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INTRODUCTION

Three Drexel Information Science student research studies are reproduced in this vol-
ume of the Drexel Library School Series. The student authors are the following:

Ralph Garner, who received the Drexel M. S. in Information Science in
June 1965, is now President of Ralph Garner Associates, New York,
and a doctoral student at New York University. Garner also has a B. S.
in Physics from the City College of New York.

Lois Lunin, who received the Drexel M. S. in Information Science in
June 1966, is now Program Director, Information Center for Human
Communication, Welsh Medical Library, Johns Hopkins University,
Baltimore. Mrs. Lunin received her B. A. in biology from Radcliffe.

Lois Baker, who received the Drexel M. S. in Information Science in
June 1966, is now with the Institute for Scientific Information, Phila-
delphia.  Mrs. Baker also has a B. S. in chemistry from Western

Reserve University.

These students are three of the first four graduates from the Drexel Information Sci-
ence curriculum. The first graduate, Santina Isabella received her M. S. in Informa-
tion Science in June 1964. Miss Isabella is now with the National Library of Medicine,
Bethesda. Her research report was summarized in the Proceedings of the American
Documentation Institute (Parameters of Information Science) held in Philadelphia in
1964.

This volume is offered with the hope that full publication will provide essential data
for the serious student and that the economies of the paper-back form will bring it into
reach of all. Few studies can be clearly and completely understood without full text
and data.

A full curriculum in the information sciences was first offered by Drexel in the Spring
of 1963. The decision to offer a full curriculum was reached as a result of the enthu-
siastic response to course offerings in documentation and information science since
1959. These course offerings were, in turn, a logical outgrowth of a generation of
emphasis on special librarianship at Drexel. The Information Science program is
guite separate from the Library Science curriculum. Most students in the program
offer at least a bachelor’'s degree in a science or technology subject field for admis-
sion; many have more advanced work, both in academic and job experiences. A total
of 125 students have been admitted to the Information Science curriculum since it be-
gan. The curriculum was established to educate indexers, abstractors, translators,
literature and patent searchers, computer center staff members, systems analysts
and designers, and information center administrators. The program is offered in
close cooperation with the Drexel Computer Center, the College of Business Adminis-
tration and the College of Engineering and Science. The eminence of its part-time
faculty has been a distinguishing feature.

Drexel sponsors the Drexel Information Science Series published by the Spartan Press,
Washington, D. C. , now In its fourth volume. A list of this Series as well as the
Drexel Library School Series is given at the back of this volume with the hope that it
will be useful to the library and information science world.

A summary of Mrs. Baker’s report is to be published in the Journal of Chemical
Documentation. A summary of Mrs. Lunin's report was published in Methods of




Information in Medicine and in the Proceedings of the International Federation for
Documentation meeting in  Washington, 1965.

The following are among the cooperating institutions contributing to these studies:
(@) M. D. Anderson Hospital, University of Texas, Houston, (b) Drexel Biology De-
partment, (c) Institute for Scientific Information, Philadelphia, (d) University of
Pennsylvania, Moore School of Electrical Engineering, (e¢) U. S. Air Force, and (f)
the Welsh Medical Library, Baltimore.

In carrying out their studies Mr. Garner received assistance from Eugene Garfield,
John Harvey, J. B. Maginnis, and Richard Davis; Mrs. Lunin from Isaac Welt, Claire
Schultz, Richard Davis and Martin Lunin; and Mrs. Baker from Arthur Elias, John
Harvey, Conrad Kruse, and Clarence Van Meter. In addition, the assistance of
Antoinette Pasles and Joseph D'Auria in producing this volume should be recognized.

Barbara Flood
Instructor of Information Science
Christmas, 1966



A COMPUTER ORIENTED, GRAPH THEORETIC ANALYSIS

OF CITATION INDEX STRUCTURES

by

Ralph Garner



PREFACE

The purpose of this research was to investigate whether or not the
mathematical discipline of graph theory is applicable to the analysis
of citation indexing, and if it is applicable to identify these areas
and perform a graph theory analysis. Graph theory was found ap-
plicable. It was possible to analyze all of a list of citation index
terms and structures. However, a detailed analysis of the physical
representation of the citation index search product has been omitted
since it has been found that an analysis of the topological charac-
teristics of a citation index search product requires the application
of concepts significantly different from those employed in this re-
port.

The facets of graph theory applicable to citation indexing structures
has led to much material which is valuable in socio-historical re-
search. Consequently, this material has been included for com-
pleteness.

In order to exhaustively investigate all the material presented
above, it is first necessary to develop a mature understanding of
all aspects of graph theory. To do this thoroughly would require
more time than is required to complete this research.  Conse-
quently, the author has attempted to gain an overall knowledge of
graph theory and in so doing, has attempted to avoid missing an
aspect of graph theory which might be fruitful, but along with this
it is admitted that no aspect of the graph theory has been completely
or exhaustively utilized. It is with this understanding that the
author presents, rather than an exhaustive graph theory analysis,
an introduction to a graph theory analysis of citation index struc-
tures.



CHAPTER |
INTRODUCTION

The purpose of this research is to investigate whether the mathematical discipline of
graph theory is applicable to the analysis of citation indexing, and if it is applicable to
identify the areas and perform a graph theory analysis. This paper, therefore, pre-
sents a mathematical notation based on that conventionally used in graph theory, and
then applies the notation to the many aspects of citation indexing discussed in the liter-
ature.

The motivation for this work is the belief that a mathematical notation will permit a
clear statement of the problems associated with citation indexing and will consequently
facilitate needed solutions. Moreover, it is believed that a mathematical notation can
be beneficially used when discussing citation indexing structures so as to permit non-
ambiguous communication among researcher, system designer, programmer, and
users of citation index data. The notation presented here will afford definitions of the
input, output, and processing problems associated with the computer manipulation of
citation index data. Additionally, this notation will facilitate a detailed and exact dis-
cussion of the use of citation data for socio-historical analysis.

Need for an Analysis of Citation Index Data

The use of printed citation indexes as a tool for retrieving information is well estab-
lished. At present the use of these printed indexes limits the use of citation indexes

to searches which can be completed by a book-form, non-manipulative, index.  Most
citation index searches are reduced, therefore, to a page-turning procedure, compar-
able to searches with conventional indexes. It would be desirable to use large-scale,
citation index files in machine language for searches involving manipulative techniques
of interrogation. In the near future such large-scale citation files will be available.

With the availability of large-scale, citation files on magnetic tape or other media, a
host of new problems need solution. Effective searching of large-scale computer files
involves major programming tasks. The accomplishment of these tasks is dependent
upon one's ability to specify and formulate, in a mathematical notation, both the data
and the operations involved. It is necessary, therefore, to unambiguously define the
structure of the search question. Only when these two structures are fully understood
can one then efficiently proceed to design a powerful system for storage and retrieval

of citation data. The problems which each of these structures present is outlined below.

The Structure of Citation Index Data

The use of mathematical descriptions almost inevitably creates a synthesis of what has
already been said, along with a succinct and manipulative compressing of ideas. This
has not yet happened to the literature on citation indexing. For example, such terms
as "comnectedness,' “cycling, ' “critical path,” “bibliographic coupling,” which fre-
quently appear in the literature, have not been sufficiently examined -- mathematical
definitions at present do not exist. Itis these terms and others like them that can be
brought clearly into focus through the use of mathematical notation. The use of such a
notation would provide clear-cut descriptions so that problems could be defined for
programmers. A mathematical notation, therefore, is needed to describe the struc-
ture of citation data so that computer-oriented tasks can be performed, and thereby
permit the use of large-scale citation files in an information retrieval system.




Structure of the Search Query

Asking a machine-form citation index system a question presents a number of new
problems. In the MEDLARS system the formulation of a query is in the form of a
Boolean statement: Give me everything you have on (A) roentgenological techniques in
(B) Schmorl'’s disease in (C) geriatric patients; or in Boolean notation ANBNC.  But
what kinds of questions can we ask in a citation index system, and more importantly,

how do we formulate a question in a citation index system? While it may be true that
Boolean symbolism is useful, it certainly is far from a panacea. Moreover, for a
citation  system, Boolean symbolism alone, is completely inadequate. The problem,
therefore, is to provide a computer-oriented procedure for formulating search ques-
tions.

Graph Theory

Graph theory is a branch of mathematics which belongs in part to topology and more
closely in subject matter and method to combinatorial analysis. It also occurs, some-
times under other names, in electrical network analysis, organic chemistry, theoreti-
cal physics and statistical mechanics and the group dynamics aspects of social psy-
chology, Graph theory, loosely defined, treats of graphs wherein pairs of points are
joined by lines.

Interest in graph theory and its applications has fluctuated considerably since its early
development two hundred years ago. At that time Euler grappled with the celebrated
Konigsberg bridge problem. However, it took many years for other applications of
graph theory to be found. As early as the late 19th century, Cayley (1821-1895)
founded the study of matrices and showed how matrices could be used to represent
graphs. Moreover, Cayley was the first to apply graph theory to the problem of rep-
resenting chemical structures. For several decades potential applications and the
value of graph theory went unnoticed. Recently interest in graph theory has developed
in the information sciences.

Summary of the Literature

In 1955 Garfield’ first proposed the use of citation indexes for science_. Recently he
has surveyed the literature of this field and discussed its many applications,“ and thg
references he listed have been omitted from the bibliography of this paper. Garfield'
had also discussed the use of graphs in citation indexing in the social sciences and ex-
panded some earlier notions on citation networks.

Graph theory as an established branch of mathematics has few comprehensive texts.

1 E. Garfield, “Citation Indexes for Science -~ A New Dimension in Documentation
Through Association of Ideas, ' Science, 122 (3156): 108-111 (1955).

2 E. Garfield, “Science Citation Index -- A New Dimension In Indexing,” Science, 144
(3619): 649-654 (1964). -

3 E. Garfield, “Citation Indexes in Sociological and Historical Research, ' American
Documentation, 14 (4): 289-291 (1963).

4§, Garfield, “Citation Indexing: A _Natural Science Literature Retrieval System
Eggez)he Social Sciences, " The ‘American Behavioral Scientist, 7 (10): 58-61




The standard English works are Berge5 and Ore6 which have been available since 1962.
The number of articles on the application of graph theory, however, is vast. Flament,7
for example, in applying graph theoretic notions to group structures has over 85 bibli-
ography items.

This research reports the application of that portion of graph theory which is useful in
defining and analyzing a citation network. The papers related to this research are
listed in the Bibliography. Of these authors none discuss graph theory in this particu-
lar context.

Included in the Bibliography are supporting mathematical texts. This background ma-
terial is necessary since the ability to apply graph theoretic notions involves such
mathematical disciplines as matrix theory, mathematical logic, theory of sets, and
abstract algebra.

Proposed Method for Solution

The structures considered above -- the structures of the data and the search query
(and their associated problems) -- can be formulated conveniently and succinctly by
developing and applying an appropriate system of notation. This notation will be es-
pecially useful for describing and manipulating citation structures. It is proposed that
the notation conventionally employed in graph theory, combined with matrix theory,
can be used to provide efficient, succinct, and useful solutions to this problem. The
resulting notation will enable one to state explicitly the various structures necessary
for manipulation and retrieval of citation index data. These structures can take the
form of a mathematical formula, a graphic representation, and a matrix representa-
tion. The mathematical formulation is necessary for the statement of the search
query. The graphic representation is necessary for the search product. And the ma-
trix representation is necessary for the computer analysis and manipulation of the
citation index file.

By using such a notation to describe each type of structure, we are then in a position
to begin the design of a large-scale, computer-oriented citation index information
storage and retrieval system.

5 C. Berge, The Theory of Graphs and Its Applications, John Wiley and Sons, Inc. ,
New York (1962).

6 0. Ore, Theory of Graphs, American Mathematical Society, Providence, Rhode
Island (1962).

T Flament, Applications of Graph Theory to Group Structures, Prentice-Hall, Inc. ,
Englewood ClIiffs, New Jersey (1963).




CHAPTER I
EXPLANATION OF SYMBOLS

The purpose of this section is to indicate very briefly the meaning of the symbols used
in this work which are not explained elsewhere. 1 These symbols are common in other
areas of algebra as well as in graph theory.

An ordered set is a group or collection of items where each item is unique. In the
equation, S = (xi, xg,x3} , S is the set which has as its members x1,x2, and x3. The
braces are used to enclose the members of the set. When defining a set it is some-
times to our advantage to use a delta under the equals sign, 3 , to discriminate be-
tween an equality and a definition. The "roof' symbol) , appears only in an equation
which defines a set. The roof is placed over the symbol which will be used when re-
ferring to the members of the defined set in general. This symbol is immediately
followed by a statement in braces about the characteristics of the members of the set.
Thuss 3 5 (x is a scientific paper) is an equation which says that the set S is defined
as the elements X, where x is the symbol to be used when referring to these elements
in general; and each x has the property that it is a scientific paper.

If it is necessary to indicate the number of members in a set, this is accomplished by

enclosing the set by two vertical lines. The equation, [SI = 3 says that the number of

members of the set S is equal to 3. The epsilone, is used to indicate set membership.

Therefore, y € X says that y is a member of the set X. The symbol Mis read “re-
stricted to." The Boolean operation U and N maintain the conventional meaning of union

and intersection respectively. The term partition is used to mean the decomposition

of a set into subsets which are mutually exclusive and jointly exhaustive.

We shall adopt the convention that when a symbol x (or y) appears without a subscript
it represents a set of vertices. When it appears with a subscript, e. g. , xo, xl, x2,
etc. , then these are specific vertices where each xi refers to one and only one vertex.
When referring to the vertex set, that is, the entire set of vertices in the universe of
discourse, we shall use a capital X, e.g., G=(X, T)or X x (x i's a scientific paper).

In graph theory the upper case gamma, I’ , is very popular. To facilitate the composi-
tion of this work the upper case letter T has been substituted for the gamma.

Explanation of Terms

The term paper, as opposed to the term document, will be used throughout. It more
clearly illustrates the development of the theme of this research. It would, however,
lead to no contradiction if the word document were substituted for the word paper.

The term citation has an ambiguity which needs clarification. The history of science,
as all histories, builds on what has come before, and to that extent we can say that
science is an edifice built from units or blocks of knowledge which we can call scien-
tific papers. When a block of knowledge is added to the structure, we indicate which
existing blocks are used to support the new addition, by providing a citation. When
knowledge becomes “common knowledge” we no longer supply the pertinent citations.
Each idea within a paper is dependent on some former idea, and to that degree should
justly recognize the former idea by supplying a citation. However, what constitutes

1 Table 5 in the Appendix contains a chart of the symbols used in this paper.



“common knowledge” varies with time, place and person. We are, therefore, forced
to distinguish two types of citations, those which are implied, called implicit cita-
tions, and those citations which are clearly denoted, which we call explicit citations.

While it is important to realize that implicit citations exist, and it would be interesting
to speculate on methods for converting implicit citations to explicit citations, this

paper discusses only explicit citations. For brevity, the term citation will be used to
stand for explicit citation.



TX()

X = (a, b, ¢}, reads "the set of papers rep-
resented by x is cited by the set of papers a, b, and c. " In this example the set X,
has only one member, namely x,.  This means that if one were to look at the bibli-
ography of paper a, one would find that one of the entries would be paper xo. Thisis
also true for the bibliographies or footnotes of paper b and paper c.

The expression, Tx, therefore provides a concise, non-ambiguous way of saying “the
set of all papers that cite the set of papers represented by x. "

The usual way of dealing with this notation is to provide another symbol, say y, which
then can stand for the resultant set. Thus y = Tx. The symbol y, therefore, is an
even more concise way of representing a set. For example, y = Txo = {a, b, c } .

The entire graph is denoted by G = (X, T). This states that the graph is composed of
papers, and a function which relates these papers.

This notation permits us to make very precise statements which previously required
considerable verbiage. In Fig. 3.2, we treat x = {a, b, ¢ | so that the set y = Tx is
represented by {d, e, f}. Of course, x is Tx,. Therefore y = T (Txg). We define
this as szo.

1 Table 4 in the Appendix contains a representative sample of citing function expres-
sions used throughout this work. Reference to the Table will supply the English
language equivalent of the commonly used mathematical expressions.
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