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Abstract

The bibliographic references and citations which exist

between documents in a given collection enviroment can be used

to study the history and scope of particular subject areas and

to assess the importance of individual authors, documents, and

iournals. A clustering study of the computer science literature

is described using bibliographic citations as a clustering
critevion, and conclusionys are drawn regarding the scope of
computer science, and the characteristics of individual documents

in the arca.
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1. Introduction

It is well-known that the development and scope of individual
scientific disciplines is determined to some extent by the struc-
ture of the corresponding literature. A literature study makes
it possible, in particular, to identify certain relationships be-
tween the documents of a given collection, to assess the influence
of individual authors, to recognize subdisciplines, and to trace
the historical development and progress in the arca of intereot,

The structure of the literature in a given field can be
characterized in scveral different ways, for example, by ccnstruct-
ing subject indexes and classification systems and by considering
also author and title listings of various kinds. With the advent
of computers, it has become possible to process bibliographic
information automatically. Citations and references between
docuﬁcnts have accordingly becen used as ingredients in many larce-
scale literature studies.” It is possible, in particular to con-
sider the bibliographic references and citations attached to
individual items in the literature as alternative expressions of
documont contant., Citation and reforence froeguency countn can
also be usced in part to asscss the importance of individual docu-
ments, or of complete document collections, assuming that the
citation frequency reflects to some extent the influence of an
item in the field. By cxtension, the same arqument may opply to

*a dxstxnctlon is made in this study between bzbllogra,hlc rsjg5£;;:s
which comprise the items included in the biblioaraphies e ;
individual docuament:, and the catatione which are reloereneoe oo e e
outuide documents to a yiven bibliographic riem.
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individual authers of documents, or to seclected author groups.
Finally, citations and references can be followed from item to
item, and the resulting "notwork" of papers can sorvo aus a banis
for a variety of historical studies and for an examination of
the development of individual disciplines.

A citation analysis of computer science documents is described
in the present report, and conclusions are reached regarding the
scope of the field and the importance and structure of certain

documents in the area.

2. Bibliographic References and Citations

Consider a collection D of documents in a given field of
study. The documents may be identified and distinguished from
each other by assigning content identifiers in the form of
terms, keywords, or descriptors to the individual items. A given

document D; can then be represented as a term vector
D, = (d, ,d. ,...,4d, ) (1)
2

where di represents the jth
3
jth terr) assigned to item D;. The term vector representation

term (or sometimes the weight of the

-axes it pcssible to compare pairs of documents with each other,
cr alternatively incoming user queries with individual documents,
by using a similarity function s to generate similarity coeffi-
cients between corresponding pairs of term vectors. Thus, the

coefficient s(Di,Dj) could represent the similarity between items
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Dy and Dj' and 5(0.91) tha similarity between a query Q@ and an
#tem Di‘ Typical vector similarity functions s may be the inncr
product, or tho cosine of the angle betwoen the term vectors.
The term vector represcntation of a given documént is nor-
mally determined without considering the total structure of the
collection. That is, the individual terms assianed to a aqiven
item are often chosen without taking the remainder of the col-
lection into account. The documents do not, however, oxist in
isolation, but are related to each other in various ways. The
references used to form the bibliographies of the various items
represent one type of relationship indication. Inverse references,
or citations, made to a given item from the outside represent
additional relationships between bibliographic items. In prin-
ciple, it should then be possible to represent cach document by

a bibliographic attribute vector of the form

D: = (r

i teeesl. +4C. 4C. 4eeeC. ) (2)

i, 7T i i i i
1 2 n 1 2 m

h

. . s . .t
where rij is an identifier representing the j reference, and

*
Cix the kth citation for document Di' The previously mentioned
vector similarity operations can be performed using term simi-
larities or citation and reference similarities (expressions (1)

or (2)), or the two vector forms could be combined by adding the

bibliographic information to the normal index terms.

———————
The references can normally be obtained dircctly from the biblio-
graphies of the individual items. To find the citations, it is
necessary to consult a citation index, or alternatively to process
the reference lists using appropriate merge and sorting operations.



A number of studies have been made in which bibliographic
indications have replaced the standard terms and keywords for
purposes of content identification and document retrieval. [1-4]
It is generally found that the bibliographic indicators tend to
produceAmore specific content identifications than normal key-
words, and that comparable retrieval results can be obtained for
the bibliographic and the term vector representations. In some
retrieval environments the bibliographic identifiers may present
the obvious advantage of being immediately available whereas the
terms and keywords might have to be generated by some more or
less controllable process. Even when objective, keyword-type
identifiers can be generated, the conventional term vectors
might usefully be supplemented by bibliographic references and
citations to form extended content representations.

Bibliographic information of the type shown in expression (2)
can be used also for purposes other than document indexing. Thus,
it may be tempting to add the number of citations (the number of
Cik terms in the bibliographic vectors) for individual documents,
or collectively for all the documents written by a given author,
or for even larger groups of several different authors, and to
Gdraw concluntons concerning the dmportance and {influcnce of tho
corresponding authors and papers., Citation counts are casily
aenerated for many scientific disciplines by consulting the well-

known Scicence Citation Index. [5,6]
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Oof course, it is easy to think of reasons indicating that
citation counting would prove to be meaninglens: the number of
citations which a given paper may be expected to attract rmight
depend on extraneous factors such as the author's reputation,
the circulation of the journal in which the given paper is publ-
lished, the particular subject matter at hand, the dissemination
of reprints of the article, the coverage of the subject rmatter
by secondary indexes, the self-citation habits of the particular
author, and so on. Indeed, the literature is full of stories
where papers allegedly containing errors, possibly purposely
introduced by the authors, are found to attract unusually larje
numbers of citations from people interested in rectifying the
erroneous information.

Before jumping to conclusions, one must however remerber
that the act of citing a given document is comparatively rare --
of a random 100 published papers, 4C are not cited at all in any
given year, 50 more are cited only once in a year's time, and
only 10 are cited more than once. [7] The previously mentioned
objcections are normally found to produce at most sccond-crder
effects, and scrious bibliographic studies have ropeatedly con-
f1rmad that gqlobal cltation frequencieon correlato well wath
other indicators of merit. (8-11) This does not imply in any
way that scicntints should be ranked in order of merit according
to Bomo raw citation froquency count. It dous mecan that
scicntisty ottracting impressive numbers of citations are likely

to be impreussive and influcntial contributors to their field.,
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This is confirmed, for example, by evidence showing that
Nobel prize winners are invariably members of an elite group of
scientists comprising the top 0.1 porcent of all cited authors. [6]
Additional studiens point to the une of citation frequency methods
to obtain measures of quality of collcctions ofrindividuals, such
as for example, members of advisory commissions or of universaity
science departments. [12]

Such methods may be applicable to the computer science ficld
as shown by the sample data of Table 1 where the total citation
freguencies for the years 1976 and 1977 are shown for a number
of high-frequency authors consisting of persons having at least
Cen';esearch papers included in a test collection of several
thousand computer science documents.' The data of Table 1 are
taken from the Science Cjtation Index (SCI) and must be appro-
priately interpreted. (For example, scientists who publish only
jmintly-anthored papers may be at a disadvantage because the SCI
ccntains citation data only for the first author of each group of
ioint authors; this accounts for the bracketing of two particular
authors included in Table 1). Overall, most readers will find
the listing of Table 1 neither surprising nor unreasonable.

Citation counts can be applied not only to personal author-
ship data but also to complete journal and other publication data.
Cnce again the basic idea consists in obtaining a total citation
frequercy for the issues of a given journal and interpreting the

. results to assess journal impact and importance. The resulting

.The test collection of 4,231 articles is described later in
this study.
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data can be uscd in turn to define core collections of impor-
tant journals, and to make docisions concerning individual or
public journal subscription policies. A so-called "journal
impact factor® is normally used to rank the journals in de-
creasing order of importanco, defined as the number of citaticns
attracted by the collection of articles publinhed by the journal .
in a given period of time, divided by the total number of cit-
able articles for that journal during the time period. [{13-16}
When the journal impact factor is used for computer science, it
is found as expected that the three journals exhibiting the
highest impact factors are the IEEE Transactions on Computers,
the Journal of the ACM, and the Communication of the ACM. [17,18]
One possibility not so far considered is to use biblio-
graphic references and citations betwecen documents to produce
groups of documents with similar citation patterns. This ques-

tion is considered in the remainder of this report.

3. Citation and Reference Clustering

Classes, or clusters of documents can be used for many
purposes, most importantly perhaps to group documents pertaining
to common subject areas thereby facilitating search and re-
trieval activites. Once again the grouping method can be based
on similarities betwecen the content identifiers assigned.to
individual documents, or alternatively on similarities between

the citation and reference patterns.
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When bibliographic information is used for clustering pur-
poses two possiblities are immediately apparent: Two or more
itmes may exhibit similar sets of references; such a relationship

is known as bibliographic coupling. [3,19] Alternatively, two

or more items may be related by common citation patterns from
outside documents; the. corresponding factor is known as cocitation
similarity. In Figure 1, items A and B are coupled bibliographi-
cally and items C and D are cocited. Cocitations are believed

to be more significant than bibliographic coupling in pointing

to imrortant similarities in subject areas, and for this reason

o+

hey have been widely used to study the development of individual

rn

ields of science, or the strﬁéture of science as a whole. [20-22]
To study the make-up of the computer science literature, a
savple collection was clustered using bibliographic coupling as
well as cocitation similarities. More specifically, the complete
bibliographic attribute vectors (expréssion (2)) for the documents
can be compared, and items with sufficiently high vector simi-
larities may be included in common document classes. Since direct
links between documents (A refers to B, or B is cited by A) can
also provide useful information for the clustering process, a
selt-reterence indicator sy may be added to the document vector
to identify the given document Di itself. This produces an
extended vector

N, = (8, ,,r, ,v veesT, S0 < veeas@, ) (3)
s . 11 12' ' 1n 11' ’2' jm



When item B is cited by item A (see Figure 1(d)), one of the

rij terms included in the A vector will match the self-reference
indicator 85 included in the B vector to provide an appropriate
term match. The document grouping process can then be based on
common references, common citations, and direct citations Lke-
tween documents. [23]

The make-up of the computer science collection used for
experimental purposes is shown schematically in Figure 2. The
collection consists of 419 base articles chosen from various
journals published in 1974, including the IEEE Transacticns on
Computers, the Journal of the ACM, the Communications of the ACM,
the ACM Computing Surveys, and the Proceedings of the IF1P-74
Congress, the latter being added in an attempt to provide sore
international coverage. The 419 base articles were supplemented
by the 3,812 additional articles listed as references of thre
original 419. It will be seen from Figure 2 that 14 of the base
articles were referred to by other base articles and did themselves
also cite other base articles. 35 base articles not included
among the references cited other base articles, and 32 base arti-
cles were included among the references but did no citing of
their own. A total of 4,764 distinct links (either references or
citations between items) were found for the 4,231 articles.

A multilevel clustering process was usced to classify this
comput eor uviunud collection. The procesn is bottom-up starting

with the individual documents and creating increasinoly larger
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Flusters nn gucaesasivo (higher) levels of the clunter hierarchy.
In pass 1 (Pi), all articles that were referred to by one other
document only and that. themselves did not cite other items in
the collection were incorporated into a common cluster with the
citing item. This produced 394 pass-1 clusters. The remaining
pass-2, pass-3, and pass-4 clusters (P2, P3, and P4) were formed
by vector rmatching operations as previously explained. As one
proceeds upward in the cluster hierarchy, the cluster size in-
creases and the magnitude of the similarity (the number of match-
ing citation links) between an item and its peers in the same
cluster decreases. The clustering statistics of Table 2 show
trat cluster size increases from an average of about 9 documents
fer Pl cluster to about 335 documents for the P4 clusters.

The cluster tree obtained for the computer science collection
is p:ééented in Figure 3. Each path in the tree from bottom
(level 0) to top (level 4) represents the clustering character-
istics for a certain set of documents. Thus the left-most path,
designated as (Pl P2 P3 P4) represents 1,354 items that are first
entered into Pl clusters; these Pl clusters are then merged into
P2 clusters, which themselves are transformed into P3 and even-
tuzally into P4 clusters. The 1,354 items described by the left-
most path in Figure 3 appear to fit easily into the hierarchical
ciustering schema, since they could be successively entered into
iarger and larger cluster structures. On the other hand, the

right-most path in Pigure 3 identifies 18 documents that could
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not be incorporated into any clustor after four cluatoring panses,
These documents remain "loose" at the end of the process.

Tho document sots of Fiqure 3 are separated somewhat arbi-
trarily into twovcatcgorios: on the left side of the diagram
are i,203~items, or 52 percent of the total, that are cventually
included in somo.P2-clusters on level 2 of the trec; on the riaght
side are the remaining 2,028 items, or 48 percehc of the total,
whose clustering characteristics are weak enough to prevent them
from being incorporated into any P2-clusters. The P2-clusters
consisting of about 33 documcnts per cluster may be especially
representative of well-defined subareas of the field, in con-
trast to the smaller Pl clusters with only about 9 items per
cluster, and the larger P3 clusters with about 95 documents per
cluster. Furthermore, the items included on the left side of
Figure 3 are located in dense areas of the collection space in
view of the case with which they fit into the cluster structure.
These items may then constitute a core collection for the com-
puter science area.

In contrast, the clustering paths for the items on the
right side of Figure 3 are much sparser; that is, these items do
not readily fall into the cluster structure in that several
clustering levels are skipped, the second level corresponding
to the P2 clusters being entirely absent. These items may then
represent some of the principal fringe areas of the field in
the scnse that a substantial number of compatible items can be
found in some cases, but that the ' concentration of items is not

sufficicnt to defino rcally popular subtopics.
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The literature described in the cluster tree of Figure 3

is examined in the remaining sections of this study.

4. Computer Science Literature

Two principal points of view can be adopted in analyzing
the clustering experiment. First the cluster structure can be
considered globally in the hope of obtaining overall insight
into the structure of the field. Secondly, the characteristics
of individual documents may be examined to determine relation-
ships that may exist between the clustering properties of the

items and the presumed importance of these items in the field.

A) Global Cluster Structure

Consider first the analysis of the global cluster
structure. Several gquestions may be raised: What is the scope
and extent of the field? Where are the centers of gravity
located and where are the fringe areas? 1Is some general agree-
ment in evidence between the automatic taxonomy and the percep-
tions which exist among knowledgeable obscrvers of the field?
If not, what are the principal diverging avean? Doos a study
of the automatic classification lead to some novel viewpoints
about the field.

Before answering some of these questions, it may be uscful

to examine the conventional attitude toward computer sclenco.

Some pcople still feel that a recoqnizable ficld does not oxist
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in the computer area, and that computing activities should be
treated as applications arcas for other disciplines. The maiority
of the observers familiar with the computer field appear however

to be in agreement in recognizing at least three main subareas: {24-27

a) Theorectical foundations, including theory of ccmput

cion,

w

formal languages, complexity theory, and computer rodels.

b) Hardware and computer systems, including types of cocrmouite
architecture, implementation technology, system generaticn,

and special-purpose systems.

c) Software, including programming systems, programming tocls

and techniques, file organization and manager

Beyond these basic components widely differinrg apprcaches
exist in treating the remainder of the computer fielé. Consider
the following topics as examples:

d) Mathematics of computing, including numerical analysi

and numcrical algorithms. This area is somctimes

as a separate topic; alternatively it could be included
among the basic foundations and theories of the ficld.
Many observers prefer to consider the matheratical tctics
as a part of mathematics rather than computer science.

e) Special software topics such as operating systems and pro=
gramming methodology. Because of their alleyged scope and
importance, separate subarcas are often provided for such
topics.

f) Data management and data base systems. This is a relatively

new arca considered by some people as a separate constituent
of the field., Alternatively, this topic is somctimes handled
an a part of the general zoftware areca, or am an appl:cation:

topic.
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q) Mothodnlogies valid for many different applications pur-
poses. Greatly differing approaches may be used to treat
these arcas, although agrecement may exist at lcast for some
basic components such as algebraic manipulation, pattern
matching, scarching and sorting, and simulation and model-
ling.

h) Computer applications. For obvious rcasons tho applications
arcas can be chatéd as a part of computer sgcloncoe or alter-
natively under the various other disciplines with which they
are connected. The proper classification should probabhly
depend on the viewpoint taken in the individual documents
under consideration. Normally one tends to include as a
part of computer science topics for which the computational
portion takes on special importance such as artificial intel-
lijence, image processing, computer graphics, computer
ansisted instruction, text procesning, and information

retrieval.

i) tontechnical aspects such as computer education, leqal and
social aspects, computer management, computer history, pro-
fe=3ional 4uesticns. Topics such as these may or may not

Le considered depending on one's views of the field.

Csonsider now the structure of the automatically derived classi-
€icaticn based on the treatment of the sample collection under con-
sideration. The €7 distinct P2-clusters comprising the 2,203 items
tne core collection are arranged into subject areas in the display
of Figure 4. 90 clusters are actually included in the Figure because
scme cf the 67 clusters are listed several times; such duplicated
clusters are identified by square boxes. The topic arrangement
shown in Figure 4 is based on the classification tentatively adopted
by an AFIPS committee charged with the construction of a computer

science taxonomy. [24] The clusters are arranged under nine
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principal headings and topic names are used to desacribe the indivi
dual P2-clusters in Fiqure 4, chosen by a conventional (nonmechani
procedure after examination of the individual document titles for

tho items in cach cluster.

The arrangcment of Flgure 4 as expected exhibits a sub-
atantial numbor of P2 coro cluaters undor the principal areas
of Thecory of Computation, Computer Systems and Software. On
the other hand, the strength of the Mathematics and Methodologies
areas with 21 P2-clusters in each case ws perhaps not obvious in
advance. This tends to confirm the perceptions of those who
consider these areas to be inseparable from the computer field
in general.

It is perhaps not surprising that the operating systems
topic under software lcads in clustering strenath with 12 dif-

ferent P2 clusters; other topics in order of clustering strength

(4 P2-clusters). The following additional topics that micht not
immediately come tomind is defining the core of the computer
field all produce core clusters in the automatic classification
(the number of core clusters is shown in parenthescs in each
case) :

a) string matching algorithms (1) under Theory;

b) microprogramming (2) under Hardware;

c) compression and cryptography (1) and data strucéure (1)

listed in the Data area;

d) community access systems (1) under Computer Systems;
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e) radix conversions (1), multiprecision arithmetic (1),
fast Fourier transforms (2), graph theory (2), and
gueueing theory (1) under the Mathematics heading (the
last two topics in particular are often treated as
Operations Research or pure Mathematics topics);

f) decision tables (1) under Software; and

g) theorem proving (3) and feature extraction (5) in

the Methodologies area.

The left-hand side of the cluster tree of Figure 3 covers
core areas that easily fit into the clustering scheme. Less
central items that do not produce any standard P2-clusters are
shoewn on the right-hand side of Figure 3. One might conjecture
that the corresponding topics lie in areas that are less crucial
to the field as a whole. The 2,028 bibliographic items included
on the right side of Figure 3 may be separated into two classes:
about 90 percent of the items (a total of 1,827) appear included
in cne of the small Pl-clusters; the remaining 201 documents
corresponding to paths, D-P3-P4, D-P4, D-P3, and D cannot readily
be clustered and do not fit into cither Pl or P2 clusters. A
topic arrangement for the 226 Pl-clusters included on the right
side of Figure 3 is presented in Figure 5. Since certain clusters
are again listed under scveral topics, the classification of
Figure 5 actually includes a total of 257 pl-clustors,

The principal differences between the core arcas of the

literature and the fringes can be ascertained by comparing the
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respective portions of Figures 4 and 5, or alternatively by
examining the summary presented in Table 3. As expected, aréas
such as Applications and Computing Milieu are much strcnger

in the fringe than in the core display. All of the principal
areas are represented in both listings, but the indivicdual
topic coverage is quite different. Under Mathematics of Cox-
puting, the core contains popular topics such as ordinary dif-
ferential equations and fast Fourier transforms; the fringe
emphasizes computer arithmetic and many subjects related to
statistics and probability or operations research (transpor-
tation problem (1), knapsack problem (2), queucing thecory (2),
time table construction (2)). In each case there is a genuine
question whether the topic should be included in the conputer
field.

Other differences in coverage can be identified by con-
sulting the respective portions of the classifications. Consicder
the following examples:

a) Under Software, the core emphasizes the operating system:
topics; in the fringe, on the other hand, the following
Pl-clusters are in evidence among others: programting
error dlagnosis (3), program verification and correct-~
ncss (4), programming style and structure (3);

b) in the Data arca, Pl-=clusters appear for coding syatems
(3), coding crrora(4), data compreasion (1)

c) speech recognition (4) is present under artiticial
intelligence o the Methodologies area; and comgoster

music (3) under Applications.
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itad the analysnin boon porformed with documents published
in 1978 instcad of 1974 or carlier, some of theao topica would
undoubtedly have been upgraded to becomo part of tho coros this
appears likely in particular for the previously mentioned pro-
5rarming error, verification, and style areas. Considering the
state-of-the-art as of 1974, it is easy to agree that many of
the previously listed subjects should be considered fringe
rather than core areas.

Does a study of such an automatic taxonomy lead to new per-
ceztions about the computer field? Probably not. However the
classification certainly confirms that it is difficult to draw
well-defined boundaries, and the strength of some of the topics
normally preceived to be operations research and pure mathe-
~atics areas comes as a surprise. Overall, the conventional
feelings of most people about the central areas in the computer
field appear to be confirmed by the displays of Figures 4 and 5,
ard the existence of the several hundred fringe clusters empha-

sizes that the computer field is neither small nor homogeneous.

B) Individual Document Analysis

A great deal could be said about the clustering pro-
certies and the importance of individual documents. For present
curposes a few typical examples must suffice. It should be
recognized first of all that clustering ability on the one hand,
and importance of an item in the field on the other are two dis-
tinct properties. Consider the display of Table 4: if the impact

of an item in the field is assumed to be connected to some extent
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with lhn‘numhor of citationn that the {tem attvracta, thon the
documonts located in the bottom half of Tablo 4 are morc impor-
tant than thoso near tho top. Unfortunatoly, there are many
classes of important items at the bottom of Table 4 that also
exhibit poor clustering properties; the reason is that good
clustering characteristics are produced by homodencous reference.
and citation patterns. Thus the items with the best clustering
properties are thosce located insido the cross-hatched area of
Table 4, and clearly that area is not coextensive with the good
impact area consisting of the last two rows of the Table.

Among the documents that may have substantial impact in
the field, but are also difficult to classify are basic reference
works (many references and citations), survey and tutorial
articles (many references), and interdisciplinary itcms (hecter-
geneous references and citations).

On the negative side, the correlation between citation
strength and references on one hand, and impact on the other is
much closer. .That is, items without useful references that are
unable to attract any citations are also lacking in impact.

This is the case for the items in the upper left-hand corner of
Table 4. Some odd documents exist in the computer area that are
hard to clwster (no references or citations in the conventional
sense) and for which the impact is difficult to assess. This is
the case notably for programming language descriptions and var-

ious kinds of user manuals.
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The interaction between clustering ability and impact
may be studied further by examing a few actual sample docu-
ments in more detail. Ten items are chosen, five of which
exhibit good clustering properties (labelled (:) to (é)), and
five more with marginal clustering characteristics (none appear
in a P2-cluster); the latter are labelled () to é:). The
citation characteristics of these items are specifiéd by the
placement of appropriate numeric indicators in the chart of Table 4.

. It may be noticed that fourof the five clustering items fall
irto the best clustering (cross-hatched) area of Table 4, while
four of the five non-clustering items lie outside that area.

The full reference and citation data for the ten sample
bibliouraphic items are included in Table S5.. The bibliographic
information of Table 5 is shown in.an abbreviated notation
adapted from the Science Citation Index, where three.adjacent
numbers designate volume number, beginning page number, and year
of publication respectively. The citation, but not the reference,
data for the documents in Table 5 are extracted from the appro-
priate issues of the SCI.

Most of the documents that are readily clustered contain
rescarch resuldts with appropriate references to publications in a
well-defined area. Not all of these papers are necessarily in-
fluential:  when no citations are available, the homogencous
reterence set can lead to the favorable clustering property.

This is true notably for documents (l) and (é) of the sample set
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which carry practically no citations. Items (3) and (?‘ are
standard research papers of some influence where both references
and citations may help in the clustering process. Iten (2) is
a survey paper which includes a bibliography of 102 references
and quite a few citations. Such a document will normally fall
outside any well-defined cluster structure because of the hetero-
geneity of the references and citations. Item (Z; prcvides an
exception to this rule, because the survey topic is defined suf-
ficiently narrowly in that case, and most of the references fall
into a circumscribed area.

Items that cluster poorly may cover fringe areas, and quite
frequently such items attract a heterogeneous clientele from
many different fields. As mentioned carlier, surveys and tutorials
are also difficult to cluster, and so are forgotten items that
carry neither references and citations. Item (&/ is an exarple
of an influential item with quite a few citations. However, an
examination of the citing journal titles listed in Table 5 shows
that the citations belong to many different disciplines; this
explaing the clustering dl[ilcultlcs in this case. The next three
items (numbered (Z),(g) and(é\) are rescarch papers with very f{ecw
citations) the rotercences to many unusual {tems, such as doctoral
disscrtations and internal reports, were evidently not sufficienti:
directed to lecad these items to specific clusters.

The last itcem, number ({9 , covers rescarch by a first-rate

author published in a first-rate journal. Nevertheless, the item
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bolangs tn the clans of "lost” publications sinca it eoxhibitna
only one unhelpful reference and no citations in the space of
three years, One can't help but feel that a little carce in the
assijnmnent of réfercnccs might have saved this item from oblivion.
Future analyses of the computer science literature, possibly
based on a larger literature sample including a greater proportion
of foreign publications, may lead to useful comparisons with the

situation as of 1974 reported in present study.
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Total Number of Citations

*
from Science Citation Incex

Author 1976
D.E. Knuth 186
A.V. Aho 102
J.D. Ullman 16
E.W. Dijkstra 77
C.A.R. Hoare 57
K.S. Fu 66
J.E. Hopcroft 64
H. Freccman 55
N. Wirth 35
P.J. Denning 56
. J. Hartmanis 45
E.G. Coffman 54

1977

284
144
16
121
106
9
90
93
82
42
46
34

Total

470
246
AY
32
198

163

*Sclf-citations arc excluded

Total Number of Citations for Certain High-Freguency

Authors in a Computer Scicence Test Collection

Table 1
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4231 origlnal documents :;;i « 1.0 doc,/cluster
3700

394 pass-1 clusters 394 9.4 docs./cluster

2203 .

67 pass-2 clusters <5 = 32.9 docs./cluster
2854

30 pass-~-3 clusters 30 = 95.1 docs./cluster

9 pass-4 clustcrs 2%}§ = 335.1 docs./cluster

Clustering Statistics

Table 2
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Theory of Computation

Hardwara
Computer Systems

Mathomatices of
Computation

Software

Mothodologies

Applications

Computing Milieu

Data

Cora Areas
P2 clukters

finite automata
parsing
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notworks
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formal lanquaqges
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statistics and probability

discrete techniques

graph theory

proaram error diaanosis

piogram veraficacion, correctness
program style and structure
multiprocessing

storage allocation

apecch recognition
pattern classification
feature selection
qraphic displays

sciences and humanities
music

education and cowmputing

coding systems
coding errors

Main Cluster Concentration in Core and Fringe Areas

Table 3
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D. Ferrari, Improving Locality by Critical Working Sets,
Communications of the ACM, Vol. 17, No. 11, November 1974, pp. 614-620C.

——

Table 5 (cont.)

References
! L. A. Belady 1BM Systems Jr. 5 78 €6
! P. J. Denning Comp. Surveys 2 153 70
i A.C. McKellar CACM 12 153 69
: B.S. Brawn CACM 13 483 70
i P. Brinch Hansen Books: Op. System Principles 196 73
{ L. W. Comeau ACM Symp. on Op. Systems 67
{ R. F. Tsao Book: Stat. Comp. Performance 72
{ D. J. Hatfield IBM Systems Jl. 10 168 71
! C. V. Ramamoorthy Proc. ACM Nat. Comf. 229 66
T. C. Lowe CACM 13 3 70
E. W. Ver Hoef Proc. AFIPS '71 491 71
J. L. Baer Proc. AFIPS '72 23 72
.P. J. Denning CACM 11 323 68
D. Ferrari Proc. ACM Nat. Conf. 228 73
D. J. Gotthoffer U. of Cal. Report A
H. Thompson U. of Cal. Report .
1 Citations !
g
1975 P. J. Denning Proc. 1EEE 63 924 75
D. Ferrari IBM J1l. Research 19 244 75
1
© 1976 D. Ferrari Computer 9 36 76
; A. W. Madison CACM 19 285 76
; 1977 A. Sangiora IEEE Trans. on Circuits 24 709 77
— .- -3
! (:) J. Bruno, R. Sethi, E. G. Coffman, Scheduling Independent
l Tasks to Reduce Mean Finishing Time, Communications
| of the ACM, Vol. 17, No. 7, July 1974, pp. 382-387.
E References
| R. W. Conway Book: Theory of Scheduling 67
L. R. Ford Book: Flows in Networks 62
J. A. Bruno Penn. State U. Report 73 i
S. A. Cook 3rd ACM Symp. on Theory Comp. 151 71 !
R. M. Karp Book: Complexity of Comp. 85 72
l S. Sahni 13th Symp. on Switching 130 72
i J. D. Ullman U. of Cal. Report 73
R. L. Graham Bell Syst. Tech. Journal 1563 66 :
R. L. Graham SIAM J1. of Applied Math. 17 416 69 '
; E. G. Coffman Penn. State U. Report 73 ‘
v !
i Citations !
1
. 1975 K. L. Krause JACM 22 522 75
J. D. Ullman J1l. Comp. Syst. Science 10 38 75
i 1976 J. Bruno J1. Comp. Syst. Science 12 319 76 :
: E. G. Coffman. Acta Informatica 6 1 76
M. J. Gonzales IEEE Trans. Aerospace 12 530 76
E. Horowitz JACM 23 317 76
{ S. K. Sahni JACM 23 556 76
; S. K. Sahni JACM 23 116 76
t 1977 M. R. Garey Book: Approximate Alg. 41 76
. D. H. Ibarra JACM 26 280 77
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. N
(5) E. Horowitz, A Sorting Algorithm for Polynomial Multiplication, i
Journal of the ACM, Vol. 22, No. 4, October 1975, pp. 450-562. i
References ~1
‘ |
A. V., Aho Book: Design Analysis Alg. 74 :
M. Fredman 7th ACM Symp. Theory of Comp. 240 75
E. Horowitz Proc. Math. Software 45 74
S. C. Johnson Proc. Euro Sam SIGSAM Bull. 8 63 74
D. E. Knuth Book: Art of Comp. Prog. Vol. 2 71
D. E. Knuth Book: Art of Comp. Prog. Vol. 3 71
Citations é
1976 - i
1977 - ;
1978 - |
:
() A. K. Cline, Scalar and Planar Valued Curve Fitting }
Using Splines under Tension, Communications of the ACM, i
Vol. 17, No. 4, April 1974, pp. 218-220.
References
A. K. Cline cACM ' 17 218 74
4
Citations
1975 -
1976 G. M. Nielson SIAM Review 18 820 776
S. Pruess J1. of Approx. Th. 17 86 76
D. H. Thomas Math. of Comp. 30 58 76
1977 W. E. Baker Monthly Weather Rev. 105 1384 77
I. C. Csizmadi J1l. of Chem. Soc. Trans. 2 $42 717
H. P. Jones J1. of Quant. Spectroscopy 17 765 77
R. C. Phillips Book: Software Tools 205 76
K. C. Yeh J1l. of Pharm. Sciences 66 1688 77

Table 5 (cont.)



GD P. S. Wang, The Undecidability of the Existence
of Zeros of Real Elementary Functions, Journal

of the ACM, Vol. 21, No. 4, October 1974, pp. 586-585.
Reférences
B. F. Caviness JACM 17 385 70 ;
M. Davis Am, Math. Monthly 80 233 73 :
D. Hilbert Bull. Am. Math. Soc. 8 437 01 E
Iu. V. Matiasevitch Doklady Akad. Nauk. 191 279 70 :
J. Moses CACM 14 548 71 .
D. Rizhardson J1. Symbolic Logic 33 514 68 :
R. Risch Bull. Am. Math. Soc. 76 605 70 .
P. S. Wang MIT Doctoral Dissertation -
- Macsyma Reference Manual 74
Citations ?
]
1975 - 3
{
1976 - é
1977  A. D. McGettri Computer J1. 20 263 77 |
i
I. H. Sudborough, A. Note on Tape Bounded Complexity
Classes and Linear Context Free Languages, Journal of
the ACM, Vol. 22, No. 4, October 1975, pp. 499-500.
References
S. Ginsburg SIAM J1. on Control 4 429 66
S. A. Greibach SIAM J1. on Computing 2 304 73
N. D. Jones U. of Kansas Report 73
T. Kasami Info. and Control 10 209 68
: P. M. Lewis IEEE Conf. on Switch. Circuits 191 65
i A. R. Meyer ACM Symp. on Theory of Comp. 1 73
i W. J. Savitch J1l. Comp. System Science & 177 170
f I. H. Sudborougn J1l. Comp. System Science 10 62 75
| Citations
1976 -
{
©1977 N. D. Jones Info. and Control 35 177 77
i B. Monien Acta Informatica 8 377 17
i
§ 1978 L. Boasson Math. Systems Theory 11 147 77 '
{ I. H. Sudborough Int. J1. of Comp. Math. 6 191 77 ‘

Table S (cont.)
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C. J. Van Rijsbergen, Best Match Problem in Document
Retrieval, Communications of the ACM, Vol. 17, No. 11,

November 1974, pp. 648-649.

References
W. A. Burkhard CACM 16 230 73
D. Crouch SMU Doctoral Thesis 73
L. Hyrarinan Nord. Tidskr. Inf. Behand. 2 83 62
N. Jardine Info. Storage Retrieval 7 217 71
B. Litofsky U. of Penn Doctoral Thesis 69
J. Minker Info. Storage Retrieval 8 329 72
D. M. Murray Cornell U. Doctoral Thesis 72
G. Salton Book: Auto. Info. Sto. Retr. 68
C. J. Van Rijsbergen Computer Journal 14 407 71
C. J. Van Rijsbergen U. of Cambridge Doctroal Thesis 72
Citations
1975 -
1976 -
1977 -

[ R
-
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A

E. W. Dijkstra, Self Stabilizing Systems in Spite of
Distributed Control, Communications of the ACM,

Vol. 17, No. 11, November 1974, pp. 643-644 .,

References

C'

S. Scholten

Private Communication

Citations

1975 -
1976 -
1977 -

Citation and Refercnce Data for Sample Documents

Takh1s &




-34-

a) Item A refers to B; b) 1Items A and B are related by
item B is cited by A. bibliographic coupling; items
C and D are related by coci-
tations

Bibliographic Coupling and Cocitation Patterns

Figure 1

419 Base Articles

Basé Articles 3858 Distinct References

from Base Articles

4231 Distinct Collection
Items

4764 Distinct Links between
Items

Citétions References

Experimental Computer Science Collection

Figure 2
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