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A new method for modelling and clustenng a relational
graph produced from the citation relation among scientific
articles 1s discussed. One article corresponds to a point and a
citation link corresponds te a directed walk n the graph. This
graph is a direct-citation graph and a total-citation graph is
derived from 1t. There exist two types of directed citation
graph: i.c.. citing directed-graph and cited directed-graph. The
former 1> considered in this paper. These graphs are repre-
sented 1n the form of similanty matnces which are asymmetric.
The characteristics of these graphs are analyzed by clustering.
For this study, a research database was designed and produced
to acquire bibliographic information and obtain relations be-
tween articles in 1it. A modelling methodology of its relational
structure is described in this article. Combinatonal clustenng
methods have been examined and a clustening method for an
asymmetric similarity matnx is also proposed.

1 Introduction

Various kinds of important information exist in
scientific articles. Relations between articles are
useful for the study of the properties of research.
While marketing bibliographic databases bring us
bibliographic information comprehensively. they
sometimes contain inaccurate information [1]. The
research database named “ANGEL" used to pro-
cess detailed information, especially on citation
relations. has been produced for the reason that
direct acquisition from original articles 1s neces-
sary [2,3]. There have been some studies on how to
develop a methodology enabling improved re-
trieval efficiency by using citation relations [2-15]
and to evaluate journals or evaluate the dynamic
influence of scientific activity [2-6,16-21]. The
aim of this study is not only to do this, but also to
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develop a method to analyze the structure of rela-
tions between articles and clarify the properties of
the research. A methodology for modelling the
relational structure among scientific articles is
treated and clustering methods. which include a
present technique, are examined in this article.
Ordinarily. the graph used for modelling is a non-
directed graph by reason of its ease of processing
[22.23). However, scientific article information has
directionality in the form of the relation between a
citing article and a cited article. There are two
types of citing directed-graph and cited directed-
graph. Though the former 1s described in this
article, when a direct-citation relation matrix is
generated. 1t 1s necessary to exchange “cite” for
“cited by if a cited relation graph is required. We
discuss representation by a directed-valued graph
which constructs a more precise model in order to
deal with the strength of the relation. That is, this
1s a discussion about the validitv of a method to
represent the relations among scientific articles by
asymmetric similanty matrices. Cluster analyses
have been applied because the processing model is
represented in the form of a similanty matrix in
its final form. In cases where a processing object is
expressed by a symmetric matrix, combinatornal
cluster analyses are suitable [24-30]. However. in
the case of an object expressed by an asymmetric
matrix, it is necessary to transform the matrix to a
symmetric matrix. Then the problem of distortion
of the original structure appears. This fact has
been confirmed by our experiment. A new cluster
analysis method which makes it possible to em-
ploy an asymmetric similarity matrix is proposed
in order to avoid such distortion.

2 Representation of citation relation

2.1 Representation of relational strength by a val-
ued gruph

The graph is made up of the non-empty finite
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that has unordered g pairs belonging to P. Pair
! = (i, j)of point i and point j belongs to L, and
1s called a line of the graph. A graph that has p
points and g lines is called a (p, ¢g) graph or
graph G =(P:L). It can be used to model struc-
tural objects; that is, the graph is a relational
graph in which a point corresponds to an objective
article and a line corresponds to a relation be-
tween two articles. There are two types of graphs,
non-directed and directed. A non-directed graph
is thought to be a special directed graph that
always accompanies a directed line of reverse di-
rection. In a directed graph, the finite point-set P,
which is not empty, and the specified set L. which
has the ordered pairs of two different points, are
dealt with simultaneously. In the author relation
graph, articles by the same author are connected
by lines. Though the author relation has no direc-
tion, the citation relation has direction. Therefore,
the citation relation is represented by a directed
graph. While a directed graph can express the
presence or absence of a relauon between articles,
it cannot express the strength of the relation.
Consequently. a valued graph is introduced to
enable the expression of the strength of the rela-
tion. A valued graph (P;L:Y)is a graph in which
a line of set L is accompanied by the value r,
where r 1s mapped onto the real number set Y. To
express r(f, j), r is called a value of a line. The
production of the valued graph and its relational
similarity matrix are described in Section 2.2
While the value is 0 or 1 in a direct-citation
relation graph, it assumes various values mn a
total-citation relation graph as shown in the next
procedure.

2.2 Modelling procedure

The modelling 1s processed as follows. To begin
with, considering the binary citation relation be-
tween article + and article j, it 1s represented as a
relational graph which is expressed by point .
point ; and hne (/. y). Then, after generating a
directed graph that corresponds to citation rela-
tions between articles, the graph is represented as
a similarity matrix. The generation of a direct-ci-
tation relation graph and the production of its
similarity matrix are described below.

Direct-ctitation relation matrix
Tl Aleaas ol
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A ={a, ). This is a so-called adjacency matrix,
where

a,,=1: when article / cites article ;.

=0: otherwise.

If a cited relation graph is needed. it is neces-
sary to exchange *“cites” for *'is cited by."”

Total-citation relation matrix

Considering the total-citation relation that in-
volves indirect citation. the total-citation relauon
matrix is defined as S = [s,,]. where

n
Z Wy 'All’j.

A=1

Here, & implies the length of a directed walk, and
«d,, means the number of directed walks whose
length between article 1 and article j is k. The
upper boundary n does not exceed max(k) (the
maximum length of the directed walk), and w, 1s a
weight that takes a value such as 1/k or 1/k°.
The ,a,, can be obtained by the kth power of
matrix A by resetting the diagonal elements to 0.
An efficient algorithm that calculates only the
non-zero elements of matrix A has been devel-
oped.

3 Cluster analysis of the similarity matrix
3.1 Characteristics of the cuation relation matrix

Methods of clustering that analyze the rela-
tional graph represented by the similanty matnx
are discussed here. Hierarchical techniques of the
combinatorial cluster analysis are discussed in
Section 3.2 and the present method is described in
Section 3.3. The matrix to be analyzed is given by

R=[r”], r”=(.\‘,/)p.

where p i1s an enhancing exponent.

This matrix has the following characteristics.
First. each element of the matrix has a positive
real quantity. Element s, is similarity as a corre-
latton-like measure and element 7,, has a positive
real quantity. Scecond, the matrix is asymmetric.
The similanty matrix of the citation relation is
asymmetric because there 1s a time sequence in the
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cited article. In consequence, matrix R becomes
asymmetric. When the methods of the combina-
torial cluster analyses discussed in Section 3.2 are
applied, it is necessary be change it to a symmetric
matrix. However, this i1s not desirable due to the
occurrence of the distortion of the original matrix.
We propose a new clustering method for the
asymmetric matrix in Section 3.3.

3.2 Application of combinatorial clustering meth-
ods

Combinatorial cluster analysis is also called the
method of hierarchical cluster analysis for the
reason that it constructs a tree. All computer
programs using the following combinatorial meth-
ods have been implemented and applied for the
analysis of the relational graph model. It should
be noted that the original similanty matrix of the
relational graph model 1s asymmetric but that it
must be changed to a symmetric matrix by the
method described below because the combina-
torial methods are applicable only to symmetric
matrices. Seven hierarchical clustering methods
have been examined. The nearest neighbour
method is known as single linkage because clusters
are joined at each stage by the single shortest or
strongest link between individuals. The furthest
neighbour method is also called the complete-link-
age method because all individuals in a cluster are
linked to each other by some max-min similarity.
The median method adopts the middle value of
the nearest neighbour value and the furthest
neighbour value. The method of average linkage
within the new group is not influenced by extreme
values for defining clusters so it cannot make any
statements about the minimum or maximum simi-
larity within a cluster. Average linkage between a
merged group, also called the group-average
method, evaluates the potential merger of clusters
+ and j in terms of the average similarity between
the two clusters. The difference between the latter
and the former is whether the sums of within-group
similarities are ignored or not. The centroid
method uses both the mean value of similanties
and the number of individuals for the merger. The
minimum variance method (the Ward method),
used to find at each stage those two clusters whose
merger gives the minimum increase in the total
within- group error-sum of squares is generally
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When these combinatorial methods were ap-
plied. the asymmetric similarity matrix R was
changed to a symmetric matrix by r,6 =
(max(s,,. s, N". (i >j).

3.3 Cluster analysis method for the asymmetric
matrix

Though combinatorial clustering methods are
versatile. the matrix must be symmetrized when
applied to an asymmetric similarity matrix. Con-
sequently. the initial information space to be clus-
tered is distorted, so that the precision of analvsis
often decreases. We propose a new method of
clustering for the asymmetric similarity matrix. It
1s called *total-relationship cluster analvsis™ and
classifies objects by the total relationship between
articles. To use this method. let od(i) denote the
outdegree at article i, which is obtained by
L' _a,,. where ¢ is the total number of articles.

If combinatorial analysis of the total-citation
relation 1s required. let =, be as z, =r, ., other-

“i1y 1y
wise, let a matrix which ns represented by

r

{
i
Z Wy .k.vu‘ .VI[ -

Z=1:z |. = D EE—
[I/] 2 (Od(l))

be introduced. where w, is a weight (for example,
w, =1, 1/k or 1/k%). The quantity ,3,, is an
(i, /) element which is a powered matrix [y,,] &
times and e 1s an enhancing exponent. The quan-
tity =, is construed as the influence of article 7 on
article J.

Total-relationship cluster analvsis (TRCA)

Let value z. designate the total relationship
between article y and all other arucles. It 1s intro-
duced by

’

=§_.

To find the best u seeds through :z., if the
number of goal clusters is «. let them be denoted
as j(J. =/ Jave-os Jo). where u is the number of
goal clustcrs Article i 1s clustered into article j,.,
where - Sz, U # ) and ;. 4, €.). The proce-
dure of total-relationship cluster analysis 1s as
follows.

Procedure 1: Find the best u seeds through -,
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Procedure 2: Article i is clustered into article j,
where z,, has the maximum value on the same
i-tow in Z (j=j,, j,€J)

One of the important properties of total-rela-
tionship cluster analysis is that the number of goal
clusters can be controlled and no hierarchical
structure arises between articles, except at the core

fevel.

4 Exploratory result

In order to test the present method. scientific
articles for two different research fields were in-
vestigated. One group included 231 articles con-
cerning CAD/CAM and the other 140 articles
addressed the two or three bodies problem in
nuclear physics. All of them had a citation relation
between articles in each field. The former con-
tained mainly articles about computational geom-
etry and several articles relevant to artificial intel-
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ligence (Al). In the following comparison with
manual classification by experts. the conformance
percentage is the separation rate between the Al-
cluster and the proper CAD/CAM cluster. Be-
cause its research field is obviously different from
the research field of CAD/CAM it was hoped
that this would suppress the occurrence of error
due to the analyst’'s subjectivity. On the other
hand. the latter contained three groups which use
a different approach or methodology. That is, 1t 1s
the first group of articles using the direct solution
(DIS), the second group of articles using the varia-
tion solution (VAR) and the third group of articles
focusing on the realistic interaction (REAL). The
clustering methods used were the seven combina-
torial methods and the present method. Computer
programs by Anderberg were utilized for combi-
natorial clustering [31].

The average linkage within the new group
method was the best among hierarchical methods.
Other combinatorial methods are not useful be-

REAL:52/69=75.4%
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