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Abstract

Automatic document classification techniques have been widely
advocated for the study of various fields of learning, the identification
of individual research topics and of influential contributors in a g'iven
field, and for information storage and retrieval purposes.

Several thousand research documents in computer science are
automatically classified in the present study, leading to the generation
of a taxom which reflects the state of computer science as of 1974.
The popularity of vax'-ious subject areas in the field is assessed, and
the clustex.'ing characteristics of particular document classes and authors

-~

is given.

1. ClIustered Files

A clustered file is a structure in whichthe stored records are
grouped into classes, or clusters of records according to affinities
that may exist between them. Typically each file item, or record may be
characterized by a set of properties, or attributes reflecting the ‘
contents of the record. A similarity coefficient between pairs of
records may then be computed as a function of the number of common

attributes between them, or alternatively as a function of the weights

¢ Computer Science Departwent, Cornell University, Itl:ca, New York, 1u8S3.



of the common attributes. Whenever the similarity coefficient between

items exceeds a.given threshold the tendency is to assign them to a

cormon cluster.

E It is convenient to identify each cluster by a set of cluster

attributes consisting of a combination of the attribute sets for the
individual items in that class. The set, or vector, of cluster attributes

is known as the class profile, or centroid vector. A rapid file search

and retrieval process suggests itself based on a comparison of the information
requests with some of the centroid and record vectors: initially, the
requests ‘are compared against the centroids only; this initial query-centroid
comparison is then followed by a selective query-record comparison for the
records only whose centroids are known to be similar éo tﬁe queries. If too
many clusters are defined in a given environment, it »ly be useful to éroup
the corresponding cluster ceﬁtroids into superclusters, identified by
supercentroids. The latter, in turn, may be grouped into still larger
aggregates until eventually a few large subsections of the file are left

to constitute the complete file.

Such an arrangement produces a hierarchical search system in which the
search requests are first compared against the identifiers attached to the
largest subsections of the file; this comparison in turm gives access to
smaller clusters included in the larger ones; by proceeding down into
the cluster hierarchy one is able eventually to reach the individual

records included in some of the lowest-level clusters. [1,2)

The main problem with the practical use of clustered files arises mot
i in connection with file secarching but rather with the initial cluster

gencration. The best known clustering methods are all based on the
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availability of complete similarity informatior specifying the similarity
between pairs of file items. When the file is large the computation

of the similarity matrix (of order n2 for n items) becomes too expensive
to be carried out in practice. In recent years, cheaper clustering methods
have been proposed which are theoretically less appcaling because the final
cluster structure depends on the order in which the file items enter into'
the clustering process; these inexpensive procedures dc however gererate,
and update the file in a time proportional to n log n for n items. [1,2]
One may hope that clustered files may thus be rendered practical for many
applicaiiur.s.‘

File clustering methodologies are used in many fields_ of learning.
¥When the objects to be classified are written documents or books, file )
clustering 't'echniques based on bibliopaphicr citation data have been used
to construct networks of paper [3], to evaluate the significance of
individual research papers or topics [4,5,6], to predict the importance and
influence of research workers [7], to assign content identifiers to
bibliographic data [8,9,10], to evaluate the importance of certain journals
in the literature [11], and to control file search and retrieval
procedures.

In the remainder of this study a clustered collection of 3,520 documents
in the computer science literature is examined and conclusions are dravn
regarding the scope of the field, the importance of various subareas, and

the characteristics of c_ertain documents and authors:
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2, Automatic Clustering of Computer Science Documents

A computer science collection was initially generated by taking
334 base articles published in the ACM litcrature (ACM Communications,
ACY Journal, ACK Computing Surveys) during 197%, or listed in
Computer and Control Abstracts during 1968 and 1971. All the references
included in the bibliographies of the base articles were added to the
original 334 items to form a complete collection of 3,520 distinct
articles. Ideally a document collection might be clustered by comparing
keywords or content identifiers assigned to thf various items. In the
present case, keywords were not available for most items; attribute
vectors were therefore constructed by using bibliographic references and
citations. For each paper, the references are defined as the items
included in the bibliography attached to that paper; the citations, on
the other band, are references made by outside documents to each given

paper. For each paper, an attribute vector can then be defined as
D= (rl,rz,. esPsCaCosnnn ,c-)

where ry is an identifier representing the ith reference, and Cj the jth
citation for document D.

Citation vectors such as the one previously given make it possible
to group pairs of documents which share many references and/or many
citations. Since a direct link between two documents (A refers to B, o
B cites A) also provides information that can be used in the clustering

process, a seli-reference indicator is added to each document vector
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clustering process. Over 100 documents do not fit info any P1 or P2 cluster,
and an additional 830 items are incorporated into Pl clusters that cannot be
werged further .\mtil at least level 4 of the tree.

The unbalanced tree of Fig. 2 is difficult to utilize for search purposes
because an incoming query must apparently be compared initially with 9 level
% centroids, 2 level 3 centroids, 8 level 2 centroids, 91 level 1 centroids,
and finally 12 loose documents at level 0. Dummy nodes, and hence dummy
centroid vectors may however be introduced, represented by heavy dots in
Fig. 2. The use of dummy vectors increases the storage overhead but simpli-
fies the search: for the structure of Fig. 2, each query must effectively be
compared with 13 level 4 centroids only, of which 4 are dummy vectors; these in
in turn give access to 28 level 3 centroids including 6 dummies, and so on
dou:n to the 3520 documents on level 0 of the tree. -
The actual clustering results for computer science are examined in the

remaining sections of this study.

3. Computer Science Taxonomy

Before building a taxonomy for a given field, it is important to define
the elements to be included in the structure.. In the present case,-the
jndividual documents do not by themselves constitute complete topic classes;
on the other hand, the pass-3 and pass-& clusters, each comprising an average
of nearly 100 and 300 items respectively, appear too large for the representa-
tion of homogeneous subject areas. The taxéncay is thercfore defined in terms
of pass-2 clusters,and those pass-1 clusters that are not themselves incorpo-

rated in any pass-2 cluster. The corresponding taxenomy is reproduced as Fig. 3.



Each P1 or P2 cluster included in Fig. 3 is listed under one or more
topic headings suggested by the cluster contents. The overall structure
follows the model used to classify articles in the Encyclopedia of Computer
Science. Six main headings are used including mathematics for computing,
hardware, theory, software, computer systems, and methodology. [12] Two
additional headings are included although the subjects are not well repre-
sented by the collection under study: applications and societal aspects,
respectively.

" The following coding system is used in Fig. 3 to identify the various
research clusters:

a) three digit identifiers startirg with a 6 are used for the 41 P2

clusters that appear in the easy clustering category;

b) four digit identifiers starting with a 6 reprgsent the 20 P2

clusters with medium clustering characteristics;

¢) four digits starting with digits 1, 2, 3, & or S represent the

§7 P1 clusters with medium clustering properties;
d) the remaining P1 clusters which are hard to cluster are identified

by § digit codes starting with digits 1 to 5§ and ending in a 0.

It may be noticed that a number of clusters particularly in the easy
clustering category are listed several times in the chart, the various occur-
rences being identified by subsripts. These clusters generally represent
popular topics that camnot eacily be identified by a single description.
Thus, cluster 64! is described by "search systeas™ and "hashing™ under Infor-
mation Storage and Retrieval (Methodclogy), by “trces” and *decision trees®

under Progran and Data Structures (Software), _a'nd finally by "access methods™
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from the literature of 197%, and are therefore not reémsented by the research
clusters of Fig. 3.

Another important characteristic of the taxonomy is the ease with which
homogeneous research clusters are produced for certain subject areas, but not
for some others. The most repre.sentative clusters from the point of view of
subject identification are the P2 clusters containing an average of about 30
documents each. It turns out that the P2 clusters which are directly relat-
able to recognizable subtopics are unevenly distributed among the various
subject headings. A number of areas are listed in Table 2 according to the
ease with which they lend themselves to the construction of P2 clusters.

It may be seen from the Table that the topic classes generally recognized as
the ccre of computer science fit easily into the structure; they are repre-
sented by P2 classes and exhibit many relations with other subject'areas..
Among these is tbe complete Software section, including programming and pro-
gramming languages, and the systems topics (operating systems, etc.) included
under‘ Computer Systems. Also listed among the "easy” clustering topics is
the section on Mathematics for Computing and the various Methiodology sections
that were mentioned earlier.

The topics that fit less well into the taxonomy are Hardware and Appli-
cations, and a number of theoretical topics such as automata theory, formal
languages, and theorem proving that generate many small P1 clusters, but are

difficult to merge into larger substructures. .
Consider now the actual relationships that exist betwecen the varicus

subjects included in the classification of Fig. 3. The following topic )

similarities are easily recognized by examining the research clusters assigned
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to more than one area:
a) Computer Systems vs. Hardware

storage management - CPU logic design
access methods, scheduling - storage allocation
microprogramming - terminal equipment

networks - computers
b) Software vs. Theory

software engineering - program correctness

program linguistics - formal languages .
c) Methodology (Pattern Katching) vs. Mathematics for Computing

pattern analysis - splines
character recognition - approximation theory

iterative analysis - matrix computation -

d) Computer Systems vs. Methodology
storage management - queueing theory
networks - flow analysis.

The existence of these relationships is easy to verify. Ir each case,
the boundary line between topics is difficult to draw, for example between
Systems and Hardware, or between Software and Theory; and the connection
between mathematical methodology and the Kat.benatics section is also obvious.
Indeed the Methodology section relates directly to most other portions of
the taxonomy.

A general summary of the taxonomy is not easy to draw: the topics of
computer science are all represented and recognizable in the classification.
The wide open Methodology section which impinges on so many related topic
classes dewonstrates, however, that the boundaries of computer science are not

vell-defined. This is, of course, confirmed by the fact that computing is a
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It does appear, however, that authors in the software area are generally
included in the "casy” class, whereas many theoreticians exhibit "mediua" or-
"hard" clustering characteristics.

In principie, it seems desirable to draw some overall conclusions about
computer science as a scientific discipline, or at least about the state of
computer science around 1974. However such conclusions might be shallow and
emphemeral., It seems safest then to let the automatic taxoromy speak for
ftself. In a few years, the exercise might be repeated, possibly with a
larger cross-section of the literature to determine whether the core has .

remained. idéntical and to examine the extent to which the field has evolved.
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G. Salton, D. Bergmark, and A. Wong, Generation and Search of Clustered
Files, Computer Science Technical Report 77-299, Cornell University,
Ithaca, New York, Japuary 1977.

G. Salton, Dynamic Information and Library Processing, Prentice Hall
Inc., Englewood Cliffs, New Jersey, 1975, Chapter 8.

D. J. deSolla Price, Networks of Scientific Papers, Science, Vol. 149,
No. 3683, 1965, p. 510-515.

J. H. Westbrook, Identifying Significant Research, Science, Vol. 132,
No. 3435, 1960, p. 1229-1234,

J. Margolis, Citation Indexing and Evaluation of Scientific Papers,
Science, Vol. 155, No. 3767, 1967, p. 1213-1219.

M. M. Kessler, Bibliographic Coupling Betveen Sclentific Papers,
Am.Documentation, Vol. 14, 1963, p. 10-25.
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p. 223-233.
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Ginsburg Zn Introduction to Mathematical Machine Theory
Gries Compiler Construction for Digital Computers
Harrison Introduction to Switching and Automata Theory
Hartmanis
and Stearns Algebraic Structure Theory of Sequential Machines l
Husson Microprogramming Principles and Practice H
Ynuth The Art of Programming, Volumes 1 and 3 ‘
Nilsson Problem Solving Methods in Artificial Intelligence |
Rabin Probabilistic Automata i
a) Basic Reference Works
Bobrow and
Raphael Comparison of List Processing Computer Languages
Dreyfus Shortest Path Algorithms
Feldman and \
Cries Tanslator Writing Systems
Geoffrion and ‘
Marston Integer Programming: A Framework ‘and State-of-the-Art Surveyl
London Bibliography on Proving Program Correctness
Martin

Sorting !

b) Survey and Tutorial Articles
(many references)

Falkoff and

Iverson
Naur
Van Wijngaarden

APL/360 - User's Manual
Revised Report on the Algorithmic Language Algol 60
Report on the Algorithmic Language Algol 58

¢) Programming Language Descriptions

Sample Items with Hard Clustering Characteristics

Table 3
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Berlekamp Algebraic Coding Theory
Berge Theory of Graphs and its Applications
Birkhoff and Maclane Survey of Modern Algebra
Chomsky Aspects of the Theory of Syntax
Peterson Error Correcting Codes
Salton Automatic Information Organization and Retrieval
Shannon and Weaver Mathematical Theory of Communications
Weinberg Psychology of Computer Programs

e = —— — - = S O— St T e e e e s m et e T e e eme S o

Tangential or Interdisciplinary Items
(references to and citations from several areas)

Cline Curve Fitting Using Splines Under Tension
Dahl, Dijkstra, .
and Hoare Structured Programming
Dijkstra Structures of the THE Multiprogramming System
Floyd Assigning Meaning to Frograms
Greibach Hardest Context Free Language
Hopcroft and Tarjan Efficient Algorithms for Graph Manipulation
Huffman A Method for the Construction of Minimum Redundancy Codes
Karp Reducibility arong Combinatorial Froblems
Knuth Empirical Study of Fortran Programs .
Landin Correspondence between Algol 6J and Church's Lambda Notati
McCarthy A Basis for a Mathematical Theory of Cooputation
McNaughton and
Anderson Regular Expressions and Static Graphs for Automata
Nievergelt and
Wong Dynamic Storage Aloocation for Binary Search Trees
Ross The AED Approach to Generalized Clomputer Coled Tesign

Research Articles
(Starting new areas, nc references,
interdisciplinary references)

Sample Items with Hard Clustering Characteristics

Table 3 (cont.)
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