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The dynamic mapping of science using the data in the Science Citation Index was put on
the research agenda of science studies by De Solla Price in the mid 1960s. Recently,
proponents of *co-citation cluster analysis’ have claimed that in principle their methodology
makes such mapping possible. The study examines this claim, both methodologically and
theoretically, in relation to other means of mapping science. A detailed study of a
co-citation map, its core documents’ citation patterns and the related journal structures, is
presented. At these three levels of possible study of aggregates of citations, an analysis is
pursued for the years 1978 to 1984. The many different statistical methods which are in use
for the analysis of the respective datamatrices—such as cluster analysis, factor analysis and
multidimensional scalling—are assessed with a view to their potential to contribute to a
better understanding of the dynamics at the different levels in relation to each other. This
will lead to some recommendations about methods to use and to avoid when we aim at a
comprehensive mapping of science. Although the study is pursued at a formal and analytical
level, in the conclusions an attempt is made to reflect on the results in terms of further
substantial questions for the study of the dynamics of science.

Introduction

For more than twelve years now, the clustering of co-citations from the Science
Citation Index as a database for the purpose of drawing a comprehensive and dyna-
mic ‘map’ of science has been pursued with great tenacity in what we might call the
Philadelphia programme for the study of the sciences. Recently, one of the founding
fathers of this programme, Henri Small, acted as first author in two review articles in
Scientometrics on this subject' in which the authors claim that their improved
techniques for clustering the Science Citation Index with cocitations as basic units
have been developed to a level of sophistication which in principle appears to make
“a comprehensive mapping of science tractable within the present methodology™.?

Such a methodological breakthrough in achieving a global model of science could have
major implications for science policies, as the previous success of more modest co-
citation modeling has already shown.? If it becomes possible— as these authors hope,
and still others are actually developing— to commercialize global models of scinece on
floppy disks for personal computers with an inbuilt ‘decision support system’, the range
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of questions about science from science policy makers will gradually be transformed
as well. Such a transformation would change in its tum the types of questions which
can legitimarely be dealt with concerning the dynamics of the sciences.

However, these authors are addressing not only science policy makers, but also
science studies directly, when they list the questions to which they hope to contribute:
What are the natural structural units of science? How are these structural units
related to one another? What are the forces which determine these structural units
and their interrelations? How does the structure of science change over time, both at
a macro- and at a micro-tavel? * Their answer to these questions is that co-citations
offer a correct operationalization of the structural units of science precisely because
they can be used as uniws to produce comprehensive and dynamic maps of science.
These maps can be generated at different levels by ‘clustering the clusters’, and by
overlaying maps from different periods, even ‘structural change in science’ can be
made visible. The proof of the pudding is in the eating!-

At the science policy level, various attempts have been made to evalutate the
usefulness of these co-citation maps. Although critical in tone, the conclusions have
been mostly positive for the method. For example, a comprehensive evaluation of the
ABRC recommends to the British Research Councils that the developments of co-
citation analysis “wouid help increase the utility of their work.” In particular, the
recommendation favored the building and accessing of wider models to allow com-
parisons between fields, and improvement of the general accessibility of the models
to users.®

The emphasis in these policy-oriented studies has been on velidation of the outcomes
of the models.” Less attention has been paid to the methodological decisions which
precede the modei building, and which in some cases were taken already as early as
1974, when the programme to map science with co-citations was launched.

In this article, I will argue that precisely some of these raethodological decisions,
and particularly those with respect to the use of cluster techniques in this reszarch
programme, have been basically wrong, and that therefore the co-citation maps in
their current form— however useful the pictures may be as bibliographic tools— do
not represent or represent only very partially “the structure and the dynamics of
science”. To this end, I will make a precise analysis of a co-citation matrix and
compare the results of this analysis with the results of an analysis of the related
journal network.

Because the significance of journals and their relations can be much more easily
grasped intiuitively than the meanings of co-citations— which are themselves relations!—
and their relations, by using this indirect approach we will be able to point to one
important limitation of the cluster methods commonly used in co-citation analysis,
and to suggest alternative methods which may help overcome ihese limitations. Hence,
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in the conclusions we will suggest a set of standard analyses which make it possible to
link the different levels of analysis which can be discerned, and we will attempt to
reconceptualize these levels as dimensions in a model of the scientific enterprise. To
this end, we will begin with a brief discussion of the theoretical interpretation of co
citations vis-d-vis citations and journals.

Design of the study

Co-citations are only one of several levels at which one can study the dynamics
and the structural properties of aggregates of citations.® Journals, authors, research
programmes, and citations themselves, all form networks which can be analyzed with
various statistical techniques such as factor (or vector) analysis, cluster analysis, graph
analysis, or multidimensional scaling. On the one hand, it has been emphasized that
an understanding of the ‘dynamics’ of such structures presupposes that a calibrating
baseline with respect to the notion of ‘change’ can be fixed,® and, on the other, it
has been noticed that the relation between journal-journal maps and co-citation maps
is still unclear.!® One obvious approach to the question of what is changing in respect
to what is stable, and at which level, would be to compare the many available studies
at the different levels in this respect. A major problem in doing so, however, is that
researchers use their own specific techniques, threshold levels, cut-off points, clustering
methods, and graphic presentations without paying much attention to how one repre-
sentation relates to another, or whether a study could be used for secondary analysis.
Furthermore, because one usually needs access to the original ISI-tapes for co-citation
analysis, it is difficult for an independent researcher to replicate a certain outcome
with other methods in such a way that it becomes possible to compare his own
results with those of other analyses. The introduction of fractional counting and
other sophisticated techniques (to correct for differences in citation behavior between
fields of science, etc.) has as a side-effect that the figures— which are sometimes given
in the legenda— are also not easy to interpret.

Actually, I came to this question while engaged in a study of the development of
journaljournal citations, when I noticed that despite clear results in the factor
analysis, different clustering techniques led to rather different results,’ ' Because of this,
we decided to discard cluster analysis in that study, and to use factor analytic and
multi-dimensional scaling techniques exclusively. Once the instrument for following
‘the dynamics of science’ at the level of journals had been developed, however, the
question again arose of how to link the results which those of others who actually
were and are using different forms of cluster analysis. The opportunity to overcome
the problems of not having the funds necessary to replicate a co-citation study on the
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ISI-tapes, nor being able to reconstruct an original data-matrix from the published
articles— for the reasons noted above— was presented about when a Dutch govern-
mental institute commissioned the ISI to perform an extensive co-citation analysis
for the purpose of assessing Dutch national R & D-efforts.!? In this study we were
able to identify 37 core documents for co-citation analysis in ‘chemical physics’
without further help from ISI, and to replicate the study straightforwardly using the
on-line facilities on DIALOG. A comparison of these data with the simple citation
counts and with an analysis of journaljournal citation aggregates in the same field
can lead to a better insight into the relevant dimenstons in the mapping of science
and their relations. By repeating the co-citation analysis, which was originally done
for 1981 and 1982, also far 1978 (and 1979) and for 1984 (and 1985), we will be
able to compare the dynamic properties of citations, co-citations, and journals in this
field as well.

The programme of mapping science

The dynamic mapping of science using the data in the Science Citation Index was
put on the research agenda of science studies by De Solla Price in the maid 1960s.
About 1965 Price formulated some hypotheses about the structural properties of
journals, publications, author’s names, and citations, which could be operationalized
within the framework of Garfield’s Science Citation Index.'® A central idea ever
since has been that these scientific databases reflect multidimensional spaces (of
journals, etc.) which correspond to disciplines and specialties. What accounts for the
structures of these spaces (the units of analysis) was, in the opinion of Price, still an
open question. He pointed to three ordering mechanisms: 1. journals; 2. invisible
colleges; and 3. the notion of a ‘research front’ versus accepted knowledge.

This latter element introduced the idea of qualitatively different layers of science,
and hence pointed to the need of theorizing before we can say which variable is being
indicated by what indicator. However, since the problem of describing structure is
prior to that of describing dynamics, the focus in the scientometric enterprise has
been on ‘mapping’ the relations among journal and ‘invisible colleges’,

Journals

Price himself strongly advocated studying the relations among journals as the
most fruitful entrance point for a study of the structure and dynamics of science.'*
This line of research was developed in the early 1970s by Narir and his colleagues
at Computer Horizons Inc. They worked on an experimental tape made by ISI for
the development of what is now well known as the Journal Citation Reports, which
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consist of listings of the aggregate citations of journals to journals, and which since
1974 have formed a separate volume of the Science Citation Index and the Social
Science Citation Index. Narin used the experimental tape of the last quarter of 1969
to construct hierarchies of journals.'®

The results of this analysis exceeded expectations: a large amount of consistency
was found between the citing characteristics of jourals in the different scientific
fields, with quite distinct boundaries between fields, and a few well known cross
disciplinary journals (Science and Nature) as cross field information links, Within
disciplines the journals form fully transitive hierarchies with very few relational con-

. flicts. In a subsequent article' ¢ these authors tried to cluster the journals with the
help of a computer programme. In this study they extensively reported on the .
problems involved in choosing the right clustering algorithm. Eventually they decided
to combine nine different techniques for clustering and to define a similarity measure
between journals which is essentially a linear combination of the outcomes of these
different techniques. However, they had to admit that “the characteristics which two
joumals frequently clustered together have in common may simply be their difference
from the rest of the set, rather than a similarity with each other.”!” Although by
manipulating some parameters in a ‘trial and error’ way they managed to obtain
some beautiful pictures,!® by the end of this article the authors had to introduce an
ad hoc hypothesis about the existence of non-cognitive (e.g., national) characteristics
in order to explain their results. However, this hypothesis was no explanation of the
problems they encountered. To understand what is at stake, we have to look more
carefully at the datamatrices which form the input for their analysis.

Typical of citation-studies—at various levels of analysis but also at the level of
journals—is the large amount of missing values in the matrix. Journals within one
specialty cite each other heavily, but between specialties only the major—and most
of the time the leading—journals constitute the network. As a consequence, the inter-
journal citations of non-leading journals in different specialties are usually compara-
tively low. (To give the reader an impression of such a journaljournal matrix we
refer to Table 1, which shows the matrix for the area which we will examine in
detail in a later section.) It is exactly this typical structure of the matrix which
makes it possible to find the relations which Narin and othe:s have reported.’®
However, most cluster analyses, including the majority of the ones Narin used in his
"linear combination’ (see above), commonly start by making a distance matrix from
the datamatrix, using Euclidean metrics. Since missing values do not add to the
Euclidean distance between two cases, those cases with large amounts of missing
values end up with small distances among them, and when this is the cluster criterion
(as for example in single linkage clustering), clustering starts at this end. Hence, as
has been correctly noted by Smuall et al. 2% what one is clustering is the hierarchical

Scientometrics 11 (1987) 299



: MAPPING OF SCIENCE

L. LEYDESDORFF

(& ONILID)

G971 ¢ 2} ] [4' 20N A

) TLST zL€Z @ o109z B

2} ¥L9T 909V 92 LSTZ @

[ [ v ¥8s 98 [

8 60TE ¥I16Y G6€ SOESTIY
%) [ 2 6 89 pseL
] ] 8 ] ] L6Tt
%] '] ] ] 0 LT8T
ST a 4] %} [ 9%
LT [ ] ] ] °

2} 4 4] [} ] L6

a [¢] '] ] ] ]

(44 ] B ] [ 1 :13
9V 8 ¢ ] 8 L6S
P8T o 14 1t vie Ly
[} ] [¢] ] 6€T 065
6vT 92 9¢ LS €6, 097
13 ve OLT Z€£S @86 €S
£26 6F BLT STE T86T 2.8
TdA $HD E€HD CTHO 1THD €dS

TLL

avt

£y

eV
11
PTE

tds8

Liee
[44°)
T9¢T
£2.

81

91¢T
88

2

]

€L
(X4
88t

ids

ic €9
[ "]

'8 ]

) ]

] /x4
09 62
1¥4 ¢

ve ]
9ty v8
LBt GCET
18 ]
6cT @
vve BIV
Z6C 6261
1 8s
(A 8L
9z 9LT
[ ]

€6 sve
Zdw 14w

(42
[44
[}
[ AY
LAl
6587
L8861
vvoc
£t

¢

vud

L5
VI

[

€T

4
L68T
TL0E
8€81
9c

']

-fud

1¥4
svet
607
8T¢
81
6ST
[ 344
ZLS
[4:7%4
88¢
[}

VI
69

| A

Vot

2¥d

8Lz

69
sz
w7
[2TA
(44
94
PEET
gvee
L1t
34
681
]

9vu1

Tud

t

€9

Vi
8¢1

1611

98¢
€9

Yy81

$d40

18671 ul sfeumof so1sAyd feorurod, 61 303 suoHe)d Teumof-jeumoy

T 9lqeL

161

99¢
6L
61

ST

(431

66
991
91¢
98L
L66
1414
TL8T

ydo

9yee

13

44
€16
881
LS
86
LE

851

Lve
£re
6Sb
28S
6961
244

SvLe

€40

ST1

S8
Z61
861¢

SL

ve
']
11¢
91¢
gLL
£6€¢

| 33:14

¢dd

(4 ada10)
€8S Tdn
[ VHD
v £HD
Zy THD
9227 THO
819 £ds
LST zds
887 tds
9s ¢dm
1447 Tdw
¢ pud
¥ £ud
65L zud
24501 Tud
Y¥TT  4dD
986 vdo
1992 €40
016 240
ZESYT  1dD
TdD

Scientometrics 11 (1987}

300



L. LEYDESDORFF: MAPPING OF SCIENCE

position of journals and not their subject structure. Of course, if one stops clustering
at a certain value, for example, by specifying the maximum size of the clusters or
the number of clusters in advance, the results may very well show some other
clusters which do represent subject areas, precisely because single linkage clustering
starts with ‘chaining’ all the more marginal cases in the first cluster. Therefore, one
can easily predict that a cluster analyst of citation data who uses these methods will
get stuck with at least one major cluster which he cannot easily interpret, and it is
interesting to take a careful look at the ad hoc hypotheses which have to be intro-
duced to cover this failure of the method.

Actually, Narin, probably becoming aware of these problems, when he started to
build his analytic version of the SCI on the basis of the 1973 tape, dropped the
project on clustering journals in favor of a more pragmatic approach to delineating
subsets of journals.??

Invisible colleges

Small et al. went on to say that “(t)he co-citation maps (. . .) are designed speci-
fically to reflect subject similarities and disciplinary structures.”?? The theoretical
notion which has guided the selections made to cluster the SCI in terms of co-cita-
tions is Price’s conjecture that there is an inherent maximum size limitation to an
invisible college.?® Price argued that in groups larger than about 100 members, inter-
personal communication between the members becomes difficult if not impossible,
leading to the breaking up of the group into smaller subgroups.?4 Proponents of co-

-—

Legend to Table 1

CP CHEMICAL PHYSICS SP  SOLID STATE PHYSICS
CP1 Journal of Chemical Physics SP1  Solid State Communications
CP2  Journal of Physical Chemistry SP2  Journal of Physics C: Solid State
CP3 Chemical Physics Letters SP3  Physics Review B
CP4 Chemical Physics
CP5 Molecular Physics CH CHEMISTRY
CH1 Journal of the American Chemical Society
PR PHYSICAL REVIEWS CH2 Journal of the Chemical Society: Faraday
PR1 Physical Review A Transactions
PR2 Physical Review Letters CH3 Journal of Omganic Chemistry
PR3 Physical Letters B CH4 Tetrahedron Letters

PR4 Physical Review D .
VP  VARIOUS PHYSICS
MP MOLECULAR PHYSICS VP1  Journal of Molecular Spectroscopy
MP1 Journal of Physics B: Atomic
and Molecular Physics
MP2 Physica Scripta.
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citation analysis believe that such ‘invisible colleges’ as structural units of science,
can be described by co-citation analysis. The detailed maps which they arrive at
should therefore be validated at the level of the scientific enterprise. Co-citation
analysis is then believed to produce a representation of the actual cognitive structure
as it is perceived by practicing scientists.

The technique of co-citation analysis as introduced into science studies in 1974
by Small and Griffith*° is fundamentally simple: by citing two documents in one
article an author establishes a co-citation-link. One can count how many times this
happens in a certain year very easily by using a Boolean AND in the search. So, for
n cited papers, you get 1 X (n — 1)/2 possible combinations (the lower triangle of
a datamatrix), because the citations of A AND B are the same as the citations of
B AND A.2% Again, in empirical and sensible cases, most of the cells will be empty.
For example, in the prototype study of 1974, non-zero values were found in only
1.2% of the cells.2”

However, the authors of that study were very clear about their methodological
purpose: without any a priori assumptions concerning the existence of specialties or
‘invisible colleges’ they wanted to prove that such structures—which had been hy-
pothesized on other grounds?®—did exist. At the end of their article they claimed
that “‘the very existence of document clusters which, by definition, have a high
degree of internal linkage, is strong evidence for the specialty hypothesis.”?® But
this is a fallacious argument because a cluster analysis will always generate a cluster
structure; the real question is to determine what the structure represents.

Probably in order to test their specialty thesis as strongly as possible, Smail and
Griffith chose ‘single linkage clustering’ as a basic technique. ‘Single linkage cluster-
ing’ will guarantee that any case including even one non-zero cell in a row (in many
cases a value of 1) will cluster, but as .a result, this technique is well known to produce
‘straggling’ clusters—the effect is called ‘chaining’—because the purpose of the algorithm
is to include the incidental points.?® Tight ‘minimum variance’ clusters require other
forms of cluster analysis. Hence, the effects we described in the former section (con-
cerning journals) emerge a fortiori,

Unfortunately, the original matrices for these analyses have never been published,
so it is not possible to follow the arguments which guided these authors when they
denominated the clusters. However, we can see the problems we might expect with
single linkage clustering emerging when we follow the text: “The largest grouping by
far, at-all levels, is biomedicine. It is, however, a relatively loosely knit cluster with
many sub-clusters and a low percentage connectedness (0.69%). Since, by definition,
the links between clusters are weaker than links within clusters, a large cluster like
this should break up as the co-citation threshold is raised. However, this step, which
is successful for the other subject areas [which are less marginal—L.], is only partially
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successful for the biomedical grouping. (. . )”*! “With the exception of the papers
which, at each level, were clumped in the large biomedical cluster, most groupings
were readily recognized after a couple of paper titles were located; . . .32

This was all in 1974, at the start of this programme and under the influence of a
specific theoretical purpose. But the alarming thing is that these early methodological
decisions about clustering have never been fundamentally revised, but only adapted
incrementally to produce better representations. The noted (1985) reviews claim
major improvements in the methodology being used in cluster analysis, making it
now possible to generate The Atlas of Science by ‘clustering the clusters’ and by
overlaying maps from different periods. These improvements, however, have only to
do with limiting the maximum cluster size (‘variable level clustering®?), and correct-
ing for differences in citation behavior between specialties (‘fractional counting™*4).
The basic statistical method is essentially still the same. More recent techniques to
improve single linkage clustering, such as mode analysis,®S have been discarded by
the authors who argue that such techniques are not well suited for large databases
such as the Science Citation Index.

This argument is correct in itself: if one has to break down an enormous gmount
of data, one peeds one clustering method or another to accomplish this. This is good
practice if one wants to construct a bibliographic retrieval system from the Science
Citation Index. The Atlas of Science is a superior retrieval system in its graphical,
and in the near future three-dimensional representations, which are produced by
multidimensional scaling techniques. Because the programmes to generate these
pictures have inherent limitations to the number of cases they can handle at present,
it also makes sense to set a maximum cluster size. However, once all these decisions
have been taken, it becomes very difficult to say what one is actually producing in
the end in terms of ‘maps of science’.

When we look more carefully at the major results from the cluster analysis-efforts
in the mentioned review articles, we find the same types of ad-hoc hypothesis which
we predicted in the conclusions of the former section. More than once, it is emphasized
that the larger part of the structure of the natural sciences is “interdisciplinary,”®¢
with chemistry ““to be considered the model of an interdisciplinary science”.®” This
result (produced by ‘clustering the clusters® twice with single-linkage clustering) cannot
be validated at all at the level of journaljournal citations; this is probably a direct
consequence of problems with the clustering methods, despite the rigorous limitations
which have been placed upon chaining. Nevertheless, without any further argument,
the authors claim that this picture offers “a much more balanced representatinn of
major scientific disciplines than was achieved in any of the previous clustering and
mapping experiments.”®® Actually, in 2 later section, the authors conclude once
again with a methodological argument for sticking to ‘single linkage clustering’ despite
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the recognized problems of chaining and isolates, when they state that they do not
want to treat their database (the SCI) as a structured database®® —which is precisely
what it is, however, The project of establishing an analytical grid of journais and
nations, as has been pursued by Narin’s Computer Horizons, is turned down in favor
of an inductive approach using the database as a kind -of garbage can. However, the
structures then to be found have to be validated extensively, particularly when they
are counter-intuitive. In our opinion, the results are an artifact of the applied method,
which leads to ‘interdisciplinary’ clusters on the one side and to strong—and sometimes
isolated—disciplinary clusters on the other.

*The Cancer Mission”

One serious attempt to study co-citation maps and what they might represent was
undertaken by Studer and Chubin in their study of The Cancer Mission.*® In the
relevant chapter they explained again and again, on the basis of a factor analysis of
the co-citation matrix, that co-citations represent both a cognitive and an institutional
structure. As they concluded, the institutional component seems to be linked to iden-
tifiable institutes (laboratories) and not to ‘invisible colleges’.*! Moreover, they raised
the hypothesis that “cocitation cannot be taken at face value as indicative of the in-
tellectual state of a field, specialty, or problem domain. Cocitation clusters may
simply be isolating the early institutional contexts of scientific developments, that
is, the most ‘coherent groups™? and, later, the most visible ‘invisible colleges’.””*3

Studer and Chubin used factor analysis as a statistical method (as do the later
studies of Griffith et al**). Factor analysis (or ‘vector analysis’, as they call it) also
in our opinion, leads to a clearer view of underlying structures if (and only if!) one
is able to separate clear factors, At the end of their study, however, these authors
had to admit that they had difficulties precisely in terms of this criterion in compar-
ing between levels, because at none of the levels could the factor-structure be used
as a baseline. Amazingly enough they did not consider seriously the journals involved,
probably because as sociologists they were not concerned with documents and their
interrelations but rather with their authors as units of analysis. In the next section,
we will link the result of a co-citation analysis to that of a journat-analysis.

The empirical evidence
Following its publication of a study of the output of state financed medical
research in 1983,%% the Dutch Advisory Council for Science Policy (RAWB) decided

to commission a comprehensive explorative study to the use of S & T-indicators for
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assessing national R & D-efforts.*® As part of that study, a co-citation model for
1981 and 1982 was constructed by the ISI and assessed for the share of Dutch publi-
cations.*” Although some provisions were taken in the initial steps of the construc-
tion of this database to restrict the analysis to areas which were relevant because of
Dutch activities, the eventual analysis was done quite straightforwardly #® ‘Maps of
" science’” were produced and published. Ever since, these maps have been hotly
debated by Dutch scientists and science policy makers, and serious efforts have also
been put into several ‘validation studies’.*®

From the 3029 clusters, we selected 7 clusters in such a way that they (1) formed
one ‘supercluster’,5® (2) consisted of a considerable yet nevertheless manageable
amount of core documents (namely 37), and (3) belonged to one of the areas on
which the later RAWB-study focussed. Actually, 4 of the 7 clusters in our sample
(covering 31 of the 37 core documents) are included in the map of atomic and mole-
cular physics which is the most widely published part of the RAWB study, among
others in Scientometrics.®* (For a list of the clusters see Table 2).

Table 2
e sty
121 2 Collision broadening of principal series lines of metals by noble gases
231 2 Pressure broadening and shifting in microwave and infrared spectra
325 [ Rainbows in rotationally inelastic scattering
523 2 Spectroscopy and ionization studies in laser-produced plasmas
541 11 Effects of neutral non-resonant collisions on atomic spectral-lines and
potentials
1010 11 Mechanisms of atomic resonance fluorescence

1871 3 Collisions of Rydberg atoms in molecules

A full list of the core publicaticas, their cluster numbers, and their citation and
co-citation ratios is given in Table 3. In the fourth and fifth column of this latter
table the citation counts for these articles over 1981 + 1982 as indicated in the
ISI/RAWB-study are compared with those we found on-line. Qur results are on the
average some 7% lower than those of the ISI, but overall the two distributions are
highly compatible. (We probably missed a few citations because of differences in
file handling between the ISI and DIALOG.)
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Column 6 of this table presents the total co-citations for the respective core docu-
ment as found on the PIALOG installation. The last column gives the ratio between
co-citations and citations for each document. This column reminds the reader that a
co-citation necessarily refers to a citation, but that there may be many co-citation
links to the same citation. (See also note 26.)

Because the ISI/RAWB-study measures only the sum of normalized co-citations
(‘strengths™ ?) for intercluster links, it is not possible to calculate the full co-citation-
matrix from these data. Hence, we will use the results from our own DIALOG-search
from now on.53 By searching for all possible pairs of core publications with an
AND-operator, the co-citation-matrix as presented in Table 4 can be reconstructed.
(Because our treatment of this matrix will now become more formal, we will indicate
the core documents according to their cluster number and an alphabetical indicator
according to their sequence number within the cluster.)

Visual inspection of the matrix does indeed reveal a cluster structure. However,
further analysis reveals that there are not seven but eight clusters: cluster 1010 con-
sists of two clusters. ,

Actually, when we do a factor-analysis®# of this matrix, the two main factors (ex-
plaining together 59.5% of the common variance) are precisely the two groups of
variables which have to be distinguished within cluster 1010 (Table 5).5° Factor-
analysis further reveals factorial complexity for cluster 1871, and clear cluster struc-
tures for clusters 541 and 325. The other clusters are more diffuse being connected
with later factors which explain only minor parts of the common variance.

In Figure 1 the same data-matrix is used as input for multidimensional scaling,
which produces a proportional picture of the distances between these 37 core docu-
ments in terms of co-citation-scores, with remarkably low stress,

The related journal structure

If we want to analyze the related journal structure, there are two ways to proceed.

The 37 core documents involved have been published in 11 important journals all
of ‘which. still exist, although sometimes under different names.*® The Soviet Physics
JETP, however, from which one of the core publications comes, is not covered in the
Citing Journal Package of the Journal Citation Reports and was therefore left out of
consideration here. Of the remaining 36 core documents, 11 have been published in
the Journal of Chemical Physics, 9.in Physicai Reviews A, and 2 in Physical Review
{before the division of this journal into different parts in 1970). The other 8 journals
contain only 1 or 2 of the core publications each. Therefore, we can also proceed by
taking the Journal of Chemical Physics and Physical Reviews A as entrance journals

310 Scientometrics 11 (1987)
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for the analysis of a journal-journal network, using a method of analysis which we
have developed elsewhere.’7 If we pursue this strategy we find a related journal net-
work of the 19 journals listed in the legend of Table 1. The reader should notice that
we are now dealing with two sets of journals in each of which the relations among
the elements are defined at different levels: at the one hand, we have 10 journals
which are related among eachother through co-citations of documents which have
been published in these journals, and at the other hand, we have a related journal
network of 19 journals which represents the relevant subject area at the level of
journaljournal citations. The two sets have an intersection of 4 journals correspond-
ing to 27 of the 37 original core documents.

We will now use both sets of journals to answer specific questions. The journal-
journal-structure of the 10 X 10 matrix of related journals, leads to a factor structure
which is difficult to interpret and sensitive to the choice of parameters in factoring
and in finding solutions (such as orthogonal versus oblique).

If we construct the same journaljournal citation-matrix for other years, we of
course do find a very similar matrix with about the same results of the analysis (see
Table 6 for the Pearson correlations between these matrices, which are above 0.99).

Our interpretation of these results leads us to conclude that we are looking here
at very stable relations among some important journals. However, the structure of
these relations cannot be explained by variance within these data-matrices, because
the elements (journals) have here been selected for their relations at a different level
of analysis (i.e., of co-citations). Part of the structure among these core-publication

Table 6
Pearson correlation coefficients
for the journal-journal citations among the 10 related journals

1978 1981 1984
1978 1.0000 .9977 .9967
( @)y ( 1m@) (  190)
P=t***%*x P= _ggl P= 0.001]
1981 1.0000 .9984
( 2) ( 100)
p=kkkx** pP= (@]
1984 1.0000
( 2)

P=kkkkkk
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journals may be determined by the other relations of these journals. Therefore, if we
want to analyse the relations among them, we must take into account a full set of
the journals which form a network at the level of journaljournal-citations, and not
only those selected because they are related to a network at the level of co-citations.

However, when we analyze the journaljournal-citations of the 19 journals which
form the related journal-network, we find a very nice factor structure (Table 7).

Five factors emerge which can all be easily recognized as the specialties involved, and
all these factors explain a considerable part of the common variance. A first factor,
explaining 33.6% of the common variance, stands for ‘chemical physics’. ‘Solid state
physics’ is the second factor; ‘molecular physics’ the fourth, and more general journals
on ‘physics’ and ‘chemistry’ constitute the third and fifth factor, respectively. The
last factor still explains more than 11% of the common variance.

Hence, this is in itself a clear structure. However, more than the ten journals di-
rectly related to the co-citation core-documents, this structure changes gradually
from year to year: of the 19 journals included in 1981, only 16 still belong to the
network in 1982, when 2 other journals have to be included if we adhere strictly to
the methods for journal selection which were described in our earlier article.5®
Because we now have a sharp factor analysis revealing a clear structure in the data,
we can proceed to test the different methods of cluster analysis which we discussed
above: a good clustering technique should enable us to reproduce the same structure.

Table 7
Varimax rotated factor matrix after rotation with kaiser normalization
(19 ‘chemical physics’ journals in 1981)

FACTOR 1 FACTOR 2 FACTOR 3 FACTOR 4 FACTOR 5

cprl 44631 ) .93597 .02687 .05880 -.81942
Cp2 f .35418 1 -.@@552 62119 -.04992 [ .23287 ]
CP3 [ .43863 ] .01551 .#08682 #2165 .A1917
CP4 [ .43837 1 ~.00118 .300892 .p2508 ~-.@#3621
CP5 [ .40434 -.81359 -.f1153 . 38895 -.88749
PR1 .A3731 .23983 ~.04324 [ .58863 ] .02876
PR2 .03862 . 35031 V354787 .16261 .86589
PR3 .A3801 -.0#3934 [ .A3899 ] -.p3114 -.p8728
PR4 .84241 -.04926 .62460 ~.36261 -.81728
MP1 .A2498 -.87268 ~-.13888 59811 ) ~-.B30295
Mp2 -.06375 -.81733 .18752 .48446 ] -.082883
sPl LARR9L 54514 ) -.063127 ~-.B83322 -. 66990
5p2 -.B1871 [ .504954 ] -.16363 -.B606% -.54380
SP3 .A8179% .54511 -.082229 ~.080383 .81527
CH1 06544 .B1546 .62449 81671 {TT55850
CH2 [ L1774 } ~-.36484 -.04220 ~.14967 { .14522 )
CH3 -.p4p22 -.01855 ~.01763 .80293 { .55181 ]
CH4 -.AR276 ~-.02043 -.53368 -.004¢9 .52442
VP1 [ .28p415 ] -.087438 -.05877 ~-.086834 -.15444
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Fig. 2. Single linkage clustering of 19 chemical physics journals in 1981
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Fig. 3. Single linkage clustering from pearsoxn correlation matrix
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Figure 2 presents a dendogram using the single linkage clustering method for these
data. In this dendogram we see a nice example of the growth of the first cluster as a
consequence of the use of this method, by chaining. Only at the very last end do the
leading ‘chemical physics’ and ‘chemistry’ journals show up as separate clusters. It
also becomes clear how arbitrary any cut-off point (by variable level clustering) would
be in this case.

The main point, however, is that nothing of the clear structure found in the factor
analysis can be retrieved in this manner. As explained above, the reason for this is
the large amount of missing values as has been demonstrated in Table 1.

If we change the similarity coefficient to a Pearson correlation, we immediately
get a better picture (Fig. 3), but we only find a full representation of the journal-
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Fig. 4. Wards’ method for 19 chemical physics journals in 1981 (pearson correlation)

journal structure revealed by the factor analysis if we also change the clustering method
to Ward’s mode of analysis (Fig. 4). In this dendogram, we find a nice division

between physics journals (to the right) and chemical journals (io the left), leading

to ever finer substructures of science. The links can also be traced, as revealed by

the factor analysis among the different parts of Physical Reviews and the different
specialties in physics.®®

The clustering of co-dtations

The advantage of the journal-structure is that its factorial structure is easy to in-
terpret. The factors that emerge correspond to the cognitive structures among the
disciplines and specialties involved, and the split is almost complete. Hence, the desig-
nation of the various factors does not give rise to serious problems. Since such a
sharp split among factors is normally not the case for results of the factor analysis
of a co-citation matrix, it becomes already more difficult to identify the relevant
factors. Therefore, a researcher may choose not to use factor analysis for the inter-
pretation of her data. However, despite this problem of interpretation, we can maintain
that methodologically speaking, as with the journaljoumnal-citation matrices, cluster
analysis of co-citation matrices should reveal underlying structures which are compat-
ible with and complementary to the results of factor analysis.

If we now compare the results of factor analysis and cluster analysis (with single
linkage clustering and simple Euclidean distances) on the co-citation matrix., which
was generated as we discussed above, we (1) loose in the results of the cluster analysis
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Fig. 6. Ward’s meiiiod clustering of co-citations with pearson correlation matrix

(see Fig. 5), important parts of the cluster structure as revealed by the factor analysis
(Table 5); (2) do not get any evidence for division into 7 or 8 clusters; and (3)
although we happen to avoid ‘chaining’ in this case, we do find uninterpretable isolates
at the upper end. Although the factorial structure (Table 5) was already less clear
than in the case of the journal network, the results of the cluster analysis do not
show this structure at all.%°

Again, simply by switching to Ward’s method of analysis on the basis of a Pearson
correlation matrix, we can construct a dendogram which gives a full representation of
the structure revealed by the factor analysis (Fig. 6). From this picture, we also can
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judge the relative importance of the split waehin cluster 1010 as compared with the
fine-structure in, e.g., cluster 325. However, this latter fine-strucutre was not revealed
by the factor analysis. Therefore, in this case and using this methodology, cluster
analysis is even more rewarding than factor analysis.

The argument here against the use of-single linkage clustering on these citation
data, taking at first the journaljournal network as a kind of base-line, may seem cir-
cular. However, the argument is not circular but indirect: because we can to some
extent interpret the results of the factor analysis of data matrices of journal-journal
citations, we can demonstrate in this instance how devastating for the results the
choice of the wrong clustering method may prove to be, and thus we can illustrate
what we argued analytically about single linkage clustering in earlier sections of this
paper. Once this argument was presented, we still needed to show—as we have done in
this section—that the same effects emerge when we use a co-citation data matrix.

Stability and change

As was noted in the introductory section, a third element of the programme of
mapping science was to include the time dimension: once a comprehensive mapping
of science was achieved, this structure was to be depicted dynamically ‘to show
structura] change’.%!

Studer and Chubin (1980) added a methodological appendix to their monograph®"
in which they focus on the question of whether one can measure change without a
stable base-line. They point out that relationsips between units of analysis in sci-
ence can be analyzed in networks at many levels: for example, we have networks of
authors, of references, of citations, of institutes, of journals, etc. The aim of their
study was to look for ‘confluence’ at different levels as a criterion for an accurate
description of the development of ‘the cancer mission’ over time. However, at the
end of their study they were forced to conclude that the priority (or the relative
weight) of th: different indices remained a problem.®® They concluded that “the
methods, like the networks, are tools for understanding, not ends in themselves”.6%
Although this conclusion is of course correct, it is also a rhetorical ultimum refugium
which leaves us with a feeling of dissatisfaction. Elsewhere,®% we have indicated that
we can indeed find a ‘baseline’—the claim is that aggregated journal-journal-citations
and their development over time can be used as such; but this answer raises all the
more urgently the question of Zow indicators at the other levels can be linked to
this “baseline’.

As noted above, in this casc the related journals of the core documents show a
very stable distributions of citations among them. The Pearson correlations between
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these distributions do not differ substantially from 1.00 (p = 0.001). Hence, we
considered this case as offering a good opportunity to explore how the citations and
co-citations of these same documents develop over time.

Figure 7 presents a superposition of the multidimensional scaling for the co-citation
data-matrices for 1978 (plus 1979), and 1984 (plus 1985°°). Here, we are dealing
only with 27 of the 37 core documents, since ten of them were not published before
1978. The major clusters in this case maintain stable distances from one another,
while only a few smaller ones move around this stable structure.®” Particularly spec-
tacular is the shifting of cluster number 523, which consists of two publications from
1962 and 1963 on ‘Spectroscopy and lonization Studies in Laser-Produced Plasmas’.
We wondered whether someone could find an interpretation for this change.

If we focus again on the 27 documents which exist over the whole period, we can
trace the development of several distributions attached to these sets, including their
citations, their co-citations. and their related journals. Table 8 presents some aggregate
values, and in Table 9 the Pearson correlations between distributions are compared
for these three dimensions for (1978 + 1979), (1981 + 1982) and (1984 + 1985).

The relations between the co-citation matrices are very high, and even higher than
the relations among the distributions of citations of the same documents. However,
if we correct by the pairwise deletion of missing data for stability which is brought
about by not being co-cited together (the zeroes), we find correlations of the same
order (0.75 over a period of six years). Of course, these are highly cited and co-cited
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Table 8
Aggregated values for citations and cocitations for the ISI/RAWB-set
of documents (n = 37) in (1981 + 1982) and (1984 + 1985%)

citations 1148 760
co-citations 2244 882
(co-cit/cit 1.95 1.16)

Aggregated values for citations and cocitations for (1978 + 1979),
(1981 + 1982) and (1984 + 1985*) for the same set of core documents (n = 27)

1978/9 198172 1984/5
citations 874 877 622
co-citations 1294 1324 638
(co-cit/cit 1.48 151 1.03)

*1985 is only included till week 50, the DIALOG-search having been done on January 30, 1986.

Table 9
Pearson correlation coefficients for different dimensions
intersection 1978, 1981 and 1984

1978 1981 1984

RELATED JOURNALS 1.0080 .9977 .9967
(N= 10) ( @) (  les) ( 100)

p=******x p= .ggl P= .pgpl
CO-CITATIONS 1.0000 .8661 .8472
(N=27%26/2) ( . @ ( 351) (  351)

p=k***%* Pp= _ggl P= .00l
,CO-CITATIONS 1.0000 .8010 . 7479
WITH DELETION  ( 6) 94) ( 77)
OF MISSING P=k***** p= _ggl P= gpl
VALUES
CITATIONS 1.0000 .8242 . 7496
(N= 27) ( %) 27) 27)

( (
p=x*x*x*x%* p= _ggl P= .001
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documents—the latter being precisely the reason why they were selected (for 1981 +
+ 1982).

Since we know from the literature that co-citation links sometimes change consider-
ably over time, we were rather surprised by the stability of this set of co-citation
links. In their attempt to describe ‘change’ in Collagen Research, Small et al.%® never
found more than 53% continuity between two succeeding years, and in several cases
only continuities below 15%. Of course, these authors have deliberately chosen a
completely different approach, clustering the whole database each year de novo.
Moreover, part of the difference may have to be explained in terms of the fields in-
volved, but the high turnover is also most certainly an effect of the inadequacy of
the results of single linkage clustering. This method systematically underestimates the
structure in these data.

Conclusions

With respect to our initial question of whether various methods for the mapping
of science can be compared and eventually related, the above results lead to the
conclusion that although they are less stable than interjournal citation structures,
citation and co-citation structures are both stable at the same level for this set of
documents—which was chosen precisely for its co-citation characteristics! The two
dimensions—or three if we take journals into account as well—are rather independem
of each other, and each may have its own dynamics. ‘Confluence’, the criterion in-
troduced by Studer and Chubin®® may be a useful methodological criterion in the
study of the rise of a specialty, but in our opinion it is a special case. On the basis
of our more abstract comparisons of the developments of the structures in the
relevant datamatrices, we are inclined to draw the conclusion that the levels seem to
be rather independent of one another, both in what they indicate and in their develop-
ment over time.

The differences are apparent both at the conceptual level-what do citations, co-cita-
tions, and journals represent in terms of the dynamics of sciences—and at the level of
organization of the data: citations indicate one variable of a document, co-citations
indicate symmetrical relations between two documents, and journaljournal citations
indicate asymmetrical relations among journals. As we have shown, however, several
statistical methods can be used to compare one with another. When we want, however,
not only to compare and to describe the various dynamics of aggregates of citations,
but also to link the different types of analysis, we are in need of a theowy.

We have already mentioned Price’s seminal conjecture about the notion of ‘accepted
knowledge’ versus the ‘research front” as another structural element of these multidi-
mensional spaces. We now know that this means not only that there is a dynamic in-
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troduced by the social production of knowledge, but also that there are hierarchies
within each level at which we can analyse the other elements of a given structure.
That has been shown to be the one argument, why single linkage clustering leads to
unsatisfactory results on citation-matrices in general: the Sciences Citation Index and
the different levels at which we can study aggregates of citations should not be con-
ceptualized as a garbage can with individual elements, but as highly structured net-
works with specific hierarchical relations which can only be understood from a
theoretical point of view. The use of single linkage clustering focuses the analysis on
individual points of accidental linkage, which from a theoretical point of view might
be within the statistical margin of error. However ‘validated’ the outcomes of such
analyses may be, they turn the process of Gustification” upside down: the structure
they find is found despite their efforts to ignore it.

I think that it is precisely the force of the structure of science which makes sciento-
metrics, and more generally science studies, relevant also for sociometrics and general
sociological theorizing. More than in other subsystems it may be possible here to
develop ‘indicators’ for the different variabies in a2 model. Moreover, we now possess
a large body of case studies and partial theories. In recent years, an awareness has
emerged that serious attempts should be made to connect the more qualitative kind
of sociological theorizing, with its increasing focus on the cognitive aspects of science,
with the more quantitative approach of scientometrics, characterized by its increasing
awareness of the relevance of institutional factors.”® This is, however, an even larger
progamme than the one proposed by Studer and Chubin. it implies a model of science
not only at its various internal levels, but also in relation to important external factors
(such as funding).”’ _

The development of this type of theorizing is a long-term academic goal, as opposed
to the short-term need for science policy indicators in the political arena. To reach
this goal, the various indicators need to be reinterpreted as operationalizations of
variables, among which the relations can be specified in attempts to construct (parts
of) a model, and eventually these models will have to be tested.”?

In the meantime, we are cought in a dilemma: the relevant science policy question--
can we specify the conditions under which science policy can be effective at different
levels of the science systems and to what degree—can only be answered in a more
comprehensive model. Because the development of such a model can only be a long-
term goal, science policy makers in need of legitimation will probably have to be
satisfied with ever more beautiful graphs from computers, claiming that these represent
the structure and the dynamics of science. There exists a market and there is a
technology available: as S & T-students, we should know then what to expect!

But I should like to caution researchers against the unreflective use of different
statistical methods which sometimes—such as in the case of cluster analysis—-provide
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results that are largely dependent on the choice of options offered by the computer
programme‘. Or, to phrase it more dramatically: if someone presents a multidimensional
scaling picture of a part of science, there remains always the technical question of

how the lines drawn between the different points can be legitimized—even if the posi-
tion of the various points is only a graphical representation of the cases and variables.
This problem cannot be circumvened by ‘validation’ through interviews with experts:
experts tend either to condemn them out of hand or to rationalize the pictures pre-
sented to them, whether they are bibliometric or scientometric. '
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