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A methodology is described for the structural
analysis of scientific literature using the frequency
with which items have been cited together (co-
citation) as the measure of association between
highly cited documents. A clustering procedure
applied to these data results in the formation of
groups of documents identifiable as research
specialties. The principal concern of the paper is
to analyze patterns of change in these structures
from year to year, using data from the 1973 and
1974 Science Citation Index. The rate of change
of clusters and the document turnover in clusters
suggest that scientific research fronts are changing
very rapidly. Change in the relationships among
specialties is also observed by comparing configu-
rations of clusters obtained by multidimensional
scaling. By rotation of successive M-D-SCAL plots
to a least squares congruence for corresponding
clusters, it is possible to show how the clusters
have “moved” relative to one another from one
year to the next. (Author)

1. Introduction

Science, whether viewed as a social or an intellec-

tual system, is essentially self-organizing. The very
process of doing science —creating and communicating
new knowledge — generates structure, whether in terms of
the interrelation of ideas or of informal communication
among scientists. The difficulty is that this structure is
an “invisible” one. It is the result of many small and
somewhat private thoughts or actions, the collective
outlines of which remain obscure.

The problem, then, is how to “discover” or “uncover”
this structure and monitor its changes. The journal
literature of science and the footnote citation patterns
in that literature provide perhaps the most accessible and
least obtrusive source of data (1). To be sure, citations
are only a by-product or epiphenomenon of scienti-
fic activity. Nevertheless, there is reason to believe that
citations are an accurate mirror or indicator of this
activity. Weinstock (2) provides an exhaustive list of
why authors cite. The reasons and motivations for citing
appear to be as subtle and as varied as scientific thought
itself, but most references do establish valid conceptual
links between scientific documents.

The approach to the problem of discovering structure
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is to design what might be called a “science mapping
system” which takes as its input the cumulations of
citation data contained in the Science Citation Index
(SCI) or the Social Sciences Citation Index (SSCI). The
basic measure of relationship used is co-citation, the
citing of two earlier documents by one later docu-
ment (3). It is hypothesized that co-citation captures,

in most instances, the elementary act of associating ideas
or individuals represented by the two cited documents.
Hence, the kinds of structures obtained from co-citations
are, by and large, interpretable as cognitive or social
structures.

The principal finding of the initial experiments (4—7)
is that the primary structural unit in science is the
scientific specialty. Furthermore, the specialties them-
selves are linked together in loose networks which
eventually connect nearly the entire fabric of science.
The most recent work which is reported here concerns
the application of this system to the study of how this
structure changes over time. Thus, the aim of this paper
is to move from a static, cross-sectional model of the
structure of science to a dynamic, longitudinal one.

2. Method

Since the aim of the science mapping system is to
measure changes in structure over time as well as
structure at any given time, it is necessary to deal with
discrete time slices of citation data. The annual cumula-
tions of the SCI provide a convenient time slice, not so
narrow as to give an unrepresentative picture of most
fields and not so broad as to preclude an early detection
of significant changes. The SCI is a multidisciplinary
citation index, covering about 2400 journals in all fields
of the natural sciences. In this paper data obtained from
two successive SCI files, 1973 and 1974, will be dis-
cussed. The general strategy is summarized as follows:

1. Select all items in an annual file (SCI or SSCI) cited
more than N times where N is empirically determined
(typically N = 15).

2. Determine the number of times pairs of items identi-
fied above were co-cited.

3. Use the co-cited pairs of items, appropriately normal-
ized, as input to a clustering algorithm (single-link
clustering).

4. Determine the linkages between clusters by summing
co-citations among documents in different clusters
(called “cluster co-citation™).

5. Match sets of clusters obtained independently from
successive years to determine new, dropping and
continuing clusters.

Setting the threshold for selecting highly cited items is
an important step because it determines the level of
detail and field coverage of the clusters. Experience has
shown that no one threshold of citation frequency is
optimal for all fields. However, it is possible to gain some
perspective on the interdisciplinary structure of the
major fields of science using an overall threshold of about
15 citations per item per year.

The file of co-cited items is created by sorting the
selected items file in source (citing) article sequence and
forming all pairs (co-citations) of cited items appearing
in a given source article. The pairs of cited items are then
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sorted, and a frequency count is attached to each unique
pair indicating the frequency of co-citation. The frequen-
cy of co-citation is normalized using the Jaccard formula
(in effect determining the percentage of citations to the
two items that are co-citations). The pairs are input to a
single-link clustering algerithm and clusters of items are
formed at a specified threshold of the Jaccard coeffi-
cient (8). In order to examine the relationships among
clusters, an inter-cluster measure of association is defined
at a particular level of the Jaccard coefficient. The form
of the cluster-cluster association measure used in this
paper is the total number of articles co-citing two
different clusters.

Cluster correspondence, the final step in the system,
refers to the matching of clustered files derived for
successive years to determine what clusters in each year
share cited documents and are hence “continuing clus-
ters’’. This step also determines the clusters that are
“new” in the sense of containing documents which did
not appear in any cluster the previous year, or “dropped”
in the sense that no documents in the clusters appear in
the subsequent year’s clusters.

3. Comparison of Cluster Statistics for 1973 and 1974

The 1973 SCI and the 1974 SCI were clustered at identi-
cal thresholds (citation frequency threshold of 15 and a
normalized co-citation threshold of 16 percent). Follow-
ing the cluster runs the two files were matched to deter-
mine the degree of continuity from year to year. In this
section, the discussion centers on the statistical compar-
ison of the two cluster runs in terms of changes in overall
characteristics, what might be called “external” change.
In the following section, focus will be on the change in
the make-up or composition of the clustered files, that
is, “‘internal” change.

The magnitude of the SCI files for the two years are
shown in the “Input File Statistics’ section of Table 1.
The number of journal articles (source items) in the file
declined slightly (—1.5 percent) from 1973 to 1974, but
the number of citations from source items increased

(+ 4.3 percent), as did the number of cited items (+2.3
percent). The mean number of citations per cited item
also increased slightly from 1.81 to 1.84, and the mean
number of references per source item increased from 12.1
to 12.8. The changes in these numbers probably reflect
changes in the SCT journal coverage, and to a lesser ex-
tent, changes in the scientific literature itself, although
the contributions of these two factors would be extreme-
ly difficult to trace. Important for the present experi-
ment is that the two files are comparable in size, and no
radical differences are evident.

The citation frequency threshold was set at 15 citations
per document per year for each file. The characteristics
of these files are shown in Table 1 under the heading
“Highly Cited File Statistics”. With both thresholds 15,
the number of cited items selected increased 8 percent
from 1973 to 1974. An increase was also observed in the
number of source items selected by citing one or more
of the selected highly cited items. These increases result
from the use of a constant threshold on a file which has
increased in size.

The statistics for the creation of pairs of highly cited
items which have been cited together are given in Table 1

68

under the heading “Co-citation File Statistics”. The
number of distinct pairs of co-cited items, that is, combi-
nations of highly cited items, has increased 25 percent
from 1973 to 1974. This is due to the fact that a small
increase in the number of highly cited items selected
results in a large increase in the number of pairs of such
items. In addition, the total network of linkages among
the highly cited items has increased in density as shown
by the following two statistics: the ratio of the number
of all linkages among highly cited items to the number
of possible linkages among that number of highly cited
items (“percent connected’”), and the mean number of
co-cited pairs for a single cited item (the number of other
cited items with which a given item is linked). These
increases in linkage density can be traced to the increase
in the number of cited items initially selected, indicating
that the additional items selected came from areas of
scientific literature where co-citation densities are high.
We cannot conclude, in any event, that the natural sci-
ences as a whole are becoming increasingly interrelated,
as these statistics might superficially suggest.

Theclusters analyzed here were derived atthe 16 percent
level of the Jaccard coefficient in each year (see “Cluster
File Statistics” section of Table I.) At this level the
overall percent connected statistic for the network is
very nearly the same for 1973 and 1974, although the
mean number of co-citation linkages per document has
increased slightly. A total of 1610 clusters containing
two or more cited items was generated for 1973 and
1702 clusters for 1974. The mean cluster size increased
slightly from 5.0 to 5.2 cited items per cluster.

Of interest in gauging the effectiveness of this approach
to clustering is the percentage of selected cited items and
selected source items which fall into clusters at this level.
About 51 percent of the cited items originally selected
are included in a cluster at this level. Also, about the
same percentage of the source items selected by having
cited one:or more of the selected cited items are included
in one or more of the clusters at this level. Since the
selected source items constituted about 36 percent of
the total source items contained in the SCI, the clusters
at level 16 percent are able to “classify”” only about 18
percent of the total source items in the annual SCI which
is, however, roughly 74 000 source items. An increase in
the number of source items classified could be brought
about by a lowering of the initial citation frequency
threshold and/or a lowering of the Jaccard level for
clustering.

Statistics on the relationships among clusters at level

16 percent are summarized in Table 1 under the heading
“Cluster Co-citation File Statistics”. First, each source
item appears on the average in 1.5 clusters in 1973 and
1.6 clusters in 1974. In other words, while a cited item
can be assigned to one and only one cluster, a source
(citing) item can be assigned to more than one cluster if
it cites items which have been assigned to different
clusters. The co-citing of items in different clusters gives
rise to nearly identical percent connected networks of
all clusters in 1973 and 1974, and a slight increase in the
mean number of linkages to other clusters for any given
cluster. Again, there is no evidence to suggest a higher
level of interdisciplinary research in the natural sciences
as a whole.
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4. Measurement of Change

The previous discussion has centered on the overall
characteristics of the clustered files in the two years. In
summary, the two files are similar in structure, the only
differences stemming from the fact that the 1974 file is
somewhat larger than the 1973 file, giving rise to small
increases in average cluster size and the density of the
network. But this relative constancy in overall character-
istics is misleading in the sense that it masks a great deal
of internal change when the cited items making up the
clusters are examined from one year to the next. The
approach to the measurement of internal change is to
determine what cited items are common to the cluster
sets in each year.

The statistics on internal change are summarized in
Table I under the heading “Cluster Correspondence
Statistics”. There were a total 8 042 cited items clustered
at level 16 percent in 1973 and 8917 items clustered at
this level in 1974. The number of items common to these
two sets (identical cited items) is 4 046 or 50.3 percent
of the 1973 items clustered and 45.4 percent of the 1974
items. From this it can be determined that in 1973, 3996
items (49.7 percent) failed to appear inthe 1974 clusters
and hence “dropped out”, and 4871 items (54.6 percent)
in the 1974 clusters were “new”, that is, did not appear
in the 1973 clusters. If these figures are recast in terms
of a single hypothetical year, the results can be diagram-
med in the following way:

45% documents cited 50%

conlinue from

in this ycar continue to

previous yijj/’//d//,;r next year
95% 50%

,/,,new dropping

These statistics are striking in the degree of change they
suggest. Even though total numbers of cited documents
in clusters remain fairly constant, the make-up of the
document set has changed enormously. It is of interest
to compare our data on the rate of document turnover
in clusters with data obtained by Price and Gursey on the
rate of turnover in scientific authors (9). By examining
a representative slice of the alphabet and using several
consecutive years of the Source Index of the SCI, they
found the following pattern for authors publishing in a
given year:

authors 493 ~
continue from “ | publishing continue to -
previous year this year next year

56!/ 51%

new dropping
/

443 -

In the second part of their study they report “a percent
carryover of cited authors from year to year in the SCI’
which is very similar to the pattern they found for con-
tinuing source authors (10). In both their data and our
own, the larger percentage of documents continuing to
the next year over the percentage from the previous year
is the result both of the growth of science and of the
SCI data base.
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Our data, of course, are cited documents rather than
cited authors or source authors and furthermore, con-
stitute a very special sample of cited documents, those
cited 15 or more times in a year and appearing in clusters.
Nevertheless, the pattern of continuing cited documents
from year to year is very similar to that found by Price
and Gursey for source and cited authors.

The identification of continuing documents leads to the
identification of continuing clusters of documents. A
“continuing” cluster is defined as one which contains
one or more continuing cited items, that is, items which
appear in clusters the next year. Statistics on cluster con-
tinuation are shown in Table 1 under “Cluster Corre-
spondence”. Of the 1610 clusters formed in 1973, 1 004
of them (62 percent) “continue” to 1974, and of the

1702 clusters in 1974, 1051 of them (62 percent)
“continue” from 1973. Formulated in the previous
manner we have:

62% ..} clusters in 62%
continue from this year continue ko
previous year next year

38% 38%
new dropping

~

This is a lower rate of turnover for clusters than for
documents, but nevertheless represents a substantial
rate of change of clusters from year to year.

The statistics show that in 1974, 651 clusters were “new”
in the sense that they contained documents cited 15 times
or more that did not appear in any cluster the previous
year. As would be expected, the mean size of continuing
clusters is larger than the size of new or dropping clusters
(about seven cited documents for continuing clusters
compared to about three for new or dropping clusters).
Nevertheless, there is a large influx of new clusters,which,
if they can be shown to correspond to new areas of
knowledge, means that science is changing veryrapidly.
Clusters which contain all “new” documents may mark
the emergence of new areas of research or, at the least,
new approaches to existing areas.

Of course, an area need not be totally “new” to mark a
significant change in research. For example,an established
specialty which corresponds to an ongoing cluster might
experience a radical shift which results in a large influx
of new cited documents and/or a dropping out of many
old documents. The overall percentage of new documents
in clusters is 55 percent, but the overall percentage of
new documents in continuing clusters is about 40 percent.
A continuing cluster which has a higher percentage of
new documents may signal an important change in the
specialty. Some preliminary investigations into the
stability of clusters over time and the relation of cluster
change to social and intellectual change in the specialty
will be reported elsewhere (11).

There are, of course, a wide variety of possible patterns
of cluster continuation involving the merging or splitting
of document groups. The simplest is the passing on of
documents from one cluster in year t to one cluster in
year t+l. In fact, this is the most frequent pattern. Of the
1 004 continuing clusters in 1973, 837 (83 percent) did
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not diverge, that is, did not split into two or more clusters
in 1974. Similarly, of the 1 051 continuing clusters in
1974,902 (86 percent) were not part of converging
patterns from two or more clustersin 1973. The fact that
there are more continuing clusters in 1974 than in 1973
indicates a net excess of diverging patterns over con-
verging patterns. The mean number of clusters con-
verging to single clusters in 1974 is 1.25, while the mean
number of clusters diverging from single clustersin 1973
is 1.29. It isimportant to examine these splitsand merg- -
ers to see if they signal changes in specialty boundaries,

i. e., the moving apart of previously connected areas or
the coming together of previously unconnected ones.

In summary, the statistics on the rate of change of doc-
uments in clusters indicate that a great deal of change is
occurring. Apparently, subject and social structure
undergo rapid change, at least on the surface or research
front of the specialty. New specialties can emerge quite
rapidly and also disappear rapidly within a fairly stable
overall framework.

S. Changes in Cluster Configurations

In this section, a methodology is outlined for gaining a
more detailed view of how systems or networks of clus-
ters change. It was noted earlier that for each pair of
clustersin an annual file a measure of inter-cluster asso-
ciation is determined called “‘cluster co-citation”, which
is a count of the number of source papers citing doc-
uments in both clusters. This measure can be used to
arrive at a structure of a set of clusters either in network
or spatial terrns. The problem is how to measure the
structural change which has occurred in going from a
configuration of clusters in year t to a configuration of
corresponding clusters in year t+l.

As shown in Table 1, the average cluster is linked to
about 32 other clusters through cluster co-citation. If the
cluster in question continues to the next year, roughly 19
ofthese links are t o other continuing clusters. Of course,
the continuing clusters need not be the clusters linked
with the previous year. In other words, new links with
other continuing clusters may form, or some links with
continuing areas may cease to exist. To further compli-
cate the system, any given link between the same two
continuing clusters may increase or decrease in value.

The next few paragraphs outline the steps in the analysis
of structural change. The first step is tc select a starting
cluster and its corresponding cluster in the subsequent or
previous year. Around the starting clusters, single-link
“clusters of clusters” are generated for each year, setting
a threshold for cluster co-citation that will produce con-
venicntly sized sets for analysis (usually not exceeding
about 30). Each of the clusters in a given year’s network
is.then traced forward to the next year and backward to
the previous year to make sure that all the corresponding
continuing clusters are included. All clusters for which
no predecessors or successors are found are excluded.
This confines the analysis to the “continuing” clusters
only.

The purpose of the previous steps is to select out of the
total sample of clusters a set which exhibits strong inter-
cluster linkages, and, further, to insure that continuing
clusters have been included for all clusters in the sets.
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The next step provides a model for the analysis of change
from year to year. The key to this model is the technique
of multidimensional scaling as formulated by Kruskal
and embodied in the M-D-SCAL program (12), (13). In
essence, the technique takes as input a set of relationships
among objects (in our case the relationships are cluster
co-citations and the objects are clusters) and orders them
in a space of N dimensions. The relative positions of
objects are obtained when a statistic called “stress”,
which is a goodness-of -fit measure between input prox-
imities and assigned locations in space, achieves a mini-
mum value. In the present application, the non-metric
option of M-D-SCAL is used, which considers only the
rank ordering of the input proximities in calculating
stress. As input to M-D-SCAL, a lower-half matrix of
cluster co-citations is constructed for the cluster set for
each year. (Only a lower-half matrix is needed since co-
citation is a symmetric relationship.) Each matrix is
scaled independently and configurations are obtained in
two dimensions.

In the final step, the centroids of the two M-D-SCAL
configurations are superimposed and the 1974 config-
uration is rotated with respect to the 1973 configura-
tion until the sum ot squared distances between corre«
sponding continuing clusters is minimized. The mirror
image of the 1974 configuration is also superimposed
and rotated to see if the fit can be improved. A joint
space of the 1973 and 1974 configurations is constructed
using the angle of orientation that minimizes the squared
distances.

These steps provide a rough coordination of the two con-
figurations. It is rough in the sense that M-D-SCAL is an
approximate procedure where only general relative loca-
tions of points are meaningful. Superposition of centro-
ids implies that the center of gravity of equally weighted
clusters remains stationary. Rotation to congruence to
minimize squared distances between continuing clusters
is based on the premise that there is something akin to a
principle of least effort involved in the movement of
subject areas from one time period to the next. A limita-
tion of the procedure is that the coordinates of the points
in M-D-SCAL are standardized such that their mean
square distances from the centroid of the configuration is
set equal to unity. Therefore, changes from one M-D-
SCAL configuration to another cannot reflect changes in
scale or size.

Example I: Plate Tectonics

The first example is from the field of plate tectonics.
The 1973 cluster # 831 “volcanicactivity” and its corre-
sponding cluster in 1974, # 1480 ‘“mantle rheology”,
were selected as starting clusters. Single-link networks
were generated around each of the starting clusters in the
respective years, using a threshold of 10 cluster co-cita-
tions to link clusters in the network. This gave a set of
seven clusters in 1973 and a set of five clusters in 1974.
When the 1973 clusters were traced forward to 1974, an
additional 1974 cluster was added (# 1433 “geothermal
models”) which was not included in the 1974 single-link
map. Only corresponding clusters with two or more com-
mon documents were considered “‘continuing”.

Lower-half matrices of cluster co-citations were con-
structed for the seven clustersin 1973 and the six clusters
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in 1974, and scaled non-metrically, obtaining configura-
tionsin two dimensions. Superposition of centroids and
rotation to a least-squares fit of corresponding clusters
gave the joint 1973—1974 representation in Figure 1,
with arrows connecting the corresponding clusters. The
two arrows converging on the 1974 cluster # 949 “ba-
salts” indicate that two 1973 clusters (# 1014 “trace
elements” and # 1071 “basalts”) merged in 1974.

ophiolites

ophiolites G 765
e —
72 e
basalts
1071
earthquakes
128% - volcanie asalts
activity 9
B3l 949
trace elements
earthquakes 101n
825 mantle plumes
57
e ! geothermal
(o medels
mantle mantle plumes 1433
rheology 15C4
1480
geothermal
models
1406

Fig. 1: Plate Tectonics: 19731974 Joint Configuration

The joint configuration suggests that considerable move-
ment has occurred for some clusters while others have
remained relatively immobile. “Ophiolites” and “geo-
thermal models” are moving roughly parallel to one
another towards “basalts” and in the opposite direction
from “‘volcanic activity”. “Volcanic activity” is moving
away from all areas and “‘earthquakes” has moved slightly
in the direction of “ophiolites”.

Some preliminary ideas on the nature of these shifts can
be obtained by examination of the titles of the clustered
documents. First, the map represents two different ap-
proaches to plate tectonics, the geophysical and geochemi-
cal. The “opbhiolites”, “basalts” and “trace elements”
clusters in the upper right of the Figure are dominated
by geochemists, while the other areas are dominated by
geophysicists. Hence, the movement of “ophiolites”
toward “‘basalts” represents a consolidation of interest.
The merging of the “basalts” and “trace elements”
cluster is also undoubtedly due to their common concern
with geochemistry.

The movement of the “volcanic activity” cluster away
from the others seems to be due to a drastic decline in
this area (the cluster goes from 13 to 2 cited documents)
and a shift of concerns away from volcanism to the
modeling of the movements of the earth’s mantle.
Concern with heat flow, which was a part of the “volcanic
activity” cluster, has shifted to the “geothermal models”
cluster.
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Example II: Biomedicine

The second example concerns a set of biomedical clusters,
which includes some of the largest clusters in the 1973
and 1974 files. This example is more complex than plate
tectonics especially in terms of the pattern of merging
and splitting of clusters from year to year. The clusters
and cluster connections are much larger than for plate
tectonics, lending increased statistical significance to the
analysis.

The starting cluster for the analysis was, in fact, the
largest cluster in the 1973 file in terms of cited docu-
ments (# 2 cancer viruses) which corresponds most
strongly to the largest clusterin the 1974 file (# 3 viral
genetics). Around these starting clusters, single-link net-
works of clusters were generated at the level of 20 cluster
co-citations. Only clusters consisting of 200 citing docu-
ments or more were included in the network. When the
1973 clusters in the network were traced forward to
1974 and the 1974 clusters traced backward to 1973,
no additional clusters were added to the networks. Asin
the case of plate tectonics, only corresponding clusters
with two or more common documents were considered
“continuing”. It is quite remarkable in this case that all
continuing clusters in the two years were included in the
single-link networks at level 20.

Lower-half matrices of .cluster co-citations for the 17
clusters in 1973 and the 12 clustersin 1974 were con-
structed and then scaled. The smaller number of 1974
clusters indicates that the merging patterns predominate
over the splitting patterns. Superimposing the centroids
of the M-D-SCAL configurations and rotating to a least
squares fit for continuing clusters yield the joint 1973—
1974 map shown in Figure 2.

The 1973—1974 map shows considerable movement and
also considerable regional organization. The most striking
change is the merging of nine clusters to form the “viral
genetics” cluster (# 3). This represents a confluence of
research on genetic aspects of viruses. Especially inter-
esting is the drawing in of two clusters from the immuno-
logy region (#1245 “cell-mediated immunity” and # 437
“cytotoxic lymphocytes™). These merge into cluster

# 3 along with clusters which are predominantly bio-
chemical in orientation, such as “RNA-polyadenylic
acid” (# 38), “messenger-RNA” (# 208), and ““ribosomal
DNA and RNA” (# 398). To the left of “viral genetics”
are some areas with strong biochemical orientation,
namely “RNA polymerase” and “nucleoproteins”. Below
it is an important continuing area, “cyclic-AMP”, which
shows almost no movement from year to year. The third
region is to the upper right of cluster # 3 and focuses on
immunology. Below the immunology region are areas
concerned with cell membranes. Finally, to the lower
right of “membranes” we find clusters utilizing the
technique of carbon-13 labeling and nuclear magnetic
resonance (NMR) in the study of biological problems.

The two way split of “DNA repair” into “viral genetics”,
on the one hand, and “chromosomal aberrations” (#512)
on the other, seems to be due to concern of the latter
with the genetic disease xeroderma pigmentosum which

is more clinically oriented than viral genetics. The split of
“nucleoproteins” (#296) into “sex hormones” (# 146)
and “nucleoproteins” (#656) and the movement of this
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Fig. 2: Biomedicine: 1973—1974 Joint Configuration cell immunity cell-mediated imunity
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latter group to the other side of “‘viral genetics’ is perhaps
due to the division of researchers into groups concerned
with hormones and those concerned with the nature of
histone and chromatin.

Another interesting and marked shift is the splitting of
one of the immunology clusters (# 56 “immunology:
transformed cells’”) into two parts, one moving to join
with “membranes” (#91) and the other “cell immunity”
(# 160) moving further away from the membrane region
towards immunology. It is also evident that the technique
of nuclear magnetic resonance is moving strongly into the
biological membrane work and is being applied to other
biological systems, as indicated by cluster # 86 (“lipid
membranes: NMR”) splitting three ways into “mem-
branes” (#91), “biosynthetic studies™ (# 1423) and
“elastin” (#94). These areas border on the fields of
chemistry and biochemistry and show the infusion of
chemical techniques into biomedicine.

v

6. Conclusions

The goal of this work is to shed some light on the struc-
tural dynamics of science and provide some measures of
the nature and rapidity of change. The approach taken is
to design a clusteringsystem which utilizes the citation
connections contained in the journal literature of science,
and then to compare the structures obtained from suc-
cessive cumulations of citation data. The clusters which
emerge from such a system, built around the co-citation
procedure, have been found to correspond to scientific
specialties, and the linkages between specialties have led
to the construction of “maps” of science. The work
reported here showshow these maps may be animated
to indicate changing patterns of relationships among
research areas. Much work remains to be done on the
validation and explication of these dynamic maps, but
they provide highly concrete and detailed pictures to
compare with the perceptions of the scientists and open
many new avenues of interpretation.

A compatison of the cluster statistics of 1973 and 1974
shows that the overall characteristics of the files have not
changed in a major way, and that the changes which are
observed are attributable to the growth of the SCI and
of science. Change is very pronounced, however, when
the document make-up of the clusters in the two years
is examined. The rate of entry and exit for clusters is
somewhat slower than for documents, but it is still
surprisingly fast. The annual clusters are probably an
indicator of what Derek Price has called “research
fronts” (14), and changes in clusters from year to year
reflect changes in very recent research emphasis.

Movements of specialties relative to one another have
also been observed in the two cases examined, plate
tectonics and biomedicine, suggesting that the rela-
tionships among specialties are extremely fluid. The
general regional organization of the research areas are
preserved (e. g. the immunology specialties remain in
the same general region) but substantial mobility occurs
within regions. These movements are apparently non-
secular in nature and can be traced to short term fluctua-
tions in social or cognitive conditions within the special-
ties.
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It may turn out that absolute rates of change are not as
important as large deviations from average or expected
rates. Hence, a 40 percent influx of new cited documents
into a cluster representing the research front of an exist-
ing specialty may not indicate anything more than the
successful continuation of research and the incorporation
of new results. A new cluster containing five new cited
documents may, however, mark an event of some im-
portance.Similarly,some movements of specialty research
fronts relative to one another may represent only short
lived “Brownian” motions caused by efforts of specialists
to incorporate aspects of a neighboring specialty’s
methods or ideas. Collective or concerted movements of
groups of specialties, on the other hand, (such as the
merger of several clusters with the viral genetics cluster in
1974), may indicate events of significance.
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Table 1

I Input File Statistics 1973 8C1 1974 SCI V' Cluster Co-citation File Statistics
Source Items 406,943 400971 Clusters/Source Item 1.5 1.6
Citations 4,938,131 5,148,629 Distinct Co-cited Cluster Pairs 25,779 29,178
Cited Items 2,729,968 2,792,692 Percent Connected 1.99% 2.02%
Cites/Cited Item 1.81 1.84 Co-cited Cluster Pairs/Cluster 32.0 34.2
References/Source Item 12.1 12.8 VI Cluster Correspondence Statistics
1T Highly Cited File Statistics Continuing Cited Items 4,046
Threshold (Cites/Item) 15 15 % o f Cited Items Clustered 50.3% 45.4%
Source Items Selected (% of total) 140,992 145,999 New Cited Items (% of clustered) 4,871
(34.6%) (36.4%) (54.6 %)
Citations Selected (% of total) 431,082 465,790 Dropping Cited Items (% of clustered) 3,996
(8.7%) (9.0%) (49.7 %)
Cited Items Selected (% of total) 15,923 17,203 Continuing Clusters (% of total) 1,004 1,051
(.58%) (62%) (62.4%) (61.8%)
Cites/Cited Item Selected 27.07 27.08 New Clusters (% of total) 651
References/Source Item Selected 3.1 3.2 (382 %)
1T Co-itation File Statistics Dropping Clusters (% of total) (37 ggos)
Distinct Co-cited Pairs 713,948 894,350 Clusters not Diverging .837
Percent Connected .56% 60% (% of continuing) (83.4%)
Cited Items Co-cited 15922 17,201 Clusters not Converging 9202
Co-cited Pairs/Cited Item 89.7 104.0 (% of continuing) (85.8%)
IV Cluster File Statistics Mean Clusters C(.mver. ging 125
Clustering Threshold (Jaccard) 16% 16% Mean Clusters Diverging 1.29
Distinct Co-cited Pairs (% of total) 12,185 14,573
(1.7%) (1.6 %)
Cited Items Clustered (% of selected) 8,042 8917
(50.5 %) (51.8%)
Co.cited Pairs/Cited Item 3.0 3.3
Percent Connected 038% .037%
Clusters Obtained 1,610 1,702
SourceItems Clustered (% of selected) 70,279 74,385
(49.8%) (50.9 %)
Cited Items/Cluster 5.0 5.2
Source Items/Cluster 678 69.4
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