directed version of the citation graph. Consequently, we turn our focus to stronger 
connectivity measure in terms of undirected graph-biconnectivity.

A Biconnected Component(BCC) in the citation graph is a set of nodes such that two nodes u 
and v are biconnected if there is no third node w so that w lies on all u — v paths if links may 
be followed either forwards or backwards. Applying the biconnected component algorithm on the 
giant connected components of citation graphs, we find that each giant connected component of 
each citation graph contains a giant biconnected component. The giant biconnected component acts 
as a central biconnected nucleus, with small pieces connected to this nucleus by cutvertices, and 
other single trivial nodes connected to this nucleus or some small pieces. A coarse tree structure in 
terms of biconnected components is a  bipartite, H  = {AU  B , E ), where A  is the set of cutvertices 
and B  is the set of its BCCs. Thus, we can intuitively picture the structure of citation graph as 
Figure 7.

Figure 7: The biconnectivity of the citation graphra giant BCC acts as nucleus, with small pieces 
connected to it by cutvertices, and other single trivial nodes connected to nucleus or some small 
pieces. Such a bipartite is formed by a set of cutvertices and a set of BCCs.

The numerical analysis of sizes of BCCs indicated tha t«  58% of all nodes account for the giant 
biconnected nucleus, the rest ss 40% of all nodes are in trivial BCCs each of which contains single 
distinct node, remaining «  2% of all nodes fall into a few small pieces. A histogram of size analysis 
is depicted in Figure 8 . Our analysis of the big BCC shows that there are 43% of its nodes without 
incoming link, and rest of its nodes have both incoming and outgoing links.

5.3.4 Aggregate picture

By performing a set of connected component algorithms, we are able to elicit an aggregate picture 
of the citation graph as an undirected graph. Our analysis of WCC experiment indicates tha t«  90% 
of the nodes form a giant Weakly Connected Component(WCC); such a single giant WCC can be

Giant Biconnccted component

,0

®  : represents small BCC
 : short lines represent trivial BCCs.
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□  The percentage of 
trivial BCCs

■  The total 
percentage of 
other BCCs

■  The percentage of 
largest BCC

Figure 8 : Analysis of sizes of BCCs: average 58% of the nodes form the giant biconnected nucleus, 
average 40% of the nodes are in trivial BCCs connected to other non-trivial BCCs, average 2% of 
the nodes fall into a few small pieces. Citation graphrN.N. stands for Neural Networks, S.E. stands 
for Software Engineering, Union stands for Union citation graph.

divided into two parts: one part contains almost 68.5% of the nodes without any incoming link, 
suggesting that 68.5% of publications have not been cited yet, another part contains the rest of 
publications with at least one citation. Finally, in such a giant WCC, around 58% of nodes form a 
big Biconnected Component(BCC) act as a biconnected nucleus, with a few small BCCs connected 
to this nucleus by cut vertices, and all rest of nodes fall into trivial BCCs each of which consists of 
single distinct node connected to this nucleus or some other small pieces. The aggregate picture is 
shown in Figure 1 and Figure 2.

5.4 Does connectivity depend on some key articles?

We have observed that the citation graph is well connected-90% of the nodes in a giant connected 
component containing another biconnected nucleus, 58% of the nodes, if we treat citation graph 
as undirected graph. The result that the in-degree distributions follow the Power law indicates that 
there are a few nodes of large in-degree. We are interested in determining whether the widespread 
connectivity of the citation graph results from a few nodes of large in-degree acting as “authorities”. 
As to the out-degree, since we clean up the raw citation graph by discarding nodes without complete 
contributions to the citation graph, the out-degree of the kept nodes does not actually represent the 
number of references of the corresponding papers. Yet we are still interested in knowing whether 
the connectivity of the citation graph depends on nodes with large out-degree acting as “hubs” in 
the citation graph. We test this connectivity by removing those nodes with large in-degree or out- 
degree, and computing again the size of the largest WCC. The results are shown in Table 5 and 
Table 6 .
Testing connectivity of union citation graph

Surprisingly, the results show that the widespread connectivity does not depend on “hubs” and

The 
percentage 
of BCC’s 

size

Citation graphs 
1:N. N. 2: Automata 
3: S. E. 4: Union
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size of graph 50,228
k 2 0 0 150 1 0 0 50 1 0 5 4 3

size of graph 
after removing

50,222 50,215 50,152 49,775 46,850 43,962 42,969 41,246

size of largest 
WCC

50,107 49,990 48,973 43,073 26,098 14,677 9,963 1,140

Table 5: Sizes of the largest Weakly Connected Components(WCCs) when nodes with in-degree at 
least k  are removed from the giant connected component of union citation graph

size of graph 50,228
k 2 0 0 150 1 0 0 50 1 0 5 4 3

size of graph 
after removing

50,225 50,225 50,224 50,205 48,061 43,964 42,238 39,622

size of largest 
WCC

50,202 50,202 50,198 50,131 46,092 37,556 33,279 26,489

Table 6 : Sizes of the largest Weakly Connected Components(WCCs) when nodes with out-degree 
at least k  are removed from the giant connected component of union citation graph

“authorities”. Indeed, even if all links to nodes with in-degree 5 or higher are removed(certainly 
including links to every well-known articles on computer science), the graph still contains a giant 
Weakly Connected Component(WCC). Similarly, if all links to nodes with out-degree 3 or higher 
are removed, the graph is still well connected. In order to measure how is the graph connected after 
removing “authorities ” and “hubs”, two histograms are obtained, representing the percentage of the 
giant WCC over the graph after removing “authorities” and “hubs” in Figure 9 and Figure 10.

The analysis of sizes of giant WCCs indicate that “authorities” have more heavy influence on 
connectivity than “hubs”, relatively. Since even nodes with 3 out-degree are removed, there still 
are more than 60% nodes falling in a giant WCC; in contrast, when “authorities” with in-degree 3 
are removed, the graph has a great number of isolated components. Our observations drawn from 
widespread connectivity tests have two interesting aspects: first, the connectivity of citation graph 
is extremely resilient and does not due to the existence of “hubs” and “authorities”; second, “hubs” 
and “authorities” are embedded in a graph that is well connected without their contributions.

5.5 Minimum cuts

A question related to understanding the structure of the citation graph is how to find thematically 
cohesive communities. So far, our study of various types of connected components has resulted in a 
well-connected citation graph with a  giant biconnected nucleus. The next question is whether there 
is any further structure within that nucleus. We attack this problem using minimum cut algorithms, 
both for global minimum cut and for minimum cuts between specific pairs of nodes.

Mathematically, an (edge) cut C  of graph H  =  (V, E ) is a set of edges which, when removed, 
disconnect the graph. The size of a cut is the number of edges in the cut. Given an edge weight 
function w : E  R, a minimum cut is a cut whose total weight is minimum.
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T h a  p e rc e n ta g e  o f  la rg as t WCC a f te r  rem ov ing  n o d e s  w ith  ain-dagma>200raniovBd. 
g rea te r  in -d ag rea .

■ > 150.

T h e  p e rc e n ta g e  0.6 
o f la rg a s tW C C  0  4

Figure 9: Analysis of sizes of giant WCC after removing “authorities”: the height of each 
bar indicates the percentage of the largest WCC of the graph after removing nodes with k =  
200 ,150 ,100 ,50 ,10 ,5 ,4 ,3  in-degree.

The percentage of largest WCC alter removing 
nodes with greater out-degree

1
0.8

The percentage of 0.6 
largest WCC 0 .4  

0.2 
0

□  out-degree > 200 
removed.

■  > 150.

□  > 100.

□  > 50.

> 10.

□  > 5.

□  > 3.

Figure 10: Analysis of sizes of giant WCC after removing “hubs”: the height of each bar 
indicates the percentage of the largest WCC of the graph after removing nodes with k  =  
200 ,150 ,100 ,50 ,10 ,5 ,4 ,3  out-degree
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Our min-cut experiments focus on the giant connected component of union citation graph. After 
extracting the giant connected component H  =  (V, E) from the union citation graph, we assign 
edge weight w(e)  =  1 , f o r  all e £ E ,  and we apply the global minimum cut algorithm on H.  In 
order to explore the interior structure of graph H,  we implemented the min-cut exploring procedure 
as below:
1. procedure Explore_Min_Cut [H  =  (V, E ) )
2 . w h i le  |H\  >  0
3 .  co m p u te  m i n - c u t  C  o f  H
4 .  c a l c u l a t e  e d g e  w e ig h t  o v e r  c r o s s i n g  e d g e  s e t  F
5 . l e t  Hi  =  (C , Ei)  b e  g ra p h  in d u c e d  b y  C
6 . l e t  Hi  =  (V — C, Ei)  b e  g ra p h  in d u c e d  b y  V  — C
7 .  E xp lo re_M in_C ut ( H i )
8 . E xp lo re_M in_C ut { H i )
9 . end  w h i le

Most of the resulting cuts of the above procedure reveals are trivial cuts, each of which separates 
only one node from the rest of the graph.

When the procedure Explore J4in-Cut(H) is applied to graph H  recursively until the fragments 
become trivially small, we find that the percentage of trivial cuts is 99%.

From these experiments we conclude that the interior link structure of the citation graph is dense; 
also that there is no such explicit community information discernible through global minimum cuts, 
and we need more sophisticated tools for finding communities in citation graph.

Since the global minimum cut approach does not give us communities, we turn to the computa
tion of minimum cuts between specific nodes. If two nodes are selected to belong to different topics, 
then possibly the minimum cut between them might separate the papers belonging to the two topics. 
To investigate this hypothesis we selected authority papers (papers with large in-degree) belonging 
to the topics of Neural Networks, Automata and Software Engineering, and we computed the mini
mum cuts of the union graph between pairs of such papers. For the minimum cut computation, we 
made two modifications to the (directed) union graph of 50,228 nodes:

1. We add the reverse edges to all the edges of the graph, so as to effectively treat it as an 
undirected graph.

2. We add node capacities equal to 1, by the following construction. We replace each node v by 
two nodes u,n and i w  and an edge from u,n to vout. and we connect all the edges into v to um and 
all the edges out of v to vout. All edges have capacity 1, thus allowing us to associate capacities 1 
to all the nodes, as well.

The resulting graph has 100,456 nodes.
From these experiments we obtain highly unbalanced partitions of the union graph. The cut sizes 

are similar to the in-degree of the nodes, and the smaller partition contains at most a few hundred 
nodes while the larger partition contains the rest of the nodes (approximately 99,000).
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6 Conclusion and future work

We now make conclusion of our work and indicate the revealed challenges that future work needs 
to resolve.

6.1 Conclusion

To the extent of traditional scientific citation analysis, our study of characterizing the citation graph 
of computer science literature facilitates understanding the intellectual structures in computer sci
ence based on citation index of computer science literature. First of all, the degree distributions 
provide basic insights about the relative popularity of publications in computer science. At a ba
sic level, most publications are minimally recognized- only 1/3 of publications are cited, and 83% 
of those cited publications are cited 10 times or less. Publication with citations greater than 10 is 
relatively rarer. Secondly, being ignored the direction of links representing the citations from one 
article to others, the citation graph is well connected, manifesting a ‘small world’. However, it is 
worthwhile to note that the probability of existing a directed path between any pair of nodes is only 
2%, if the links may only be followed forwards. Thirdly, our approaches of structural analysis of ci
tation graph augment the traditional citation co-citation analysis of scientific literature. Particularly, 
the integration of various citation patterns and the graph theoretic analysis provides a rich represen
tation of a knowledge domain. People can apply such structural analysis to discover patterns and 
make valuable connections between publications or authors.

6.2 Future work

There a number of interesting further directions suggested by this study. First, the citation of a 
scientific article is a function of time, suggesting that the structure of citation graph is dynamic 
instead of static. In real life, the reputation of paper is fading with time. But not all papers are being 
known and forgotten in same time function. Intuitively, some well-known papers are getting more 
and more citations, then replaced by newly emerging papers in same specialty; some papers have not 
been cited yet, probably never; some papers drew attention in a certain period of time, then forgotten 
quickly. All these varieties of citations affects the structure of citation graph over time. We have not 
taken time factor into consideration in our study of characterizing. There are a number of interesting 
and fundamental questions that can be asked about the evolution of citation graph, involving both 
evolution of in-degree of individual articles and evolution of link topology of the graph. With the 
assistance of citation indices and digital libraries, we can easily build citation graphs with time 
stamp and individual nodes with time stamps too. Applying same graph-theoretic algorithm as in 
this study, we can obtained more statistical measures relating to characteristics of citation graph, 
such that the life expectancy of computer science articles, age distributions. Moreover, it challenges 
us to develop more sophisticated tools to study the evolution of local link structure of citation graph 
for predicting the research trends. Also, we can study the life span of specialties and communities, 
helping the researchers and scientists to predict their research outputs.

Second, there is a challenge of “hubs” and “authorities” analysis in citation graph. We have re
viewed the related work for analyzing “hubs” and “authorities” in web graph in section 2. Although 
we have claimed that scientific citation graph and web graph are governed by different principles, 
and the equilibrium between “hubs” and “authorities” is an appropriate model for certain environ
ment such as WWW, we do notice that there are a number of ‘survey’ and ‘review’ papers existing 
in many specialties of computer science field. Kleinberg [16] has made a comprehensive compari-

26
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son of scientific citation standing and hub/authority measure in WWW. Our question is whether to 
ignore the existence of ‘survey’ or ‘review’ papers acting as “hubs” in scientific citation. Since most 
work in measuring the scientific citation is based on one-level model such as the method extended 
by PageRank [25], we expect that such two-level [16] model as hub/authority will give us insights 
to identify authorities in scientific citation graph. All ‘survey’ and ‘review’ papers acting as “hubs” 
in citation graph emerged in a certain time when a specialty has developed to a certain stage. Com
bining the evolution of graph discussed above, we can study the changes of citations of papers cited 
by “hubs” after survey or review. It will shed more lights on life spans of specialties.

Third, community identification and similarity calculation are still interesting problems to study. 
People have developed many other approaches purely exploiting link topology to find communities 
or compute similarity in web graph, involving hub/authority modeI[8 ], max flow-min cut[12]. The 
hub/authority model focuses on distill authorities from a corpus of tons of relevant pages, while 
max flow-min cut has mainly been used in focused crawling. Both are efficient and effective in 
the sense of online replying. In the case of identifying specialties and predicting research trends in 
long-term sense, we believe that graph decomposition and partitioning are appropriate models. It 
should be pointed out that the balanced graph partitioning problem is NP-hard [20], but local search 
strategies have been proposed for them [18, 11]. The strategy of assigning weights to edges for 
different relationships between nodes is still not fully understood in accurate level.

Finally, we believe that characterizing the link topology of scientific citation graph has the po
tential for beneficial overlap with a number of areas, one of these areas is the field of information 
retrieval. On the other hand, combining textural content of individual nodes as well as link topology 
of citation graph leads us to a promising future of knowledge discovery in the domain of scien
tific literature. One direction is how can we annotate autonomously the communities discovered by 
graph partitioning process without human intervention? we expect that efficiently and effectively 
discovering research patterns and filtering finer topics from broader range will boost the computer 
scientists’ theoretical and practical research activities.
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A The citation graph in Researchlndex

A .l Article distributions in Researchlndex

We apply a set of graph-theoretic algorithms on the citation graph to explore its link topology. 
There are several commercial citation indices such as ISI which contains many science fields in a 
single citation index. These citation indices of many science fields couple with each other so that 
to characterize citation graph in one special field becomes difficult by querying ISI citation indices. 
Moreover, the term format in ISI is more appropriate to researches in information science. Our goals 
of study mainly focus on exploring the linkage structure of Citation Graph of Computer Science Lit
erature. We observed that the Researchlndex is an appropriate data resource for our study. We have 
introduce Researchlndex as a  digital library of computer science literature in Section 3. Researchln
dex contains almost all publications available across WWW and their citations in computer science 
specialty. In this appendix, we introduce the considerations of querying Researchlndex to create 
citation graph and algorithms of our robot. Before we construct any robot to query Researchlndex, 
we have to understand the operation mechanisms of Researchlndex. We need to answer several 
questions as below:

1. What is the format of searching result of Researchlndex after submitting a query term?

2. How to effectively and efficiently perform the Breadth-First Search in Researchlndex to get 
citation graph?

3. What does the citation graph roughly look like in Researchlndexl

The collection of computer science bibliographies [4] gives us the following statistical data in Table 
7 about the literature in computer science by Oct. 2000:

How many publications in Researchlndexl In its homepage [15], it says that it contains around
300,000 documents and 4 million citations. But not all documents’ full-text and full-references are 
available in Researchlndex's database. Researchlndex contains two types of documents: one type 
is that its full text had been downloaded into database of Researchlndex and its full references had 
got parsed; one type is that only its citation information had been parsed from the first type of doc
uments and its full text is not available in the database of Researchlndex. That means there are two 
types of nodes in citation graph after querying Researchlndex. one type of nodes have complete 
contribution to citation graph; another type of nodes only have citation information without refer
ence information, they have no complete contribution to citation graph. When the robot query the 
database of Researchlndex, it will retrieve both types of nodes, so it influence the effectiveness of 
results of characterizing the citation graph.
Let’s define:
Complete node in citation graph:The retrieved node in citation graph has its complete incoming 
links as well as outgoing links. In other words, if we start a certain search algorithm from this type 
of node, we can reach its children as well as its parents.
End node in citation graph:The retrieved node in citation graph only has its incoming links from 
other nodes, its outgoing links are lost. In other words, we couldn’t follow this type node to reach 
its children.
Let’s guess how many complete nodes in Researchlndex can be used to characterize the citation 
graph:
(1) Using query topic: Neural Networks:
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Subject Area Journal Articles Conference Papers Technical Report All Entries
Others/U nclassifieds 155307 119198 13306 321341
Theory/Foundations of CS 80255 34895 4828 135005
Mathematics 76043 5195 5795 99407
Artificial Intelligence 29460 29868 7405 90685
Parallel Processing 25930 28248 8717 75351
Computer Graphics 32649 20417 1555 61637
Technical Reports 303 467 53480 55235
Compiler 22003 10511 4805 48990
Softw.EngTFormal Methods 17686 21363 2616 47607
Distributed Systems 18458 5199 2056 33163
Databases 11017 12387 2209 30607
Neural Networks 10605 6847 1470 23083
Human-Comp. Interaction 5628 12150 17 20316
Operating Systems 9017 6611 564 18672
Typesetting 4769 1365 170 9368
Logic Programming 1993 4946 583 8648
Object-Oriented 1382 3048 939 7133
Wavelets 1338 381 353 2867
Total 503843 323096 110868 1089115

Table 7: Statistics for the computer science bibliography collection
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When we supply the query term “Neural Networks” to Researchlndex, it replies the result as:’More 
than 10,000 results found,only retrieve 2000..’.Researchlndex gives the information of whether this 
paper is in its database. Making a statistics on retrieved 1500 papers(Since the server is over
loaded, the Researchlndex only given 1500 results), we observed that 246 papers are in its database- 
complete nodes, and 1254 papers are not in its database—end nodes.Therefore, we could estimate 
that only 16.4% papers are complete nodes in citation graph related to the topic “Neural Networks”, 
83.6% papers are end nodes in citation graph related to the topic “Neural Networks”.
(2) Using query topic:Information Retrieval:
When we supply the query term “Information Retrieval” to Researchlndex, it found more than
10,000 papers, but only retrieved 1000 papers due to the overloading of server. 175 papers are in its 
database, 825 papers are not in database. Therefore, 17.5% papers are complete nodes and 82.5% 
papers are end nodes in citation graph related the topic “Information Retrieval”.

From the statistics’ point of view, we estimated that the citation graph in Researchlndex has 17% 
complete nodes, other 83% nodes are end nodes. From this conclusion, we have to be careful when 
we explore the citation graph, since the end nodes don’t make complete contributions to citation 
graph.

The robot would query Researchlndex to obtain the citation graph using forward Breadth-First 
Search, following the outgoing links of a set of start nodes obtained using topic searching. Since 
we have estimated that there are 17% nodes are complete nodes, we can follow their outgoing links 
to crawl the citation graph, but there will be a bunch of nodes only have outgoing links-in other 
words, they may be new publications haven’t been cited by others yet(see Figure 11).

Figure 11: The macroscopic shape of citation graph in Researchlndex: 83% nodes only have in
coming links from others-they are end nodes-call them END part. 17% nodes not only have in
coming links, but also have outgoing links—they are complete nodes-call them COMPLETE part. 
A fraction of COMPLETE part only have outgoing links-those new papers haven’t been cited by 
others-call them NEW part.

The BFS algorithm would probably lose them since they are no incoming links from others. To 
deal with this problem, there are two ways: first, we try to obtain as many start nodes as possible to 
perform forward BFS algorithm. Second, not only keep the outgoing adjacent list of each node, but

NE>

COMPLETE part 
1 7 %
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also keep the incoming adjacent list of each node, we perform the BFS not only forwards, but also 
backwards to create the citation graph as completely as possible.

A.2 Considerations on querying Researchlndex

Although there are many crawlers for crawling web pages, querying Researchlndex to create the ci
tation graph has some special issues. We need some special considerations for crawling the database 
of Researchlndex.

A.2.1 Make sure that the citation graph is accurate

When we crawl the database of Researchlndex for building the citation graph, we start from a set 
of nodes obtained by topic querying such that supplying the topic term “Neural Networks” to Re
searchlndex to get more than thousands of links to the database of Researchlndex. Those thousands 
of links form a FIFO queue of crawler, one link represents a node in citation graph.
NOTE:

1. How to compare two articles are exact same one during the BFS crawling process?

2. Need to update the incoming and outgoing adjacent list of encountered nodes during the BFS 
crawling process.

3. How to deal with the timeout event when BFS is processing a child of a node after having 
updated the adjacency list of some incoming neighbors and outgoing neighbors of this node? 
How to roll back? otherwise the citation graph is not accurate.

The Researchlndex provides two types of replied webpapes when retrieve citations for a specific 
paper: Context page and DOC page. The context page provides the information such that: 1. How 
many times this paper have been cited by others— incoming links. 2. A fraction of papers which 
citing this paper. 3. The most important part:its bibentry. Since that two papers have the exact same 
bibentry is unlikely to happen, we use the bibentries of papers to compare them to decide whether 
they are the same one. The DOC page provides the references of this paper, therefore, we need 
to extract this important information and follow them to get its children and update its outgoing 
adjacency list.

When forward BFS starts, crawler opens context pages to get the bibentry for the purpose to 
compare papers. If this retrieved article hasn’t been processed, open its doc page to extract its 
children. For each child, crawler needs to open each context page of this child to get its bibentry 
and compare to other retrieved papers and update its adjacent lists. When timeout event happens 
during processing, we have to roll back or restore its links in the end of queue for processing later.

A.3 High level design of robot for querying Researchlndex

The crawler which is constructed for querying Researchlndex to build the citation graph has to be 
able to deal with those questions mentioned in section A.2.1. The object diagram is in Figure 12. 

From the object diagram, it can be found that there are several main classes:
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Figure 12: Object diagram of crawler for querying Researchlndex:Using UML(Unified Modeling 
Language) notations.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



www.manaraa.com

35

1. class Papenthe node of citation graph holds its properties such as title,adjacent lists.

2. class Addresses:holds the context url and document url in Researchlndex.

3. class Neighborsradjacent list avoiding duplicate items.

4. class CitationGraphrcitation graph stored in Hashtable for efficiently random access.

5. class ParseTokenList:utility class to parse the answers of Researchlndex.

6 . class Http:be able to deal with the timeout of socket connection with the Researchlndex server.

7. Other help classes: AddressQueue, HTMLToken, HTMLTokenList, HTMLTag, HTMLText, 
HTMLTokenizer, HTMLParser etc.

The flow chart of crawler as Figure 13
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Figure 13: The flow chart of crawler for querying Researchlndex.
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A.4 Algorithm of robot for querying Researchlndex

1. Initialize the addressQueue of papers from disk;
2. Initialize the CitationGraph from disk;
3. While addressQueue is not empty do
4. if number of retrieved papers greater than a threshold
5. Break;
6. Pop the head of addressQueue;
7. If context URL is not empty do
8. Open context page;
9. Deal with timeout;
10. Get title;
11. If it was retrieved
12. If it was processed
13 . Go to 6;
14. Open document page;
15. Construct a new node;
16. Process children page;
17. Update neighbors' adjacent lists;
18. Deal with timeout;
19. Add children's addresses to addressQueue;
2 0. Add thi s node to graph;
21. End while;
22. Write unfinished addresses to disk;
23. Write graph to disk;

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.


