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For Viktor
and his cligue of science ministers without portfolio



Now let us come to those references to authors which other books have,
and you want for yours. The remedy for thisis very simple: You have
only to look out for some book that quotes them all, from A to Z as
you say yourself, and then insert the very same alphabet in your book,
and though the imposition may be plain to see, because you have so
little need to borrow from them, that is no matter; there will probably
be some simple enough to believe that you have made use of them all
in this plain, artless story of yours. At any rate, if it answers no other
purpose, this long catalogue of authors will serve to give a surprising
look of authority to your book. Besides, no one will trouble himself to
verify whether you have followed them or whether you have not.

—Miguel De Cervantes, Don Quixote (the author’s preface)
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Preface

The present work grew out of a research project started eight years ago,
soon after the completion of a Ph.D. thesis on the history of Renaissance
scientific encyclopedias, and culminated in 2005 with the submission of
the final manuscript to the competition for the Biblioteche Oggi Prize an-
nounced by the Italian Editrice Bibliografica. The Italian version, entitled
La citazione bibliografica nell’epoca della sua riproducibilita tecnica:
Bibliometria e analisi delle citazioni dallo Science Citation Index alla
cybermetrica, was inspired by atwofold purpose: to trace the residues of
the encyclopedic ideal in the current uses of bibliographic citations and
to make citation analysis a less unfriendly subject for Italian librarians
by placing its “hard” quantitative core in a broader historical and philo-
sophical context. The library-oriented nature of the competition, however,
forced me to place more and more emphasis on the latter aspect at the
expense of the former, thus turning theinitial project into afairly compre-
hensive introductory treatment of bibliometric concepts and techniques.
After winning the prize, it was my conviction that the manuscript’s duties
had been completely fulfilled until, having sent it to Eugene Garfield, he
encouraged an English tranglation, which would allow a better assessment
of its value by exposing its content to the attention (and criticisms) of a
wider audience. Whatever the final outcome, for which I’'m solely respon-
sible, I'm grateful to him for the input. The English edition, however, is
quite different from the original version because of a massive work of
revision and updating.

| wish to thank Vincenza Catalano, Dipartimento di Storia Antica (Uni-
versity of Bologna), Angela Pacillo, Biblioteca Civica Antonio Delfini
(Modena), and Antonio Petrone, Centro Servizi Informatici (University
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viii Preface

of Bari) for their invaluable technical support in the gathering of the
huge amount of documentation necessary for the completion of the work
throughout the past eight years. | am also grateful to Peter Harriman for
revising the English in the book’s outline at an early stage, and to my
friends John Eko, Franco Pizzardi, Anthony De Curtis, Desmond Hume,
Luigi Matarrese, Fabrizio Facchini, Alain Baumsong, Salvatore Pilato,
Luca Gennaro Piccolo, Gioacchino il Timido, and Joseph De Filippo for
their insightful comments on draft versions of single chapters.



Bibliographic Notice

The following criteria were adopted for the compilation of bibliographic
notes:

1. Free online availability has been an important criterion for source se-
lection throughout the book: whenever two or more sources have been
considered of equal or comparable informative value to the reader, the
preference has been given to the one freely accessible in whatever form
(preprint, postprint, etc.). That rule holds true aso for materials that do
not entirely comply with the open access requirements, such asthetitles
occasionally retrieved from the Google Books digital archive (when the
full text is entirely available; books with limited preview are excluded).

2. If apaper published in anon-open access source has afreely available
version (preprint or postprint) that came to my natice, the URL of the
latter is given next to the reference to the former (after, of course, a
preliminary check for the substantial equivalence between the two ver-
sions at the content level). The same treatment is reserved to Eugene
Garfield’s papers collected in the fifteen volumes of the Essays of an
Information Scientist and freely accessible on his persona website at
www.garfield.library.upenn.edu/.

3. For the sake of clarity, the expression “ISl citation indexes’ is used
throughout the book to indicate products developed after the acquisi-
tion of 1Sl by Thomson Scientific, Inc. (now part of Thomson Reuters).
Finally, trademark and registration symbols have been removed from
database and software names.

4. All URLs were updated and checked for availability on 23 August
2008.






Introduction

This book is intended to provide readers from a wide range of cultural
backgrounds with a simple and accessible survey of the main concepts,
techniques, theoretical premises, and historical developments in the sub-
field of information science that deals with the quantitative analysis of
scientific and technological literature. For now, before the terminol ogical
digression presented in section 1.1, let’s call “bibliometrics’ this area
of investigation and use “ scientometrics’ to emphasize its concern with
scientific information. Obviously bibliometric techniques, exactly as any
other set of mathematical tools, do not need be restricted to scholarly
products, let alone scientific reports. Investigating the formal properties
of the scholarly publication system, however, is undeniably their primary
target and the area where their application prompts us to ask fascinating
guestions about how it could happen that one of the most highly regarded
human achievements—scientific knowledge—turned into the object of
itself.

It is assumed that the reader has some intuitive grasp of notions as
amazingly complex as “science” and “information,” whose ubiquity is
nothing but the best guarantee of the multiplicity of technical and non-
technical meanings assigned to them. Far from disentangling the skein,
the following pages confine themselves to showing how those concepts
are handled within the intellectual tradition of quantitative science stud-
ies. The exposition deploys quite systematically, though not exclusively,
historical documents and figures, but it is by no means an exhaustive or
erudite history of bibliometrics. Early breakthroughs and theories are re-
called, partly because they keep on living in current research agendas, and
partly as a way for putting recent developments in the right perspective.

Xi



Xii Introduction

In placing science and scientific research at the center of bibliometric dis-
course, moreover, the focus is on areas traditionally more sensitive to this
kind of investigation, namely physical and life sciences, medicine, applied
and engineering sciences, and limited portions of the social sciences. For
the most part, indeed, socia sciences and humanities conform to com-
munication habits that don’t fit the analytic capabilities of current biblio-
metric facilities: the flair for book (instead of journal article) publishing
and referencing; the frequent bias toward themes of local/regional interest
prevailingly dealt with using a national, non-English language; and the
tendency to rely on apool of sources older than those employed by natural
scientists and much more loosely knitted to the ongoing research activ-
ity.r The main character of our story, in a sense, the Ariadne’s thread of
the entire overview, is the bibliographic citation: a choice dictated by the
selection of a tightly defined perspective on what kind of information is
being measured and for what purpose.

Information can be sized in various ways and for different ends. Adopt-
ing a utilitarian stance, one could develop a set of methods and algorithms
for gauging the degree of informativeness of a document, that is, the ex-
tent to which it provides valuable information to an individual, the user,
for the purpose of testing and possibly improving upon the performance
of an information service.2 Such an insight would certainly project on the
measurement activity an aura of usefulness afar cry from any intellectu-
alistic meddling with the ultimate enigmas of scientific knowledge, but
here a somewhat inverse perspective is assumed. A myriad of valuable
records is aready out there: scientific documents. They are already valu-
able, insofar as they result from the well-established process by which
organized communities of experts in distinct research areas produce and
validate, against common sets of methodological criteria, a wide range
of knowledge claims about natural and social phenomena. Bibliographic
citations form one visible and traceable channel linking scientific docu-
ments; hence, they have been asked to tell us, via increasingly sophisti-
cated analytic toolkits, something about the way those knowledge claims
are generated, connected to each other, and validated. This concern with
the epistemological status of bibliometric phenomena, and specifically of
bibliographic citations, runs throughout the rest of the book at the expense
of the equally important issue of the quantitative patterns of document—
user interaction in alibrary service perspective.
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Another limiting choice, closely intertwined with the previous point,
refers to the particular subset of the science and technology system under
investigation. As extensively documented by Eliezer Geidler, measurements
of science and technology can take awide variety of forms and use severa
kinds of metrics, each addressing a particular facet of the system’ s complex-
ity, such as economic/financial inputs and outputs, organizational aspects
related to specific research and development projects, documents (the stuff
of bibliometrics), patented inventions, and peer-reviewing processes. Bib-
liometrics, therefore, is but one of several options, and clearly differentiates
itself from other metricsin that it revolves around the measurable properties
of the formal communication system of science and technology, that is, the
network of published documents, above all journal papers.

Admittedly, all metricsfall short of an ultimate understanding of scien-
tific and technological change. Constructs as elusive as “ scientific knowl-
edge’ and “technological innovation,” indeed, escape any pretension to
capture their deep nature in universal statements, let alone mathematical
formulas. Compared to other units of analysis, honetheless, bibliographic
citations are quite unique in this respect, because the connections they es-
tablish between documents are the operation of the scientists themselves
in the process of exposing (and propagandizing) their findings to the com-
munity of their peers. Hence it is reasonable to assume that any regularity
revealed by citation patternsis, to a certain extent, the faded reflection of
paralel regularities occurring in the process of generation, validation, and
communication of scientific knowledge. The limits of such an assump-
tion will become clear later on. For the moment, in further introducing
the book, let’s adopt an unusual point of departure, resorting to a cursory
flash-forward to its completion, the moral of the story.

When the research effort of a scholar comes to an end, a lexical dic-
tionary may be used to play a sort of game: taking the word or words that
best represent the research subject under investigation and checking if and
to what degree, owing to an unpredictable cunning of the language, the
conclusions drawn from the entire discussion can be stretched to the point
of fitting the listed meanings. Let’ stry this game. For the entry “citation,”
an English dictionary usually lists four main definitions:*

1. “The action of citing or quoting any words or written passage, quota-
tion.” The English language neatly differentiates a citation/quotation in
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this sense from the “reference,” that is, the more technical indication
of a source document’s bibliographic data (author, title, page, etc.). A
similar distinction exists, for example, in German, between “ Zitat” and
“Referenz,” and in French between “citation” and “référence.”

2. By extension, acitation/quotation is also “ashort passage or tune taken
from one piece of music to another or quoted elsewhere.” There is no
reason, of course, to restrict this definition to music alone: movies,
paintings, sculptures, and any other form of artistic expression may (or
must necessarily) incorporate more or less explicit alusions to earlier
models.

3. “A mention in an officia dispatch” for a particularly honorable act
or career, as in the sentence “The officer was awarded a citation for
bravery.”

4. “A citing or summoning to a court of justice, asummons’: an accepta-
tion applied, as mentioned in Tomlins's Law Dictionary, particularly
to a process in the spiritual court.

The four definitions share an etymological root in the Latin citare, an
iterative form of ciere, which meansto move, to set in motion, to stir, and
also to call, to invite, to invoke, to summon (a person, atext, a divinity).
The last definition hints at a power relationship between an individual
and an institution in charge of judging personal behavior; the summons
is motivated by the suspicion that a preestablished set of norms has been
infringed. The third definition also entails a value judgment about an
individual by a collective entity, but now with an unequivocally posi-
tive orientation; a soldier may be cited for having demonstrated bravery
and loyalty, and the citation is likely to foster a promotion or a more
prestigious assignment. The first definition is confined to the linguistic
domain, wherein it signifies the act and the result of an extraction-trans-
fer-reallocation routine. What is set in motion, here, is a text or speech
fragment culled from a written or oral source and “grafted” onto another
text or speech. Scholarly quotations and bibliographic references do not
differ so much in this respect, save that in a quotation the textual transfer
is visible (the quoted text is repeated verbatim), while in a reference it
is symbolized by the recording, in a conventional format, of the cited
source’s bibliographic data: “Read this document”—the bibliographic
note seems to suggest—"and you'll find the sentence that warrants my
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argument.” Both operations undeniably provide the cited fragment with a
new context, hence with a whole array of potentially new meanings. Be-
sides, the two operations often coexist. Quoting a passage along with the
corresponding bibliographic coordinates in a note, indeed, is abasic rule
of the game in modern scholarly writing, and its punctual violation marks
indelibly the huge share of medieval and Renaissance scholarship wherein
citations/quotations/paraphrases are such stuff as texts are made of. But
if one simply leafs through a present-day scholarly journal, it takes just a
few minutes to realize that scanty lists of bibliographic references domi-
nate the stage, or rather the backstage, of the citation arena, while in-text
guotations and discursive foot- or endnotes are sacrificed in the name of
fluency and the crystal clear writing advocated by style manuals.

In the most subtle manifestation, stretching far beyond the boundaries
of the scientific publishing system, the quotation takes its full revenge
as a tool of artistic expression. Now the second dictionary definition is
applied: the uniqueness of an artistic creation is always shaped against
the background of existing models, stereotypes, topoi, whose modes and
forms of survival across space and time are addressed by literary, music,
film, or art criticism. Classical music, for instance, has long been afertile
soil for experimenting with ideas, themes, fragments, and combinations
of timbres of extremely diverse origins. Even more so, jazz music has
affirmed its identity through the joyful celebration of the musical quota-
tion and the repetition/variation on preexisting riffs and tunes, whereas
pop music has to such an extent exasperated the recycling of melodic
combinations made up of standardized sequences of chords and harmonic
progressions that the originality of individual pieces is often a matter of
controversy in intellectual property infringement litigations.

Beyond the transfer of ideas and motifs asan integral part of the cultural
transmission process, the cult for repetition, quotation, and allusion to the
déja vu and déja entendu is ubiquitous in current literary and artistic dis-
courses. Y et, numbered among the most evident symptoms of postmodern
sensitivity, this citation/quotation mania has disclosed all of its reactionary
side effects. In trying to restore a synchronic image of every possible his-
tory and every conceivable memory, citation is not only a chance for the
experimentation with new poetic and narrative forms, but also a renuncia-
tion of originality, a condemnation of authors and readers to an endless
intertextual game consisting of the obsessive repetition and updating of
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past codes and materials. Such awareness can be tantamount to admitting
that nothing substantially new can arise beyond what has already been
said, but it contains also the seed for more fruitful re-readings of cultural
history. In a much debated book published in 1973, the literary theorist
Harold Bloom put forth a theory of poetry pivoting on the idea that, be-
cause texts originate necessarily in contact with other texts, and new poets
areirremediably influenced by a small group of masterful forebears, poetic
history is indistinguishable from poetic influence. Writing, accordingly, is
astruggle of the young poet against the old masters, a sort of anxiety-laden
oedipal conflict of the artist precisely with those precursors whom he or
she most admires, motivated by the desire to “clear imaginative space’
for himself or herself, the final outcome being a systematic creative mis-
interpretation (“misprision”) of previous texts. Great writing—as Bloom
pointed out—*always proceeds by a misreading of the prior poet, an act
of creative correction that is actually and necessarily a misinterpretation.”®
As we snall see below, a quite similar dependence on the burden of exist-
ing paradigmatic theories grown out of the revolutionary insights of afew
past masters qualifies the below-the-water-line influence argument taken
up by the bibliometric tradition in the wake of Thomas Kuhn's theory of
scientific change.

The dictionary game played so far, to put it bluntly, goes a long way
toward philosophical issues that do not in any way constitute the subject
of the present work. To the extent that the central thread of much sciento-
metric literature is the quantitative analysis of bibliographic citation links,
only the first of the above definitionsis strictly pertinent. But the diction-
ary gameisforward looking in that it suggests one of the most fundamen-
tal points to come: as the chapters in this book will extensively show, the
vicissitudes of bibliographic citations in the bibliometric tradition would
make no sense without the constant reference to the extra-bibliographic
dimensions implicit in the other dictionary definitions, namely,

1. the juridical-prescriptive dimension (to cite following some rules of
scientific conduct or deviating from them);

2. thesocia dimension of rewarding individual merits (to cite recognizing
the value of a document while raising the status of its author); and

3. the postmodern dimension of citations as literary devices capable of
dynamically rewriting the past according to the present author’s own
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agenda (the citation as a rhetorical tool in the social legitimation of
scientific discourse).

Transversal to each dimension is the omnipresent, multipurpose, and
somewhat equivocal concept of influence: the influence of people on other
peopl€’ s lives through transactions firmly embedded in the social network
of power relations (an echo of the primeval rootedness of the concept in
the astrological theory of the influence exercised by the heavens on the
course of human actions); and the influence of texts on other texts through
the uninterrupted chains of endorsements and rebuttals linking past ideas
with new ideas. Both facets are deeply intermingled with the creative pro-
cess of every scholarly and artistic work, but whereas Bloom’ s theory of
poetry pointed to the dismissal of any “external” history of ideas produced
by the “wearisome industry of source hunting, of alusion counting,” in
the realm of scientific communication surveyed by the present book, the
stakes revolve precisely around the tracing of influences. Now the hero
(the scientist) is still struggling, asin Bloom’s universe, to clear cognitive
space for himself or herself, but the chances for the struggle to be success-
ful depend as much on the adherence of the final product (the scientific
report) to a set of preestablished tenets and methodological criteria (a
paradigm) as on the adoption of the reported findings by other research-
ers. However imperfect, bibliographic citations are the most accessible
and visible tracks of this double movement of complying with the past
while projecting into the future. Hence, even though scarcely anything of
the oedipal conflict behind their production isvisiblein the finite product,
it is perfectly legitimate to use them as proxies for deeper connectionsin
the attempt to pick the lock on the door of scientific communication. This
strategic position assigned to bibliographic citations throughout the bib-
liometric tradition stems directly from the way science works differently
from other types of scholarly and artistic expression.

Scientists do research and, at least in natural and life sciences, publish
their results, mostly in the form of peer-reviewed scientific articles. Re-
search activity is never isolated in space and time. Rather, it implements
techniques and concepts previously established by other scientists and
colleagues in the same research field. A silent code of honor requires the
acknowledgment of such dependency through bibliographic references.
In a scientific paper, contrary to a novel or a newspaper article, citations
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are made and must be made—or, in a worst-case scenario, appear to be
made—to acknowledge intellectual debts. So, if used appropriately, a
citation makes visible an intellectual link in the process of transmitting
and re-elaborating scientific knowledge, thus working as a peculiar form
of currency in the market of officia scientific communications. The
banknote denomination, actually, is minimal (it costs very little to cite),
but its symbolic buying power is higher than one might expect. Through
citations, in fact, the author debriefs and calls for the support of a host
of colleagues and predecessors working in the same research area. Their
presence is integral to the credibility gained by the text both for “what”
they say and for “who” they are. Some are summoned for having sup-
plied basic methods and concepts; others, more spuriously, are caled in
to reinforce, to challenge (in a battle that is won even before it is fought),
or simply to broaden the author’s point of view.

In the humanities, and particularly in historical and philological disci-
plines, where footnote tracing from current and past literature is still the
most popular retrieval technique, the accuracy of bibliographic references
and the mastering of an appropriate citation style certify the author’s
full membership in a professional community. Footnotes, for a long
time the natural habitat of bibliographic citations and the filter imposed
by the author on the interpretation of their meaning, are to the historian
nearly the equivalent of what factual and experimental evidence are to
the scientist, and perform an inseparably cognitive and social function
as well.® They make tangible and verifiable the empirical foundation of
the proposed reconstruction; at the same time, they lend authoritativeness
and respectability to the text while furnishing evidence to the effect that,
having inspected primary (the data to be interpreted) and secondary (other
historians' interpretations of the same data) sources, the rules of the game
were obeyed, the author is consequently ready to reproduce the mode
of knowledge production upon which the institutional survival of the
discipline is founded. Checking whether a bibliographic note was really
needed for the completion of a study, however, is quite a difficult task.
Only those who are familiar with the same archival records and handle the
same documents can, at least in principle, venture to say. And even so, the
opportunity to cheat is aways at hand. To take just one extreme example,
Leopold von Ranke, a key figure in the eighteenth-century development
of modern scientific history, professed the cult for archival research and
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the direct inspection of primary sources. He restlessly countered the ques-
tionable philosophical vocation of Enlightenment historiography with the
famous statement—actually a quotation from Thucydides—that history
should limit itself to just reporting “how it really was’ (wie es eigentlich
gewesen ist). The manuscript of his History of the Latin and Teutonic Na-
tions from 1494 to 1514 (1824), however, raises the suspicion that he first
composed the treatise as a whole, without worrying about philological
matters, and then looked for bibliographic evidence to support its argu-
ments. In other words, as Anthony Grafton putsit, “he used a salt-shaker
to add references to an already complete stew.”’

In natural sciences, wherethe unit of analysisisnot asequence of unique
historical events but a set of variables related to phenomena that virtually
anyone can observe or reproduce under similar experimental conditions,
the emphasis on the accuracy and appropriateness of bibliographic cita-
tionsis no lessimportant. The ability to foreground one's claims, to place
locally generated knowledge into an intertextual framework by citing the
right sources in the right places, helps strengthen the credibility of the
author as an expert in the field, whereas the inability to do so may lead to
professiona failure. Such a discriminant role has a comparatively recent
history, which unfolds in strict connection with the steadily increasingly
critical tasks assigned in contemporary physical (and subsequently also
biological and social) sciences to the experimental paper. Even if its ori-
gins as a literary genre date back to the late Renaissance, it was not until
the second half of the nineteenth century that the scientific paper under-
went a series of internal transformations that gradually shaped its current
structure, turning it into the most effective means of disclosing new ideas
while simultaneously securing the author’s intellectual property rights
over thereported findings. Critical changesinvolved also the organization
and treatment of bibliographic data. Initially scattered throughout the text
and devoid as much of an unambiguous reference to the cited authors
works as of a precise correlation with the statements they were meant to
support, their compilation gradually became more accurate, their format
standardized, and the physical position aligned with the conceptual one
(the right source cited in the right place). But here, too, as in the example
about Ranke, the evolution generated a two-faced Janus, perfectly func-
tional in the double story told by bibliographic references henceforward.
Oneisthe bright story of the good guys, those who use references as they
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should be used in the “perfect world,” namely to help the reader trace a
certain statement back to its source while acknowledging and partialy
rewarding the contributions of colleagues and predecessors at any level,
whether they be methods, concepts, or experimental results. The other is
the counter-story of the bad guys, the bluffers who overcite, undercite,
and miscite previous work so as to reinforce the persuasiveness of the
argument or to accomplish some other nondocumentary purpose.

As will soon become clear, a key objection raised against the value of
bibliographic citations in the quantitative study of scientific communica-
tion is that, more often than not, good and bad guys cohabit in the same
author, preventing external observers from answering the following ques-
tions. How much of the cited stuff has actually nurtured the scientist’s
mind? Where is the borderline between documenting and cheating?
Science, after al, is also a kind of writing, a set of socially recognized
and repeated textual strategies enacted by authors belonging to the same
community to achieve similar goalsin situations perceived as similar. The
creation and refinement of the modern literary genre of the experimental
article, consequently, is also the creation and refinement of our modern
concept of the experiment, and of the laboratory as the chosen place where
scientific truths are built, by definitely linking text to anonliterary, “exter-
na” reality.® So, when science came under the purview of constructivist
sociologists in the 1970s and 1980s, any simplistic definition of the com-
municative role of bibliographic citations was jeopardized by the fading
away of the apparently straightforward distinction between a scientific
writing hung on the impartial reporting of laboratory experiences and
a nonscientific (humanistic, historical, juridical, poetic) writing focused
more on itself than on a supposedly separate piece of reality.

Beginning in the 1960s, the apparently ordinary mission of biblio-
graphic citations to repay intellectual debts became the focus of unprec-
edented attention from administrators, politicians, sociologists, and histo-
rians, and the citation started to take on alife of its own, independent of
the documents forming its original habitat. The change took place when,
within the tradition of information retrieval studies, increasing importance
was ascribed to the cognitive potential of citation indexes, or at least of
the most important one ever compiled, the Science Citation Index (SCI),
conceived by Eugene Garfield, the founder of the Institute for Scientific
Information (ISI) in Philadelphia.® A citation index lists the documents



Introduction XXi

cited in the reference section of articles from a selected group of scientific
journals next to the source of each citation, that is, the article or articlesin
which those documents appear among the bibliographic references. This
seemingly straightforward operation doesn’t ater minimally the above
dilemma of whether, in citing previous literature, the individual author is
documenting or cheating, but affords a completely new perspective on the
quantity and quality of information that can be mined out of the network
of citations woven around individual authors and documents as they enter
the publication (and citation) game. Turning the lists of references upside
down, indeed, a citation index allows three types of operationsimplicit in
the network structure of collective referencing patterns:

1. using a document relevant for me in the retrieving of new documents
by authors who, like me, have judged the same contribution relevant
and, presumably for the same or similar reasons, decided to cite it (the
bibliographic citation as an information retrieval tool);

2. exploring, in qualitative and quantitative fashion, the intellectual links
between citing and cited authors, to identify key documents in a re-
search field, to describe the structure and the dynamic modifications
of research fronts at any given moment, and to draft a map of scientific
specialties (the bibliographic citation as atool of historical and socio-
logical analysis); and

3. measuring, in terms of citation frequencies, the cognitive impact of
individual documents, journals, and authors (the bibliographic citation
as atool for research quality control).

The present book follows these three operations throughout recent biblio-
metric history, relying on a necessarily limited but representative sample
of bibliometric literature.

Chapter 1 leads off with aterminological discussion of the rich nomen-
clature associated with bibliometric studiesin the eraof digital networking
(section 1.1). It continues with an overview of the pioneering measure-
ments of scientific literature carried out, either on speculative grounds or
for library management purposes, within the tradition of statistical bibli-
ography (section 1.2). The extension of bibliometric techniques to science
policy issueswaslargely an effect of the rise of citation indexes during the
1960s and 1970s. The explosive growth of scientific literature, along with
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the increasing attention of local governments to the economic potential
of basic research, called for new investments in specialized information
services. Simultaneously, the growth in the expense and complexity of
experimental equipment in many fields, and the increasing constraints
on research budgets urged technocrats to pursue a quality control of the
research output by means of tools more refined than simple publication
counts. Citations promised to accomplish both these objectives to the ex-
tent that they symbolized the degree of endorsement of the cited texts by
the citing authors; hence, their statistical analysis could be employed to
build indicators of scientific performance (section 1.3).

Chapter 2 reviews the inspiring principles, planning stages, structure,
and searching potentia of the SCI. In sections 2.2 and 2.3 the focusis, re-
spectively, on the historical development and the structure of the database,
whereas section 2.1 dwells on the quite ironic circumstance that what was
going to become the main tool of the trade for scientometric appraisals
developed from a completely different set of problems and theoretical
concerns, namely the American tradition of information retrieval studies.
In a period during which the efforts of most librarians and information
scientists revolved around the choice of selective lists of subject headings
and the perfection of semiautomatic systems of word indexing, Garfield
designed aradically different bibliographic tool, a highly comprehensive,
interdisciplinary, and “subject-less’ index to journal literature, whose
entries were bibliographic citations instead of keywords or subject head-
ings, and whose authorial provenance was scientists themselves instead
of professional indexers. Apparently diverting from the mainstream of
sociologically oriented and evaluative bibliometrics, section 2.1 features
a synthetic overview of basic indexing and retrieval concepts in full-text
databases. The rationale for such adigression is that information retrieval
cannot be considered a merely accidental fellow traveler of science mea-
sures, in at least three senses:

1. Any large-scale research assessment exercise, as well as any map-
ping of research fields for sociological or science policy purposes,
is heavily conditioned by the quality of the information retrieval and
data-cleansing routines applied to the source database.

2. The search for quantitative patterns in the content and uses of infor-
mation systems, along with the practical implications of bibliometric
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laws for information systems design and management, have been the
focus of growing attention from information and computer scientists
over thelast few decadesin view of the design and perfection of online
retrieval systems.’°

3. Thevery possibility of using cited references as search entriesin ada-
tabase hangs on a premise that strikes at the heart of bibliometric work,
namely the relative stability of meaning and patterns of use of citations
within a community; conversely, the validity of citations as indicators
of intellectual and social links between documents and authors hinges
on atrust in the same kind of conceptua stability that guarantees the
success of citation-based retrieval systems.

What makes particularly intriguing such a threefold coalition of informa-
tion retrieval and sociopolitical issuesin the role-play enacted by citations
on the stage of scientific communication is that an apparent weakness in
one part turns into a strength of the other part: not all documents citing a
previous document pertain to the same subject or field of knowledge; thus
apotential weakness on the information retrieval side hasto be recognized
if subject relatedness is the coveted goal. At the same time, the consid-
erable overlap in the citation net among documents on different topics
is perhaps the most visible trace of that cross-fertilization of fields and
topics that is of paramount importance in the advancement of scientific
knowledge.

The disciplinary foundation of scientometrics runs parallel with the
increasing political importance gained by citation anaysis, but it could
hardly take place without the two underpinnings unveiled, respectively,
in chapters 3 and 4. First is a strong theoretical commitment to emerging
trends in the history and sociology of science, above all the normative
sociology of Robert K. Merton and the quantitative history of science of
Derek John de Solla Price. Second is the incorporation of citation regu-
larities into the broader mathematical framework set up, from the 1960s
onward, in connection with the discovery of hyperbolic empirical distri-
butions in information production processes.

Chapter 3 outlines the theoretical foundations of bibliometrics through
the writings of John Desmond Bernal, Robert K. Merton, Derek Price,
Eugene Garfield, and Henry Small. Bernal, as did Price after him, advo-
cated the application of scientific methods to the study of science itself.
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Even more important, he legitimized the idea, currently reassessed by the
partisans of the open access movement, that not only does the formal com-
munication system of science reflect, to a great extent, its cognitive and
socia structure, but the latter can be improved by a drastic transformation
in the way the former organizes and disseminates recorded knowledge
(section 3.1). The place of bibliographic citations in this undertaking
depended, in turn, on the legitimization of its sociocognitive potential. In
fact, a set of bibliographic citations accrued to a document is a key for
both bibliographic control and scientometric analysis only if one admits
that, on the one hand, scientists do not cite arbitrarily, but follow a “tacit
rule’ that imposes the recognition of colleagues and predecessors’ work
(Merton’s theory of citation as a kind of peer recognition, outlined in sec-
tion 3.2); and, on the other hand, references point, directly or indirectly, to
scientific concepts for which the citer recognizestheright of total or partial
intellectual property to the cited (Garfield and Small’ s theory of citations
as concept symbols, discussed in section 3.3). The next section outlines
Derek Price' s research program for the foundation of a new research field
that could supply an empirical basis for science policy (section 3.4).
Chapter 4 surveys the mathematical foundations of bibliometrics. Be-
tween the 1920s and 1930s, three milestone studies in the history of the
discipline were published, respectively, by Alfred Lotka on the distribu-
tion of scientific productivity, by Samuel Bradford on the scattering of
papers among disciplinary journals, and by George Zipf on the statistical
properties of text corpora. From different starting points and analytic
perspectives, the three authors formalized a set of regularities—the “bib-
liometric laws’—behind the processes by which a certain number of
items (scientific papers, text words) are related to the sources generating
them (authors, journals, text corpora). Their common feature is an amaz-
ingly steady tendency to the concentration of items on a relatively small
stratum of sources. That few very productive scientists exist compared
with a much higher number of one-shot authors; that most of the litera-
ture relevant to a research area is issued by a small number of journals;
and that few words occur much more frequently than others in written
(and spoken) language, were actually no secret to sociologists, librarians,
historians of science, prosopographers, and lexicographers during the
late 1800s and early 1900s. Lotka's, Bradford's, and Zipf’s laws did not
explain why this happened. Nonetheless, the chance they offered to bring
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a gleam of mathematical clarity into traditionally elusive communication
patterns encouraged a good deal of empirical and theoretical work on the
strengths and limitations of statistical measures of scientific products. On
apractica basis, moreover, bibliometric laws put into rough mathemati-
cal terms a principle that is at the core of the extra-bibliographic uses of
citation data, both in information systems construction and in science
management: in modeling an information production process, few ele-
ments are sufficient to account for the structural properties of a complex
of many elements. In sections 4.2, 4.3, and 4.4, the significance of the
three laws for the subsequent development of bibliometrics is explicitly
addressed. Bradford’'s Law, in particular, spurred information scientists
desirefor arigorous mathematical treatment of the complex of informetric
regularities (subsection 4.3.1) and met with an important application by
Garfield, who relied on citation analysis to extend its validity to the global
network of scientific journals (subsection 4.3.2). The conceptualizations
of scientific literature’ s growth dynamics and aging processes grown out
of Derek Price’swork are reviewed, respectively, in sections 4.5 and 4.6.
Section 4.7, then, isfully devoted to the search for amathematical founda
tion of bibliometric laws performed, from the late 1950s onward, in the
writings of several authors.

Chapters5 and 6 delve into the extra-bibliographic uses of bibliographic
citations in sociology, history, and science policy and management. Here
citations are taken as indicators of something more than a sheer subject
relationship: cognitive and social structures, intellectual kinship or influ-
ence, and research quality. Anindicator, in general, is anything but aplain
object: itisaconstruct derived from amathematical operation (usually ar-
ithmetical) on the data aimed at capturing, in a convenient and simplified
fashion, an aspect or dimension of a system that, because of its original
complexity and multidimensionality, escapes any clear-cut global repre-
sentation. Citation-based indicators, specifically, are supposed to reflect
important aspects of the science communication and reward system but,
in addition to the multiplicity of waysthey can be constructed from within
different reference frameworks, their building blocks, bibliographic cita-
tions, are by themselves multifaceted data, whose ability to represent
sociocoghitive transactions cannot be taken for granted.

Chapter 5 highlights the main applications of citation indexes to the
history and sociology of science. An analytic tool alternative to citation
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analysis for mapping the dynamics of science and technology is outlined:
co-word analysis, developed during the 1980s at the Ecole Nationale
Supérieure des Mines of Paris. Particular emphasis is placed on the
non-Mertonian rationale of the mapping technique, which builds on the
assumption that facts reported in scientific articles are constructed and
shaped according to the interests and strategic positions advocated by re-
searchers and ingtitutions in the endless rearrangement of their sociocog-
nitive networks (section 5.1). The next section lingers over Garfield's
algorithmic historiography and the conceptual issues arising from any
attempt to capture, via bibliographic links, the influence exercised by a
paper (or an author) over another (section 5.2). At adeeper layer, citations
have been asked to perform an even more difficult job. It can safely be
assumed, in fact, that an article citing two documents in its bibliography
establishes some kind of association between them. But if, as usualy
happens in a tightly defined scientific or technical field, other articles
use the same association, co-citing the same documents in a statistically
significant way, then it might aso be expected that the association is
something more than a coincidence, hinting at the conceptual structure of
the field. If the frequency of co-citation measures the degree of affinity
(conceptual, methodological) between documents asit is perceived by the
group of citing authors, and if frequently cited documents are the equiva
lent of key concepts or methods of a discipline, then co-citation analysis
may be used to trace the map of relationships among these documents/key
concepts, to outline and graphically visualize the structure of a research
field, its connections with other fields, and its articulation into subfields
and new research fronts. The basic technical steps required to build a co-
citation map are outlined in subsection 5.3.1, along with some crucial
issues raised by a pioneering model of co-citation mapping developed
by Small and Griffith at the ISI. Next, the possible utility of bibliometric
maps in providing a concrete, operational meaning to Kuhn's construct of
scientific paradigmsis tackled (subsection 5.3.2). Kuhn' s theory of scien-
tific development strongly influenced bibliometricians, in that it prompted
them to seek empirical evidence of paradigm changes either by matching
the idea of drastic, conceptual switches in the history of science against
mathematical and empirically testable models of scientific growth, or by
tracing the documentary roots of a paradigm, the “exemplary documents,”
by means of bibliometric techniques.
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Chapter 6 surveys the uses and abuses of citation indexes in the evalu-
ation of scientific research. Faced with the crisis in traditional peer re-
viewing, the number of citations accrued to a document has often been
welcomed enthusiastically as an unobtrusive indicator of the quality of
its author’s work, an antidote against funding and academic rewarding
criteria governed by obscure logic and persona favoritism. As such,
though, it has caused misunderstandings and misuses, above all the habit,
widespread in European universities, of associating the number that ex-
presses the citation impact of the journal wherein an article was originally
published to the article (and the author) itself. The debate on the improper
uses of the journal impact factor, about which Garfield himself com-
plained on more than one occasion, is documented in section 6.1. Severe
methodological issues, however, also come up when, moving from the
journal to the individual author, scientific quality is carelessly identified
with the number of citations settled on the publications of a single scien-
tist (subsection 6.2.1). The elusiveness of concepts as diverse as quality,
impact, and influence imposes extreme caution in the use of bibliometric
datato assess individua performance. That's why avant-garde bibliome-
tricians have promoted more sophisticated conceptual and analytic tools
for the handling and interpretation of citation data. The overview of such
tools, conducted in subsection 6.2.2, revolves around four milestone re-
search programs in evaluative bibliometrics, developed, respectively, by
Francis Narin's team at CHI Research (now iplQ); Ben Martin and John
Irvine at the Science Policy Research Unit (SPRU), Brighton; the Infor-
mation Science and Scientometric Research Unit (ISSRU) at the Library
of the Hungarian Academy of Sciences, Budapest; and the Leiden Group
at the Centre for Science and Technology Studies (CWTS). A common
denominator of advanced bibliometric projects is the tendency to over-
come some of the technical and conceptual problems of citation analysis
by selecting a collective instead of individual unit of evaluation (univer-
sity, faculty, department, research group, country) and by integrating sta-
tistical analysis with a set of methodological remarks aimed at specifying
the context and conditions of applicability of bibliometric measures. The
case study of patents, introduced in section 6.3, illustrates exemplarily
how the strategic value of citations in research evaluation and business
intelligence is inseparable from the ambiguity inherent in the process of
their generation.
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Chapter 7 delves into the basic issues raised by the use of citation sta-
tistics for sociological and political purposes. I's the Mertonian normative
theory of citing still defensible if the actual role played by citations in
carefully defined samples of scientific literature is examined (section 7.1)?
What do citations have to say about the stratification system of science?
Do higher citation rates amount to (or prepare) outstanding intellectual
achievements in any meaningful way (section 7.2)? To what extent does
the status of the contemporary scientific author, vexed by the explosion
of multiauthorship in many disciplines, undermine the full intellectual
responsibility of a scientific contribution, thereby destabilizing the final
destination of every citation count for political-administrative purposes
(section 7.3)? The attention constantly devoted by sociologists and infor-
mation scientists to the citing behavior of scientific authors, in the hope
of gaining a deeper insight into the complex mechanism of the citation
process, is documented from four distinct perspectives: the reasonsto cite
propagandized by the authors themselves in questionnaires or interviews
(subsection 7.1.1); the analysis of the content and context of citations in
relation to the argument they are supposed to underpin (subsection 7.1.2);
the discrepancies between what authors and texts say on citations and the
actual behavior of scientists as emerging from “ethnographic” accounts of
laboratory life (subsection 7.1.3); and the effort, manifested by many pub-
lished mathematical and empirical models of citation behavior, to “count
the uncountable” anyway and in spite of all evidence against its very pos-
sibility “constructed” by “constructivist” theories (subsection 7.1.4).

Chapter 8 addresses the status of bibliographic citationsin the universe
of the World Wide Web, wherein they accomplish two main tasks. First,
they keep connecting scientific papers just as the traditional lists of refer-
ences did in the paper world, save that now papers are in digital format
and a bibliographic link between any two of them is also, for the most
part, a physical link between their respective full-text versions. Second,
to the extent that hyperlinks between web pages may be considered
high-tech versions of hibliographic references, they form the connective
structure of the medium itself, the World Wide Web. Thisdua personality
accounts for the two paths taken by citation analysis in the new environ-
ment: the design of automatic indexing systems for citation data scattered
in e-journals and open archives (the story of CiteSeer and Citebase is
told in subsection 8.1.2); and the application of bibliometric methods to
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the study of the hyperlink network of the World Wide Web. The former
path has opened the way to an entirely new array of issues concerning
the extension of impact metrics on scientific documents freely available
via open access journals and disciplinary or institutional repositories; one
related question, for instance, is whether the open access to scientific
literature increases its citation impact (subsection 8.1.1). The latter path
is, inturn, split into three main directions of inquiry, each embedded in a
specific disciplinary tradition: complex network analysis in the wake of
statistical physics (subsection 8.2.1), hyperlink network analysis in the
tradition of socia network analysis, and webometrics in the mainstream
of information science (both reviewed in subsection 8.2.2).

The reader should be advised that, just as much work in evaluative
bibliometrics is empirical in nature, there is also a bibliometrics for bib-
liometricians, which wends its way through complex statistical reasoning
and in-depth mathematical modeling, but any introductory treatment can’t
do justice to either the empirical or the mathematical conduits. On the
empirical side, it should be remembered that statements such as “evidence
exists that . . .” and “studying the literature of . . . the author empirically
demonstrated that . . .” are never to be understood to be absolute; empiri-
cal evidence, even more so in the social sciences, is the fina product of
carefully planned studies exhibiting a high variability in research design
and methodology. Hence it is always “ controlled” evidence, shored up by
a specific research question, by a set of (theoretical, methodological) as-
sumptions about the phenomena under investigation, and by the resolution
of the observation instruments (bibliographic databases, citation indexes,
mapping software, surveys, and the like). An interesting and somewhat
extreme example of this point is given in subsection 6.2.2, which outlines
the debate on the alleged decline of British science taking place throughout
the 1980s and the 1990s. On the abstract modeling side, it is worth stress-
ing that, even though mathematical reasoning is an essential part of current
bibliometric research, a book pretending to reproduce even the smallest
part of it would inevitably run the risk of losing itself in the details of the
formalism. Hence, save for the oversimplified algebraic expressions of the
historical bibliometric laws, any mathematics has been removed also from
the places where it would constitute the only possible way to synchronize
one's mind with the game actually played by militant scientometricians.
Concepts like those of probability distribution and stochastic models,
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nonetheless, occur so frequently in bibliometric parlance that a purely
gualitative grasp of their meaning is highly recommended. Having thisin
mind, one might wish to give section 4.1 a cursory glance before reading
the other chapters, because it discursively reviews some basic constructs
preliminary to the understanding of the significance of bibliometric laws
for the quantitative studies of science.

The volume and thematic variety of bibliometric literature piled up
over the past forty years would make absurd and perhaps even useless any
item-by-item approach. Exclusion and inclusion criteria have been con-
sequently adopted quite systematically. One notable exclusion, motivated
by the infancy of the subject, concerns the recent flourishing literature
on the structure, coverage, and scientometric potential of the two main
competitors of the SCI in multidisciplinary citation indexing: Scopus and
Google Scholar. A second, more radical omission, partialy justified by
the conviction that the most important trends and contributions to the dis-
ciplineleak out through alimited number of well-established international
journals, is the bibliometric literature published in non-English-language
sources. As to the inclusions, besides the milestone papers and books
marking an undisputable turning point in the history of the discipline, only
those references are cited that either were deemed representative of origi-
nal research lines or turned out especialy pertinent to the points made
from timeto time. The approach to the subject is partly descriptive, some-
times perhaps even didactic if basic concepts and techniques have to be
introduced, partly critical when the relative strengths and weaknesses of
those concepts and techniques are discussed from a broader perspective.
A preferential treatment, however, isreserved for monographs and review
papers enabling the reader to quickly locate previous work relevant to
each topic being discussed. This choice is in tune with the book’s three-
fold rationale: 1) introducing nonspecialist readers to a variety of issues
and resource materials, which they can then pursuein greater depth if they
wish; 2) promoting a polyphonic perspective on quantitative evaluations
of scientific research so as to avoid the equally biased extremes of total
rebuttal and uncritical acceptance; and 3) injecting an even minimal dose
of bibliometric-enhanced reflection on the complexity of science evalua-
tion criteria into areas, like the Italian university system, still largely af-
fected by nepotism and the arrogance of self-regenerating “old boy” and
“young boy” networks.
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Chapter One

Biblio/Sciento/Infor-metrics:
Terminological Issues and
Early Historical Developments

A scientist is not simply a gifted person engaged in the production of new
knowledge claims through scientific publications. More prosaically, he or
she is an individual growing out of a singular, substantially irreproduc-
ible sequence of biological, biographical, and historical circumstances. It
might be reasonably contended, therefore, that a comprehensive measure-
ment of science should be performed at different layers, applying math-
ematical tools not only to the final output, the stylish and irreproachable
book or journal paper, but to any type of quantitative data somewhat refer-
able to scientific achievements. And such a claim is even more reasonable
because an extra-bibliographic concern with science measures appeared
in history long before the bibliometric zooming in on publications and
citations, being the secret hope of many scholars to grasp in precise, math-
ematical terms the material conditions for the occurrence of genius and
creativity in view of their artificial reproduction for the sake of progress.

The belief that social activities, including science, could be reduced to
quantitative laws, just as the trajectory of a cannonball and the revolu-
tions of the heavenly bodies, traces back to the positivistic sociology of
Auguste Comte, William Ogburn, and Herbert Spencer. The same idea
informed several practical and conceptual achievements throughout the
second half of the nineteenth century, including the historiographic stud-
ies by Georges Sarton and Pitrim Sorokin on the distribution of scientific
genius in various epochs and the debate, involving Alphonse de Candolle
and Francis Galton, over the environmental and social conditions of intel-
lectual prominence as opposed to the biological constraints dictated by
heredity laws. De Candolle’s Histoire des sciences et des savants depuis
deux siécles, published in 1885 (second augmented edition), contained
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perhaps the first systematic attempt to investigate in exact, mathemati-
cal fashion some crucial indicators of scientific prominence, the most
highly regarded by the author being the national share of scientists affili-
ated to international scientific societies. His work, however, rapidly sank
into oblivion while, as recently pointed out by Benoit Godin, the British
scientist Francis Galton and the American psychologist James McKeen
Cattell were especially influential in developing a sound quantitative ap-
proach for the reduction of science to a measurable historical agency. In
Galton’s project, measuring the distribution of excellence was a necessary
move toward the eugenic way of re-creating the conditions for its artifi-
cial reproduction; similarly, the first edition of Cattell’s American Men of
Science (1906), with its astoundingly simplistic rating system of asterisks
attached to individual entries in proportion to the estimated eminence of
the starred scholar, provided the author with raw materials for testing the
psychological differences among individuals in view of shedding light on
the factors behind scientific prominence.*

Eighteenth-century scientists” concern with the statistical distribution
of scientific merit, being primarily driven by the search for the true, mate-
rial causes (biological, psychological) of its manifestations, leaned on a
ready-made definition of scientific value that revolved around the sealing
of individual excellence by past achievements, such as the affiliation with
a prestigious academy, the inclusion in a dictionary, or the opinion of
qualified peers. Bibliometrics, on the contrary, evolved from the analysis
of quantitative patterns pertaining to the network of scientific documents
produced by the scientists themselves. When it searched for explanations,
it didn’t appeal to external agents or material causes, but to the empirical
laws of Lotka, Bradford, and Zipf. And when it met citation indexes, its
ability to cooperate or compete with peer ratings for the appraisal of sci-
entific value opened up an entirely new set of opportunities.

1.1. HOW MANY METRICS?

“Bibliometrics,” “scientometrics,” “informetrics,” “webometrics,” “neto-
metrics,” “cybermetrics”: the metrology of scientific communication
is rich in terms hinting at various and often indistinguishable research
areas. An obvious temptation would be to establish a direct genealogical
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relationship, bibliometrics leading to cybermetrics by passing through sci-
entometrics and informetrics. Actually, the question is more complicated.
The objective of each research area is to analyze, quantify, and measure
communication phenomena to build accurate formal representations of
their behavior for explanatory, evaluative, and administrative purposes.
Differences lie in the order of the factors and the boundaries of the object
being measured.

Winking at the tradition of library studies, the term “bibliometrics,”
coined by Alan Pritchard in the late 1960s,? stresses the material aspect
of the undertaking: counting books, articles, publications, citations, in
general any statistically significant manifestation of recorded information,
regardless of disciplinary bounds. “Scientometrics,” instead, emphasizes
the measurement of a specific type of information, upon which a certain
kind of value judgment—relative to the status of “scientific’—has already
been made by someone put in charge of (and trusted for) giving it. In the
widest possible sense, scientometrics encompasses all quantitative aspects
and models related to the production and dissemination of scientific and
technological knowledge. Provided some preliminary assumptions about
what science actually is and how a true scientific achievement is to be
recognized, scientometrics ultimately addresses the quantitative and com-
parative evaluation of scientists’, groups’, institutions’, and countries’
contribution to the advancement of knowledge. As noted above, published
documents are but one of the several possible units of analysis; manpower,
instrumentation, facilities, and economic and financial inputs and outputs
are worth considering as well. All the same, insofar as scientometric
investigation is carried out through publications and citations, or, stated
alternatively, insofar as bibliometric techniques are applied to scientific
and technical literature, the two areas of scientometrics and bibliometrics
overlap to a considerable degree.

In conformity with one of its authoritative definitions, “informetrics” is
“the study of quantitative aspects of information in any form, not just re-
cords or bibliographies, and in any social group, not just scientists.” Today
information is a key concept in several contexts, with a somewhat mystical
propensity to ubiquity. In the wake of computers’ and digital networks’ rev-
olution, indeed, scholars have progressively used computers and networks
both as a tool and as a metaphor for modeling information flows at whatever
scale and level of complexity, from submolecular systems to black holes.
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Of course, pretending to measure information in all of its natural and social
manifestations would be senseless. But each time such manifestations are
recorded in any form suitable to present or future communication, they en-
ter de facto the domain of information science, and the issues inherent in the
collection, storage, retrieval, and transmission of their symbolic expressions
can be addressed quantitatively. At such a level of generality, bibliometric
techniques take leave definitely of any kinship with the universe of books
and library studies and gain full inclusion in the realm of information sci-
ence, by which it is signified that also the subset of information exchanges
occurring in a library environment is nothing but a particular case of an
information production process amenable to general mathematical treat-
ment. And if the generalization is to be taken seriously, then informetrics
may be regarded as a super-set comprising all the other metrics sets insofar
as they count some type of information. Yet a too broad definition of this
kind also has some drawbacks, notably its scarce resolution power in neatly
distinguishing informetric studies from other well-established research
areas dealing with formal treatments of information processes, above all
information retrieval.

In a digitally networked universe, “webometrics” and sister terms like
“netometrics” and “cybermetrics” signify the extension of informetric
methods and concepts to information transactions taking place on the In-
ternet. As long as such transactions are recorded somewhere, permanently
or temporarily, webometrics intersects the domain of bibliometrics and,
as long as the analysis focuses on scientific or technological cyber-traces,
it obviously intersects scientometrics’ path too. Lennart Bjorneborn and
Peter Ingwersen, two pioneers of webometrics, propose also to distinguish
between the quantitative study of web resources (webometrics in a strict
sense) and the more general quantitative analysis of all Internet applica-
tions (cybermetrics).*

In 1994, at the dawn of the World Wide Web revolution in scholarly
communication, Wolfgang Glanzel and Urs Schoepflin set forth a pro-
vocative analysis of the terminological chaos reigning in the quantitative
studies of science, putting it down to a deep identity crisis of the whole
field.> Stagnation in basic and methodological research, drifting apart of
the various subdisciplines and research groups, lack of integrating per-
sonalities, passive subjection to the immediate interests of science policy,
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and consequent reduction of scientific contents to the mere presentation of
data sets were, in the authors’ opinion, the main symptoms of the crisis.
Many scholars reacted to this apocalyptic scenario, arguing that, despite
its being right on target in some respects, after all, things were not that
bad. Fragmentation of research interests was not necessarily a sign of
theoretical weakness, as it hinted at the coming-of-age of the discipline
through its progressive ramifications into specialized subdomains; the
internationalization of the field was supported by a growing institutional
framework that reinforced the sense of professional identity while foster-
ing inter- and intradisciplinary communication and joint research projects;
and furthermore, the steadily increasing availability of full-text scientific
documents in electronic form and their progressive merging into what was
going to become a universally “webbed” world of scholarship brought a
whole set of new, interesting problems along. With hindsight, it could be
contended that one of the alleged signs of weakness, the fragmentation
of research objects and methodologies across subfields and the lack of an
overarching consensus on fundamental issues, would eventually turn into
a plus point for bibliometric studies, fostering a multidisciplinary perspec-
tive on science communication processes that is perfectly attuned to the
steadily growing awareness of the complexity and multidimensionality of
science itself. On the other hand, a serious and still persisting hindrance
to a wider recognition of bibliometrics’ potential in science studies,
seemingly understated in Glanzel and Schoepflin’s pamphlet, was readily
traced back by Quentin Burrell to the ever-expanding gap between the
theoretical work of mathematicians (the increasingly sophisticated mod-
els of informetric processes) and the “dirty job” of the practitioners (the
practical implementation of the models).

As regards the present overview, save for the terminology unequivo-
cally related to web measures in chapter 8, the terms “bibliometrics,”
“scientometrics,” and “informetrics” are used somewhat interchangeably.
In so doing, the fuzziness of boundaries between the above definitions is
simply bypassed by the pragmatic stance that reviewing or discussing a
particular knowledge claim in the quantitative tradition of science studies
compels the reviewer to specify the (or one possible) historical context of
its emergence, an operation largely unaffected by the way that claim is
pigeonholed with one term or another.
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1.2. EARLY APPROACHES TO BIBLIOMETRICS:
STATISTICAL BIBLIOGRAPHY

Notwithstanding its spiritual aura, the cultural legacy of books and manu-
scripts has a long-established partnership with common people and landed
property on the score of its measurability for bureaucratic, fiscal, and
administrative purposes. To become objects of investigation in their own
right, however, quantitative phenomena related to books and other cultural
artifacts had to wait for the domino effect on multiple knowledge domains
triggered by a revolution that started silently in the seventeenth century,
when the popularity of gambling and the financial interests related to life
insurance gave impetus to the development of probabilistic techniques
that helped to capitalize on the uncertainty reigning in physical and so-
cioeconomic settings. Down the path toward modern scientific attitudes,
the renowned correspondence between Blaise Pascal and Pierre de Fermat
gave rise, toward the mid-1600s, to the mathematical theory of probabil-
ity, whose methods formed the nucleus of inferential statistics. At the end
of the nineteenth century, statistics and the theory of probability started
invading areas previously immune to their appeal, including the universe
of library and documentation. Books and written records of scholarly ac-
tivity were increasingly subjected to quantitative assessment, in the hope
of gaining either a tangible idea of scientific progress or, more modestly,
useful indications for library acquisition policies. Initially, the product of
this activity was labeled “statistical bibliography” and was made possible
by the great availability of abstracting and indexing services developed,
from the eighteenth century onward, to counter the documentary explo-
sion brought about by scientific specialization.”

In 1917, Francis J. Cole and Nellie B. Eales applied quantitative analy-
sis to the comparative anatomy literature from 1543 through 1860. Their
declared objectives were both of a descriptive and an evaluative nature: to
represent by a curve the documentary growth rate over the three centuries;
to plot separately what they called “the performance” of each European
country; to determine which aspects of the subject had most attracted the
scholars’ efforts from time to time; and to correlate the evolution and re-
cession phases of research activity with human, economic, and social fac-
tors, such as the foundation of new scientific societies and the influence
of prominent individuals. Their study, often credited as one of the first
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full-fledged bibliometric investigations, reveals a conceptual framework
firmly backed up by three assumptions central to every future project of
science measurement.

First of all, the object: publications. Science and scientific progress can
be sized through statistical analysis of publications because a publication
“is an isolated and definite piece of work, it is permanent, accessible, and
may be judged, and in most cases it is not difficult to ascertain when,
where, and by whom it was done, and to plot the results on squared
paper.”® Every aspect of scientific activity not amenable to quantitative
treatment was thereby ruled out in favor of the finite product, the dis-
embodied ensemble of discursive or numerical assertions enveloped in a
book or journal article.

Second, the purposes: performance evaluation and mapping of scien-
tific areas. Science has a basic, transcultural unity in space and time, at
least from the mid-1600s onward, so it is possible “to reduce to geometri-
cal form the activities of the corporate body of anatomical research, and
the relative importance from time to time of each country and division
of the subject.”® In addition, statistical analysis offers a tool for mapping
scientific research and locating the most prominent actors on the stage: “a
sure indication of contemporary interests and activities . . . the branches
of the subject that were attracting attention at a particular time, and what
influence, if any, was exercised by the more important workers.”*

Third, the limits: quantitative analysis is necessarily shortsighted, as
it imposes conventional and somewhat arbitrary choices in the dataset
construction. This is particularly evident when choices have to be made
about questions such as, Was Cuvier’s work to be credited to Germany or
France? Had the year to be assigned from the publication date or from the
date a work was actually accomplished? Furthermore, numbers alone do
not suffice to tell the whole story about science, nor do they necessarily
tell a true one. On a purely quantitative basis, “the author of fifty small
ephemeral papers is, judged by figures, of greater importance than Wil-
liam Harvey, represented only by two entries, both of great significance.”!
Therefore, any conclusion drawn from the analysis must be supplemented
by an independent, qualitative appraisal of scientific literature’s value.

On a scale smaller than Coles’s and Eales’s, literature growth patterns
were investigated during the early 1930s by the Japanese botanist H.
Tamiya in the field of fungi Aspergillus and by the American agricultural
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chemists Perry Wilson and Edwin Fred in the area of nitrogen fixation by
plants. Both studies attempted to capture in mathematical fashion what
Wilson and Fred called the “biological properties” of scientific literature,
and both found a plausible solution in a logistic curve quite similar to the
one made popular three decades later by Derek Price. It expressed in pre-
cise terms the simple observation that the growth rate at any given time is
roughly proportional to the extant total production, until an upper limit or
saturation point is attained.'?

In the first half of the twentieth century, Western science was perceived
by many scholars as a markedly cumulative enterprise, an uninterrupted
sequence of steps toward progress and civilization, to the point that a
physical arrangement of landmark books in a library, or, alternatively, the
careful chronological organization of their records in several subject bib-
liographies, could well be deemed to represent the evolution of scientific
knowledge. Thus, having gauged the annual growth of published scientific
papers in a catalog of the Royal Society of London and the distribution
of scientists by discipline in thirteen years of the International Catalogue
of Scientific Literature, E. Wyndham Hulme, librarian at the London Pat-
ent Office, claimed a deeper cognitive value for his effort than that of a
simple scanning of catalog entries: “If civilization,” he argued in 1922, “is
but the product of the human mind operating upon a shifting platform of
its environment, we may claim for bibliography that it is not only a pil-
lar in the structure of the edifice, but that it can function as a measure of
the varying forces to which this structure is continuously subjected.”® To
Hulme, the process of civilization kept pace with scientific specialization.
Therefore, by classifying all the books in the world according to some
universal criteria and ordering them chronologically within each class,
a reliable bibliographic picture of the human mind’s evolution could be
worked out.

In the hands of librarians and information scientists, the idea that the
macrocosm of human knowledge is mirrored in the microcosm of the
library had to cope with the practical constraints imposed by tightening
budgets and lack of physical space against an ever-increasing volume of
potentially relevant purchasable documentation. That is why someone
started to consider the possible advantages afforded by a quantitative in-
sight into library collections, catalogs, and bibliographies. In 1927, wish-
ing to improve upon the library acquisition policies at Pomona College in
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Southern California, P. Gross and E. M. Gross felt that it was no longer
sufficient to “sit down and compile a list of those journals which one
considers indispensable” because “often the result would be seasoned too
much by the needs, likes and dislikes of the compiler.” So they tabulated
3,633 bibliographic references from one year of the prestigious Journal
of the American Chemical Society and ranked the cited journals by the
number of citations received “in such a way that the relative importance
of any single periodical for any five year period can be seen.”* In addi-
tion, they emphasized that the sheer total citation count was not the only
reasonable criterion to be taken into account for journal selection, because
the age distribution of references furnished a similarly important index of
utility: the number of citations being equal, journals receiving citations to
the most recently published articles ranked higher because “the “present
trend’ rather than the ‘past performance’ of a journal should be considered
first.”?® In so doing, the Grosses established an equation between quality,
citation rates, and time distribution of citations that would revolutionize
the way information scientists sized information for library management
and research evaluation purposes. Similar studies were performed during
the late 1930s and the 1940s, among others, by Husley Cason and Mar-
cella Lubotsky for psychology, Hermann Henkle for biochemistry, and
Herman Fussler for physics and chemistry,'® while Charles Gosnell tried
to express mathematically the “life expectancy and mortality” of library
materials implicit in the Grosses’ criteria. Having examined the publica-
tion date of references in three standard lists of books for college libraries,
he came to an exponential formula for which “some of the simplest and
most satisfactory analogies may be found in the field of radioactivity and
the decay of radioactive substances.”?

Meanwhile, a new window on information measurement was opened
by Paul Otlet, father of European documentation and cofounder with
Henry La Fontaine of the International Institute of Bibliography (1895).
Otlet clearly distinguished bibliometrics from other forms of statistical
enquiries applied to the records of human knowledge. In a section of the
Traitée de documentation (1934) entitled Le livre et la mesure—Bibliom-
etrie, he celebrated “the measure” as a superior form of knowledge and
envisaged the development of a subfield of “bibliology” entirely devoted
to the organic collection of measures related to documents of all kinds.*®
Whereas statistics dealt chiefly with external measures of output—i.e.,
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number of published and printed books; number of editions; distribution
of libraries, booksellers, prices, and so on—bibliometrics focused on the
internal aspects of a text and on its influence on people and society, one of
its purposes being to “determine the place, time and, insofar as the readers
are concerned, the probability for texts to be read, hence for exerting their
action on the society.”® This is, in current terms, a problem of impact, and
Otlet addressed it by the resolution of texts into atomic elements, or ideas,
which he located in the single paragraphs (alinéa, verset, articulet) com-
posing a book. Each paragraph conveys a simple but complete concept, so
the ultimate question was, How can the transmission of elementary ideas
from authors to readers be measured in the light of this one-to-one rela-
tionship between the molecular structure of texts and that of ideas? Had
citation practices been more developed at that time, and had he admitted
the possibility that elementary ideas embedded in single paragraphs could
be conveyed, in a synthetic fashion, through a bibliographic reference, we
would probably talk of him as the main inspirer of later theories on the
cognitive potential of citation indexes.

The interest of early statistical bibliographers in the valuable amount
of extra-bibliographic information hidden in bibliographies, as well as
Paul Otlet’s visionary outline of a wide-ranging bibliometric project, were
neglected for many years. It was not until the post-World War 1l period,
indeed, that the suitable historical and cultural conditions for making sci-
ence measures a desirable, if not necessary, job came about.

1.3. THE BIRTH OF EVALUATIVE BIBLIOMETRICS

“We can say,” wrote Derek Price in 1963, “that 80 to 90 percent of all
the scientists that have ever lived are alive now.”? In those years, science
appeared an essentially cumulative, collaborative, and above all contem-
porary enterprise, wherein the essential had happened from Einstein on-
ward and the entire process had been gradual yet inexorable. The fatalism
inherent in this perception made progress an almost necessary and predict-
able effect, to the point of asserting that “if Michelangelo or Beethoven
had not existed, their works would have been replaced by quite different
contributions. If Copernicus or Fermi had never existed, essentially the
same contributions would have had to come from other people. There is,
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in fact, only one world to discover.”? The occurrence of independent mul-
tiple discoveries, that is, similar discoveries made quite simultaneously
but independently by different scientists in different places, confirmed the
inexorability of scientific advance. Given certain environmental condi-
tions, some theoretical acquisitions seemed bound to occur sooner or later,
regardless of the credit being awarded to a particularly brilliant individual
or to a multitude of less prominent researches functionally equivalent to
the individual genius.

World War 1l had shown that science and technology could be con-
trolled, manipulated, and directed toward specific goals. An efficient
organization of the scientific and technological information system was
thus expected to play a decisive role also in peacetime, when it could
provide additional value to any national policy striving to promote eco-
nomic growth. Science, by that time, had climbed over the ivy-covered
walls of academia, joining its destiny to that of industrial capitalism and
national economic policies. Postwar governments and industries fostered
the creation of private laboratories and reserved larger portions of their
budgets for contracts and grants to universities and research institutes.
A standard interpretation of this transformation holds that, with wartime
expansion of industry and government-funded research, the era of “big
science” officially began. Physicists and life scientists were the prime
ministers of the new regime, thanks to a series of long-range projects sup-
ported by large experimental facilities employing hundreds of scientists
and costing hundreds of millions of dollars. From the Manhattan Project
and the massively funded research on penicillin at the dawn of the new
antibiotics industry to the Collider Detector experiments at Fermilab, the
Hubble space telescope, and the Human Genome Project, all the way to
the recent National Nanotechnology Initiative injecting vital funding into
nanoscience and engineering research, breakthrough science has since
relied steadily on expensive equipment operated by cross-national teams
of highly specialized personnel. Fragmentation of competences, new loci
of scientific production, and increased funding, however, entailed also a
higher volume of information to access as quickly and effectively as pos-
sible. Hyperspecialization was one immediate response to the information
overload, but it did not relieve researchers and information scientists of
the burden to cope with an exponentially growing body of increasingly
complex literature. After all, though apparently inexorable, progress had



12 Chapter One

to be supported and, if possible, accelerated by means of adequate tools
for the storing, diffusion, and retrieval of information, a concern already
evident, in the immediate postwar period, in the strong commitment to
information management issues of the Royal Society Conferences held in
1946 and 1948.

Following the 1957 launching of Sputnik by the Soviet Union, the
political interest in scientometric indicators grew rapidly. The Soviet
breakthrough had thrown into relief the undeniable circumstance that the
liberal U.S. model was failing to adapt to the new scenario with the same
rapidity as the nonliberal one of the opposing block. The Soviet Union,
unlike the United States, had for some time mastered a bureaucratic ap-
paratus for the control and orientation of scientific research; in its eco-
nomic and fiscal planning regime, measuring scientific and technological
research in terms of documentation produced and used by scientists was a
strategic goal, one of the many ways to consolidate a centralized control
over intellectual and material activities. Scientometrics, from this point of
view, can be regarded mostly as a Soviet invention. In the late 1950s, two
influential scientometric research programs were pioneered, by Gennady
M. Dobrov at Kiev and by Vassily V. Nalimov at Moscow. Whereas the
former had solid institutional roots and a clearly policy-oriented imprint,
the latter revolved around Nalimov’s cosmic-eye view of science as a
“self-organizing information system, ruled by its information flows,”?
and structurally embedded in uncertainty, a system that could hardly
be mechanistically oriented toward specific goals but nonetheless was
amenable to strict quantitative analysis. Such a view, while fostering the
development of what he came to define as a “cybernetic” attitude toward
science studies, kept him from blindly retiring into the shell of a purely
technical approach, as it underpinned the conviction, unfortunately dis-
missed by most later scientometricians, that quantitative analysis ought
not to be separated from a philosophical investigation of science’s logical
development. Following Derek Price’s lead, Nalimov used simple math-
ematical tools to model international scientific growth and suggested the
term naukometriya (“scientometrics”) for this kind of inquiry in 1966 and
1969.%2 At around the same time, he also enthusiastically welcomed the
start-up of the SCI as the advent of a new age in the history of science,
because it filled the traditional gap between historical facts and abstract
speculations, a step comparable, in his opinion, to the appearance of the
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first chronicles that had made possible the documented history of ancient
human societies.?

Reaction in the United States to Sputnik materialized in intensified
efforts to enhance national scientific information systems’ quality and
efficiency, as testified by the 1958 International Conference on Scientific
Information, sponsored by the National Science Foundation, the National
Academy of the Sciences, and the American Documentation Institute (the
future American Society for Information Science). On the institutional
level, that effort resulted in the creation of the National Aeronautics and
Space Administration (NASA), the Advanced Research Project Agency
(ARPA), and the Organization for Economic Cooperation and Develop-
ment (OECD). The OECD, born in 1961 from the ashes of the Marshall
Plan, was the main catalyst for the development of national science and
technology policies in industrialized countries, supplying, under the
leadership of the United States, Canada and Great Britain, standards and
widely accepted methodologies for local and comparative international
statistics. Nonetheless, at least initially, governments didn’t pursue the
social control of research activities. Their attention focused on the input,
the human and financial resources devoted to research and development
(R&D), rather than the output, the achieved results. Increasing the na-
tional expenditure for research and development remained the primary
goal of politicians and administrators, who continued to treat science by
and large as an independent, self-governing machinery inexorably run-
ning toward progress. This attitude, already perceptible in the renowned
report The Endless Frontier (1945) by Vannevar Bush,? is well reflected
in compilations like the Frascati Manual and later the Oslo Manual
and the Canberra Manual, which shared with Bush’s report the basic
assumption that scientific progress originates from the free interplay of
free intellects, and that the institutional independence of science had to
be preserved if its socioeconomic promises were to be fulfilled. Govern-
ments, accordingly, should limit themselves to funding basic research
without worrying about issues of productivity and impact. Scientists
would do the rest alone, entrusting internal quality control to the well-
tested peer-reviewing system. As a result, the early R&D measurements
disdained bibliometric indicators on the ground that the complex interre-
lationships among science, technology, economy, and society, for which
those indicators allegedly provided a shortcut, were actually too complex
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to be captured in a simplified fashion, given also the lack of pertinent
international guidelines.

It is precisely here, at the crossroads where a deeper concern of policy-
makers with science and the increasing complexity of the documentation
process intersect, that the unusual political story of Eugene Garfield’s
SCI starts. As we shall see in section 2.2, after 1961 the project for an
interdisciplinary, citation-based index of scientific literature, besides
becoming technically feasible, acquired political desirability and cultural
credibility. Bibliographic references linked documents and authors in ac-
cordance with the commonly perceived dynamics of knowledge produc-
tion: scientists pursuing new knowledge cite previous documents from
which they drew significant concepts, thereby raising the cognitive and
social status of cited authors. Hence, in addition to facilitating literature
research, citations promised an unobtrusive measure of the impact of cited
documents (and authors) on citing documents (and authors). Needless to
say, for how science was perceived at that time, impact always implied a
push forward, rather than a sudden stop or hesitation. Thus, by virtue of
their supposed ability to detect influential authors and papers in the ad-
vancement of knowledge, citation indexes turned into the keystone to the
realm of research output measurement and evaluation.

During the 1960s and 1970s, the use of bibliometric indicators to mea-
sure outcome and impact of R&D spending gained ground first in the
United States, then in Europe, coming very soon under the spell of cita-
tion indexes. In 1973, the first of a series of Science Indicators Reports
by the National Science Board was published, with the objective of por-
traying the status of scientific research in the United States. The Reports,
which inspired many subsequent similar compilations outside the United
States, comprised citation rankings among quality indicators and took
data directly from Garfield’s SCI. The trend they inaugurated was strong
enough to urge scholars of various extractions to make a closer inspection
of the theoretical background surrounding scientometric indicators in a
conference held at Stanford in June 1974. The conference proceedings,
published in 1979 under the title Toward a Metric of Science, provided
one of the most important sources of inspiration for the scientometricians
to follow.?® Meanwhile, the first Western center of excellence for scien-
tometric studies, the Information Science and Scientometric Research
Unit at the Library of the Hungarian Academy of Sciences, Budapest,
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was established under the direction of Tibor Braun, founder and editor-
in-chief of the journal Scientometrics, in 1978. Braun’s institution played
a central part in shaping the field of scientometrics as we currently know
it, not only for the journal’s gatekeeping role in separating the sheep from
the goats, but also for the ISSRU members’ commitment to the definition
of international standards for research evaluation and, more generally, for
its ability to connect symbolically and materially the two main tributaries
flowing into the newborn scientometric paradigm: the Russian tradition of
Nalimov and Dobrov and the Anglo-American tradition of Bernal, Price,
Merton, and Garfield.

In the early 1980s, new insights into the design and application of scien-
tometric indicators to sensitive targets of research management, especially
at the level of the research group and the academic institution, came by
way of Martin and Irvine’s work at the SPRU, University of Sussex, and
the Research Policy and Science Studies Unit at the University of Leiden,
which would eventually turn into the Centre for Science and Technology
Studies under van Raan’s headship. Ever since, quantitative studies have
evolved into a full-fledged discipline, with its own apparatus of research
facilities and hallmarks of excellence, which encompass the categories of
materials collected under the following headings:

Journals. After the 1978 launching of Scientometrics, a joint publication
of Elsevier, Amsterdam, and Akadémiai Kiadd, Bucarest, the disciplin-
ary research front relied steadily on journal papers as the primary means
of communication. Nonetheless, given the interdisciplinary character
of much bibliometric research and the inherent fuzziness of journals’
subject coverage, relevant materials were increasingly scattered in an
imprecisely defined set of sources. In the Western tradition, as far as
English-language publications are concerned, they range from strictly
discipline-oriented titles, such as Journal of Informetrics and Cybermet-
rics, to notable portions of leading information science journals, includ-
ing Journal of the American Society for Information Science and Tech-
nology, Journal of Documentation, and Journal of Information Science,
all the way to sources specializing in particular aspects of information
processes (Information Visualization, Webology) and journals covering
adjacent areas of scholarship that take often advantage of bibliometric
methods, such as sociology (Social Studies of Science, Science Studies,
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American Sociological Review), science policy and management (Re-
search Evaluation, Research Policy), information retrieval (Information
Processing & Management), library science (Library Trends, Library
Quarterly), and communication studies (Journal of Computer-Mediated
Communication).

Handbooks and authoritative monographs. The basic statistical tech-
niques employed in informetric studies were reviewed by Ravichandra
Rao in 1983 and by Leo Egghe and Ronald Rousseau in 1990. On the
applicative side, two handbooks with a marked propensity toward sci-
ence policy issues appeared, respectively, in 1988 and 2004.2” Both
are collections of essays from specialists of various extraction that
present, in a polyphonic fashion, the state of the art in the main areas
of bibliometrics at two critical stages of its historical development. In
2005, Henk Moed’s Citation Analysis in Research Evaluation supplied
the most up-to-date organic treatment of the theoretical and technical
aspects underpinning the application of citation-based indicators to
science policy and management.?® At almost the same time, Mike Thel-
wall’s Link Analysis (2004) accomplished a comparable task for the
cybertech equivalent of citation analysis, making accessible concepts,
tools, and techniques currently used to investigate, from an information
science perspective, the quantitative properties of academic web spaces
through statistical analysis of hyperlink patterns.?

Reviews, bibliographies, dictionaries. In 1976, Narin’s Evaluative Biblio-
metrics, published under contract with the National Science Founda-
tion, supplied an early comprehensive review of citation studies that
laid the groundwork for some of the most fruitful research lines in bib-
liometrics for generations to follow.*® Then, starting in 1977 and more
systematically from 1989 onward, the Annual Review of Information
Science and Technology (ARIST) devoted increasing attention to the
selective review of studies in bibliometrics and sister areas. In addition,
after a comprehensive 1980 bibliography of over 2,000 bibliometric
studies, other occasional bibliographic compilations attempted to keep
under control the explosion of increasingly specialized contributions.®!
On the popularization front, an English-language dictionary of biblio-
metric terminology was issued in 1994.%

Scientific societies and international conferences. The International Con-
ference on Scientometrics and Informetrics series, launched in 1987
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by Egghe and Rousseau with a first meeting entitled International
Conference on Bibliometrics and Theoretical Aspects of Information
Retrieval,® continued to be held on a biennial basis, coming later under
the auspices of the International Society for Scientometrics and Infor-
metrics, founded in Berlin in 1993. It has been complemented, since
1988, by another (almost biennial) series of Conferences on Science
& Technology Indicators, organized by the CWTS, and, since 1998,
by the Berlin Workshop on Scientometrics and Informetrics, which led
in 2000 to the establishment of the COLLNET international research
network on collaboration in science and technology, and subsequently
to an International Conference (formerly Workshop) on Webometrics,
Informetrics and Scientometrics. A spillover of the COLLNET expe-
rience is the COLLNET Journal of Scientometrics and Information
Management, started in 2007.

Discussion lists. The American Society for Information Science and
Technology’s SIGMETRICS listserv is a discussion group officially de-
voted to all theoretical aspects and practical implementations of infor-
mation metrics. Its archive (listserv.utk.edu/archives/sigmetrics.html),
spanning back to June 1999, is a valuable resource for professional and
aspiring scientometricians who wish to keep abreast of current “hot”
topics and new resources in the field of quantitative science studies.

Prizes. In 1983, scientometrics started to canonize its heroes with the
Derek de Solla Price Medal, awarded to the most prominent scholars in
the field. The first awardee was Eugene Garfield in 1984.
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Chapter Two

The Empirical Foundations
of Bibliometrics:
The Science Citation Index

The genesis of the SCI conceals a paradox. Projected into the future, de-
signed to promote research and to advance scientific communication, Gar-
field’s index is, from a technical point of view, the direct descendant of a
cultural model—the Anglo-Saxon legal system—firmly rooted in the past,
in the formalism of “reasoning from precedent” (the core of legal training)
and the conservative doctrine of stare decisis: a court judging a case has
to follow precedents laid down by higher courts; thus, in citing authorities
to back up new arguments, a lawyer must check if they’re still valid and
have not been overturned by later sentences. Although tables of previous
cases appended to legal reviews were already available in the eighteenth
century, and a citation index of Californian sentences appeared in 1860,
the best known application of this model is Shepard’s Citations, a refer-
ence tool started in 1873 that soon became very popular among American
lawyers.! Given a case debated in one of the American state or federal
courts, the index lists all the subsequent cases reconfirming, reversing,
or overruling the original sentence, each unambiguously identified by the
volume and page number of the court report wherein it appeared.
Shepard’s Citations, it is worth stressing, differs from the SCI in some
crucial respects. Aside from the object, case law instead of literature, it
can be said to perform something less and something more than the SCI.
Something less, because it doesn’t give the clue to a network of citations,
hence of scientific papers tied up with basic sociocognitive links, but sim-
ply connects sentences associated with a plus or minus sign; something
more, because in a legal index each link is unambiguously qualified by
the mark of its validity over time, so that some sort of context analysis is
embedded within the tool (a case is confirmed or reversed by subsequent
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cases; the same is not necessarily true for scientific literature). An un-
derlying legal component is still preserved in the SCI, but with a unique
meaning: the modern scientist cites to pay an intellectual debt in such a
way that anyone can realize he or she also has a credit (cognitive, social)
to gain, namely the priority claim of a discovery, the intellectual property
on a new or purportedly new idea disclosed to the community of qualified
peers. Before turning out to be a tool for sociological and scientometric
analysis, however, Garfield’s index grew out of a tangle of issues, con-
ceptualizations, and technical breakthroughs firmly embedded within the
intellectual tradition of information retrieval studies. To a large extent,
in fact, the story of the birth and development of the SCI is the story of
an obsession with the idea of finding a fresh solution to the old problem
of retrieving relevant and useful information from a huge amount of re-
corded data.

2.1. CONTEXTUALIZING THE SCIENCE CITATION
INDEX: INFORMATION RETRIEVAL AND
THE “LINGUISTIC CONNECTION”

One of the key problems faced by library and information scientists is
how to store and organize large collections of documents so as to make
them retrievable from as many points of view as possible in a timely
fashion. Let’s take the concept of “document” in the broadest meaning
of carrier of some type of information and, at the risk of circularity, let’s
pragmatically stick to a loose definition of “information” including any
object regarded as informative, that is, any physical expression, descrip-
tion, or representation of knowledge being communicated and somehow
recorded. To simplify, let’s focus on a single subset of the all-inclusive
class of documents, namely documents containing written text.

If one assumes that documents are the books stored in a library, then
the library card catalog is the primary tool for the retrieval of a particular
book, or a certain number of books, matching a specified set of search
criteria, such as being written by a certain author or dealing with a given
subject. Similarly, if documents are the pages of a book and the purpose is
to find all pages on which a particular subject is dealt with, the alphabeti-
cal subject index is the ordinary tool for quickly finding out what page
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number(s) correspond(s) to that subject. The two examples, though at
different scales, show one basic feature of information retrieval systems:
quick access to the desired information unit, whether a book on the shelf
or a specific page in a book, entails the creation of document surrogates,
or index terms, stored in a separate archive, serving as pointers to specific
documents. The entries in a library card catalog, such as author names,
subject headings, and so on, are document surrogates, each pointing to
the physical copies of all the books sharing the particular property speci-
fied by the entry: all the books written by the same author, all the books
on a given subject, and the like. Similarly, the words, or combinations
of words, listed in the subject index of a book next to the page numbers
where the corresponding subjects occur are the surrogates of the single
pages of the book dealing with those subjects.

Indexes are a basic component of manual or computerized information
retrieval, because in most systems the user queries do not match directly
the collection of documents, but rather an index previously prepared by
manual or automatic operations. In the two foregoing examples, the as-
signment to the source documents of indexing terms, whether carried
out manually or with the aid of a computer, entails two basic, albeit not
mutually exclusive, choices: the indexing terms can be extracted from the
document itself (the full text, the abstract, the title), or the indexer sup-
plies them through an interpretation of the text. The first choice is obvi-
ous for indexes of author names and book titles, which do not require any
kind of interpretation as to their meaning. But if one is willing to index
the conceptual units embedded in the text, then things get dramatically
complicated. Indeed, if the index words are extracted from the text itself,
they might be of little use because the author and the user are likely to use
different words to address the same or similar concepts. The intermedia-
tion of human indexers, on the other hand, improves the uniformity and
consistency of indexing language, because it allows the assignment to
each document of predefined terms or combinations of terms, called “de-
scriptors” or “subject headings,” whose formulation obeys strict semantic
and syntactic rules. They typically draw upon a controlled vocabulary
or a disciplinary thesaurus and, whenever they comprise more than one
word, the combination of words follows a fixed scheme. Human index-
ing, nevertheless, although ensuring that all content-related documents
enjoy a consistent treatment from the same indexer, does not guarantee



26 Chapter Two

consistency among different indexers and is seriously time-consuming on
the part of the user, who has to figure out in advance the entries of the
controlled vocabulary.

With the advent of modern, high-speed digital computers, the idea that
indexing, that is, the assignment of content identifiers to documents, could
be carried out automatically so as to build intelligent and cost-effective
retrieval systems, gained ground rapidly. Given a document collection in
machine-readable form, the computer would be able to analyze its lin-
guistic content, generate appropriate content identifiers, and attach them
to each stored document. User needs, concomitantly, would be identified
and expressed in machine-readable language by Boolean combinations of
index terms. Finally, representations of document content and user needs
would be compared, leading to the retrieval of the matching items. This is
what typically happens, at a higher level of technological sophistication,
in modern full-text retrieval systems, where automatic indexing amounts
essentially to the automatic creation of an “inverted file,” which contains
a complete index of words for all the searchable text, each associated with
a pointer, that is, an entry indicating the exact position of all its occur-
rences in the database of stored documents.

Automatic indexing was pursued long before the advent of digital
computers and the inverted file structure. One might even argue that the
current disciplinary status of information retrieval would be unimaginable
without the key conceptual and practical developments occasioned, before
and during the same period that witnessed the birth of the SCI, by the
search for a mechanical solution to the problem of indexing.? Throughout
the 1950s and 1960s, commercial organizations pioneered the application
of automatic indexing to small collections of internal research reports,
thereby defining objectives and capabilities that later systems would have
accomplished and consistently improved upon. At that time, key punching
was the favored method for converting text into machine-readable form,
and the mechanization of indexing profited by such cumbersome tools as
punched cards and tabulating machines combined with various kinds of
coding systems. The research front of information retrieval in the United
States was not joint or homogeneous. Rather, it appeared as a good ex-
ample of Merton’s construct of multiple discoveries: many people worked
simultaneously on similar problems using quite comparable techniques,
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so that certain fruits were ripe and ready to be picked up by many minds
conjuring up the same ideas within months of one another.

In the mainstream, the idea that any automatic content analysis should
rest on the statistical properties of the vocabulary contained in the text of
individual documents had been pursued by many researchers since the
mid-1950s. One of the most prominent figures was the IBM engineer Hans
Peter Luhn, who delineated the paradigm of much subsequent work in the
field by two simple assumptions: “communication of ideas by means of
words is carried out on the basis of statistical probability,”® so the more
two representations of the same document agree in terms of elements and
their distribution, the higher the probability that they represent similar in-
formation; and “the frequency of word occurrence in an article furnishes
a useful measurement of word significance,” while “the relative position
within a sentence of words having given values of significance furnishes
a useful measurement for determining the significance of sentences.” The
subjects of documents, therefore, can be explicitly linked to the pattern of
occurrences of words, and each word can be assigned a weight estimating
its relative value as subject identifier. Excessively frequent as well as too
rare words are likely poor discriminators of document content, so Luhn
used Zipf’s Law to define cut-off levels for filtering out the nontopical
words falling above or below a certain threshold frequency. Later studies
by Gerard Salton and Karen Sparck Jones formalized this regularity, dem-
onstrating that the ability of an index term to discriminate between differ-
ent documents is somewhat inversely correlated with the number of docu-
ments in which it occurs, the best terms being those that occur frequently
in individual documents but rarely in the rest of the collection.

Seminal experiments dating back to the 1960s, such as the SMART
(Salton’s Magic Automatic Retriever of Text) Project and the Cranfield
experiments, confirmed the fruitfulness of Luhn’s paradigm, definitely
showing that, while human language is undeniably a complex system of
communication based on the human mind’s ability to form meaningful
associations of words in conformity with a number of fixed structures,
“the phrase languages are not substantially superior to single terms as
indexing devices, and . . . sophisticated analysis tools are less effective
than had been expected.” Thus, in the wake of Luhn’s ideas, the term-
weighting problem and the distributional properties of language units
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came progressively to the forefront of information retrieval research and
experimentation.

During the 1960s and 1970s, the first large-scale information systems
were established and the technologies for the systematic, laboratory-based
evaluation of the merits of different automatic indexing methods con-
solidated, thereby anticipating the big collaborative evaluation programs
envisaged by the DARPA/NIST Text Retrieval Conferences (TRECS) in
the 1990s. Formal models were devised, accordingly, that emphasized
the multidimensional and probabilistic character of information retrieval.
Two stand out as most successful: the vector-space model, originally
developed by Gerard Salton, and the multiple offspring of Luhn’s proba-
bilistic model. In the vector-space model, each document (and each user
query as well) is represented as a vector in a multidimensional space,
the dimension being determined by the number of unique terms in the
document collection. Each term, in turn, is weighted proportionally to its
degree of representativeness of a document’s content. Algebraic opera-
tions on vectors thus allow computing similarity coefficients between any
two documents as well as between a query and a document. In the proba-
bilistic approach, term weights and similarity coefficients are computed
alike, but the likelihood that a document will be relevant to a given query
is grounded in assumptions of probability theory, and so is the decision
whether a word should be assigned as an index term given its distribu-
tional behavior in the document collection.®

Despite the predominance of Luhn’s paradigm, early information
scientists were perfectly aware of the limits inherent in the statistical
approach. Text, after all, is more than a simple sequence of words. It is
written in natural language, and the meaning and weight of single words
in natural language use are context-dependent, reflecting its involvement
in cultural and social issues. To work well in the indexing process, then,
a machine should manage to reproduce the human indexer’s understand-
ing and processing of natural language. That’s why several information
scientists, including Garfield before the SCI’s breakthrough, tackled the
problem of automatic indexing with the conviction that a substantive
help to its resolution could derive from the methods of linguistics, hence
from the study of language as a system for communicating information.
Since the very beginning of information retrieval studies, in fact, linguis-
tics had a say in information retrieval as long as it helped system design-
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ers reduce the ambiguity of language use through lexical, syntactic, and
semantic analysis.

Lexical analysis. Lexical and morphological variants of terms pointing to
the same concept have to be conflated in some way. In a well designed
system, for instance, “encyclopedia” and “encyclopaedia” map to the
same lexical unit, and the singular form “neutron” in a user query re-
trieves also documents containing the plural “neutrons.” The simplest
way to achieve such conflation is suffix stripping and detection of
equivalent stems, an otherwise ambiguous solution insofar as it doesn’t
take into consideration the context: the root “neutr,” for instance, is as
good to retrieve “neutron,” as it is for “neutrin” and “neutral.” Suffix
stripping, moreover, doesn’t work in the case of multiword terms sub-
ject to syntactic variation.

Syntactic analysis. Text words in natural language are connected to form
phrases, clauses, and sentences in accordance with syntactic rules. An
effective automatic indexing, consequently, should implement a mod-
ule, called “parser,” capable of going beyond mere word frequency
counts by assigning a grammatical structure to meaningful segments of
text. Stated alternatively, an intelligent retrieval system has to learn to
place brackets in the right places so as to drive the selection of better
indexing entries. Statistical analysis alone can hardly accomplish this
task. Computational linguists, on their part, have designed transforma-
tional parsers capable of identifying syntactical variations of the same
conceptual unit, as would be necessary, for example, to establish the
conceptual equivalence in the following two phrases: “Nicola writes
the book™ and “The book is written by Nicola.” The transformational
approach starts from the assumption that each sentence has a deep un-
derlying structure that comes afloat in written or spoken language, and
a set of transformational rules operates from time to time on the deep
structure representation to produce the tangible output. The work of
Zelig Harris during the 1950s, in particular, formed the basis for some
practical applications of transformational grammar to information re-
trieval systems. It is worth remembering here because, as we shall see
in the next section, Garfield’s road to citation indexing went through
a keen reconceptualization of the linguistic difficulties in automatic
indexing, mainly in the light of Harris’s discourse analysis.
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Semantic analysis. Words organized into syntactically ordered sentences
carry concepts, but concepts are not, as it were, univocally “embedded”
in words and sentences; there are words that share the same spelling
while carrying distinct meanings (homonyms), words that point to the
same concept despite different spellings (think of the chemical and
brand names for the same drug), and sentences whose underlying struc-
ture can be understood in different ways, as in “I’m going to write the
book” (“going” can indicate that I’m moving toward the destination “to
write the book” or it can be an auxiliary indicating near future). To cope
with semantic ambiguities at the word level, an information retrieval
system usually resorts to field-specific dictionaries and thesauri, which
supply semantic specifications and variant forms for single entries. In
the most advanced applications, artificial intelligence studies introduce
complex knowledge bases to represent the conceptual structure of a
subject area, its main concepts, and the network of their interrelation-
ships.

In the past few years, natural language processing techniques have pro-
gressed considerably in the areas of speech recognition, question answer-
ing, and information extraction, slipping concomitantly into the world
of commercially available databases and search engines, as testified by
the currently widespread facilities for searching structured databases in
natural language. Nevertheless, though recurrently invoked, designed, and
tested by researches over the past forty years, automatic indexing systems
based on linguistic competence have often seen their promises to improve
information retrieval broken in the impact with experience. In this regard,
little evidence has been produced that, taking advantage of linguistic
methods, automatic routines can equal or outperform human skills in the
comprehension of language for indexing purposes. Statistical analysis, on
the contrary, has unremittingly proved its ability to perform such an im-
possible mission in a fairly acceptable, albeit approximate, fashion.

Despite the undeniable merits of statistical modeling, as the storing and
processing capabilities of digital computers grew by orders of magnitude,
the limits of traditional, document-oriented approaches became evident,
and information scientists felt it was increasingly necessary to implement
techniques for handling the uncertainty fed into the system by the user.
Traditional measures of effectiveness in information retrieval centered
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upon two well-known ratios, originally proposed by James W. Perry and
Allen Kent in 1957 and later canonized by Cyril Cleverdon, who had
argued for the existence of a generalized inverse relationship between
them: recall, or the fraction of relevant documents retrieved out of a given
collection, and precision, or the fraction of retrieved documents that are
relevant. These two criteria, useful as they might be in laboratory-based
assessments, appeared nonetheless more and more constrained by the in-
ability to capture the actual relevance of a search output, that is, the extent
to which the retrieved set of documents meets the information needs of
a user. User-seeking behavior and cognitive structures, consequently,
entered the laboratory and became a variable of the utmost importance to
study and model.

Carried to the extreme, the idea that any processing of information is
mediated by a preexisting system of categories or concepts, hence by a
model of the world (something sharing some properties with the world
but also differing from it in many substantial respects), has been extended,
by the supporters of the “cognitive” view of information retrieval, to all
the actors participating in the seeking and retrieval operations: the au-
thors, the system architecture and interface designers, the searchers with
their knowledge and emotional status, the indexers, and the selectors
(publishers, editors, etc.). As a result, information seeking and retrieval
is increasingly being characterized and modeled in terms of a multilayer,
historically situated, and context-dependent process in which each actor
“interacts with other actors at various levels under influence of social
contexts and work task or interest situations over time.””

Citation indexes supplied the above tradition of information retrieval
studies not only with an additional, conceptually innovative tool for
organizing the mess of extant scientific literature, but also with a new
idea of relevance, in which the retrieving of a document perceived as
relevant by a user is inextricably interwoven with all the previous judg-
ments of relevance embedded in the network of papers that referred
to it by means of a bibliographic reference. And if, in the mid-1980s,
someone endeavored to reconnect that idea with canonic probabilistic
indexing through Bayes decision theory,® about fifteen years later, when
the hypertextual machine of the World Wide Web began to work at its
fullest, the citation-driven concept of relevance applied to the network
of hyperlinks between web pages would revolutionize the way Web
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search engines let users quickly pick useful materials out of the anarchi-
cal universe of digital information.

2.2. DEVISING AND REALIZATION OF
THE SCIENCE CITATION INDEX

The story of the “bits and pieces of experience and insight” that culmi-
nated in the foundation of the SCI has been told many times, in many good
books and papers, including Garfield’s own autobiographical accounts.®
In 1951, the chemist Eugene Garfield entered the field of information sci-
ence by joining the Johns Hopkins University’s Welch Medical Library
Indexing Project, sponsored by the Army Medical Library, the future
National Library of Medicine. Here he worked on a team with Sanford
Larkey, a pioneer in the application of machine methods to bibliographic
control. The main scope of the project, centered on the Current List of
Medical Literature (ancestor of the Index Medicus and MEDLINE), was
to examine if and how computers could be used to automate the indexing
of medical literature. In those years, given the technological limitations
of the available calculators, their applicability to text analysis seemed
successful only for carrying out mechanical tasks, such as compiling con-
cordances. During the mid-1940s, for instance, the Italian Jesuit Father
Roberto Busa had started to produce, with punched cards fed into an IBM
calculator, the index of St. Thomas Aquinas’s complete works (Index
Thomisticus). By contrast, the goal of computerizing an intellectual task
similar to the one performed by human indexers appeared far from be-
ing attainable. The main difficulty arose from the inability of computer
algorithms to reproduce the intellectual process of document analysis and
to simulate human judgment about the relative importance of the units
composing a text.

At about the same time, computational linguistic experts were experi-
encing a similar frustration in the attempt to construct an automatic trans-
lation system. Weighing on them was the admonition of Yehoshua Bar-
Hillel, that a completely automated translation of a text could be achieved
only at the expense of accuracy. To translate quickly and thoroughly,
indeed, a computer should incorporate not only a dictionary, but an entire
encyclopedia of concepts along with their multilayered relationships.
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Apparently, indexing was simpler than translating because it amounted to
the extraction, from a specialized body of literature, of a carefully selected
pool of terms to be implemented in a retrieval system by virtue of their
representativeness of the full-text content. Yet experience raised obstacles
of various kinds.

One possible solution, favored by the members of the Welch Project,
was the automatic extraction of index terms from the most accessible place
where, at least statistically, they were located: the title and abstract section
of scientific articles. The degree of selectivity thus attainable had many
advantages in terms of processing time and costs, but titles and abstracts,
as soon became manifest, are often poorly representative of the document
content, so the alleged economization was achievable only at the cost
of losing information potentially crucial in the retrieval stage. Garfield
felt that the full text itself had to be taken into consideration and that the
clue for mechanical indexing should be some sort of linguistic analysis
of the text combined with a careful consideration of the mental process
of indexing. His acquaintance with structural linguistics, especially with
Zelig Harris’s theories and Casimir Borkowski’s pioneering work at the
border between linguistics and computer science, prompted him to the
idea that, if natural language is made up of a small number of basic, ir-
reducible components, out of which all sentences can be constructed by
proper transformations, then the grammatical structure of the natural
language embedded in scientific texts, disclosed by automatic syntactical
analysis, could supply the building blocks of a formal indexing language.
This strand of research, however, ultimately met with the same constraints
of automatic translation, above all the inability of computers to judge the
relative importance of words and to exploit conceptual relationships lying
outside the mere sequence of text words. Even so, the linguistic commit-
ment in the search for a new solution to the problem of automatic indexing
affected Garfield’s subsequent work in at least three ways:*!

1. Language and structure. Garfield’s chemico-linguistic doctoral disser-
tation contained an early attempt at reducing the complexity of scien-
tific language to elementary components via a reproducible sequence
of operations. Garfield used Harris’s analytical methods to devise an
algorithm for the mechanical translation of chemical nomenclature into
molecular formulas and the graphical display of structural diagrams.
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The outcome confirmed that chemical nomenclature contains enough
information for inferring structural properties: “[T]he basic language
of all naming systems in organic chemistry is essentially the same
.. . the use of different systems corresponds to the problem of han-
dling dialects rather than treatment of separate distinct languages.”*?
The search for a similar basic unity in the language of science would
ultimately persuade Garfield that, insofar as the manifold themes em-
bedded in a scientific paper depend on the other documents it cites, an
effective algorithmic indexing of scientific literature can be pursued by
replacing the hidden and fundamentally unpredictable process of text
generation with the comparatively more predictable rules governing
the generation of citations.

Integration of citation and text analysis. Later on in the history of the
SCI, linguistic models of semantic and syntactic analysis supported
the development of automatic keyword indexing systems, notably the
ISI Permuterm Subject Index (PSI) and the Key Word/Phrase Subject
Index (KWPSI), aimed at supplementing the search potentialities of
the SCI by means of subject entries extracted from articles’ titles. The
PSI, introduced in 1964 to overcome the shortcomings of IBM’s Key-
Word-In-Context (KWIC) system, exploited the complete permutation
of all significant title words to produce all possible and potentially
searchable pairs.

. Metatext. A third input of Garfield’s structural apprenticeship relates

to the importance of metatext in discourse analysis. Metatext is text
whose function is not to communicate a conceptual content but rather
to introduce and locate it, as in phrases such as “it was found that
..., and “these results suggest that . . .” A particular kind of metatex-
tual relationship is also the one established by a text with concepts
not directly exposed but hinted at or summarized through the biblio-
graphic references to other documents in which they are embedded.
Along this line, inspired by the reflections of John Desmond Bernal
and further encouraged by the polymath Chauncey D. Leake, Garfield
devoted a good deal of attention to the structure and communicative
functions of review articles, namely articles that do not communicate
original research findings but merely synthesize the paradigmatic core
of concepts and predominantly shared assumptions whereby the state
of the art in a particular subject area is established. Here the relation-
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ship between text and bibliographic references is metatextual to the
nth power: the author adds a bibliographic reference to almost every
sentence, and the sentence’s main function is to introduce and partly
anticipate the cited document’s conceptual content with “an unusually
definitive indexing statement.”*?

The frustration with the state of the art in automatic indexing ultimately
led Garfield to switch lanes abruptly. Rather than pursuing the dream of an
automatic text word or subject indexing system capable of competing with
human judgments, he tackled the entire question on a new ground by radi-
cally transforming the unit of analysis: no longer words, by themselves am-
biguous due to the dependence of their meaning on ever variable contexts,
but bibliographic citations, whose semantic stability is ensured, at least
within a specialized research area, by the tendency of the authors to use
them in relation to a comparatively fixed set of concepts. In March 1953,
William C. Adair, former vice president of the Frank Shepard Company,
had sent the Welch Project’s staff a letter in which he suggested a well-
tried solution to the problem of automatic indexing, namely to “shepardize”
biomedical literature, to untangle the skein of its content by following the
thread of citation links in the same way the legal citator did with court sen-
tences. The proposal was ignored at the institutional level, but it turned out
to be the missing link in the chain of events preceding the SCI breakthrough.
The structure of Shepard’s Citations demonstrated definitely that, from a
technical point of view, the automatic indexing of scientific literature could
be performed outside the traditional paradigm of subject headings.

The 1955 article “Citation Indexes for Science,”** whose importance
for the foundation of scientometrics will be further emphasized in section
3.3, disclosed the benefits and theoretical underpinnings of a citation-
based retrieval system modeled on Shepard’s Citations and outlined the
plan of the new system along with some technical troubles to overcome.
Contextually, by emphasizing the ability of citation indexes to reduce the
complexity of scientific language to a manageable set of atomic units and
to let the user run back and forth through the citation network (from the
cited to the citing and vice versa), it linked citation indexing both with
the below-the-water-line paradigm of structural linguistics and with the
forthcoming extra-bibliographic uses of citation indexes in the sociology
and politics of science.
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In the meanwhile, Garfield had successfully entered the commercial
publishing arena, setting up Garfield’s Associates, renamed Institute
for Scientific Information (ISI) in 1960. The company’s main business
revolved around the recovery and practical implementation, beyond the
biomedical field, of an idea circulating within the Welch Project: the pro-
duction of a semiautomatic information system based on the photorepro-
duction of journals’ tables of contents. This idea is the origin of Current
Contents (CC), a bibliographic service that gradually extended its cover-
age to the areas of library and information science (1953), the manage-
ment and social sciences (1955), pharmacy and biomedicine (1957), and
the physical sciences (1960). Current Contents enjoyed great popularity
among researchers because, removing the congenital delay of traditional
bibliographies, it allowed an increasingly wider audience to access, on a
weekly basis and often ahead of print, the most up-to-date information
on scientific journals’ forthcoming content. The popularity grew over
the years to the point of prefiguring a condition of reciprocal dependence
among the bibliographic tool, the publishing industry, and the scientific
community that the SCI would ratify once and for all: listing in CC (and
subsequently among the SCI sources) could noticeably enhance the sym-
bolic power and financial status of a journal, whose editorial standards
should nonetheless meet ISI quality requirements for the inclusion to take
place. Scientists, on their part, started submitting their works preferably
to journals processed by the ISI.

A citation index had a far greater appeal for science administrators than
journals’ tables of contents, but it also entailed a stronger financial effort.
A series of pilot tests were performed during the late 1950s and early
1960s, including a citation index to the Old Testament and one to 5,000
chemical-pharmaceutical patents. All confirmed the feasibility and fruit-
fulness of the enterprise, but large-scale production required money and
the right amount of support from the cultural and political establishment.
The best chance came when the section of genetic studies of the National
Institutes of Health (NIH) was requested to account for the impact of its
own research projects. A citation index seemed tailored specifically to
such a purpose. Thus, having noticed Garfield’s 1955 article, Stanford
University geneticist and Nobel Prize winner Joshua Lederberg endorsed
the plan of building a citation index for the literature of genetics and
strongly advocated its potential benefits before the sensitive audience of a
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presidential advisory committee on scientific information (the Weinberg
Committee). Lederberg played a crucial role in assigning citation indexes
the status of politically desirable objects by promoting them as an ef-
fective remedy to the flood of scientific information that was thought to
submerge American scientists in the Cold War era. In so doing, he passed
the SCI off as a matter of practical and political necessity, an antidote to
the crisis that threatened the cultural identity of science itself.

In 1963, thanks to the NIH’s grant obtained through the mediation
of Lederberg, Garfield managed to publish the Genetics Citation Index,
quickly followed by the first volume of the SCI. The explosion of what
should originally have been a disciplinary tool into a multidisciplinary
index was quite inevitable if one thinks of how concretely science works.
Genetics, all the more at that time, was a rapidly evolving field, spurred
by the recent discovery of the double-helical structure of DNA, and with
firmly rooted interdisciplinary connections to mathematics, statistics, and
other domains of the physical and life sciences. Papers of genetic inter-
est, accordingly, were not concentrated in a limited number of special-
ized sources, but scattered throughout several specialized and general
journals. In trying to develop a set of rules for automatically extracting all
the genetics-related records from an initial, omni-comprehensive citation
index to a multidisciplinary set of journals, Garfield realized that the by-
product, the multidisciplinary index, was even better than the initial target
because, by avoiding artificial boundaries between research areas, it more
effectively coped with the practical issue of retrieving relevant docu-
ments across disciplinary barriers. Furthermore, the comprehensive index
disclosed new and promising areas of application, such as the mapping of
cognitive networks connecting papers and authors, and the assessment of
the impact of individual work on the scientific community, exactly what
science policymakers and people involved in science management at any
level were looking for.

Notwithstanding the initial support and the success of the advertising
campaign for the broad range of uses to which citation indexes could be
put, the funding governmental agencies didn’t accept Garfield’s proposal
to take on the publishing enterprise, nor did they give the ISI additional
money, so the work could continue only on a commercial basis. Starting
in 1964, the ISI SCI was regularly issued every three months, followed
in 1972 by the Social Sciences Citation Index (SSCI) and in 1978 by the
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Arts & Humanities Citation Index (A&HCI). Ever since, despite a basic
continuity in structure, ISI indexes have undergone a complete redefini-
tion of relationships and strategic alliances with the other nodes of the
scientific communication network, shifting away from the theoretical
background of information retrieval and entering definitively the toolbox
of scientometrics. In the new setting, they have become as essential to the
disciplinary survival of the host field as the telescope was to Galileo Gali-
lei’s early exploration of the moon or, to give a more appropriate idea of
its theory-ladeness, as the synchrocyclotron has been to the discovery of
new particles in contemporary nuclear physics. The similarity, of course,
involves also the drawback that the degree of validity and reliability of
the results obtained through the instrument (telescope, synchrocyclotron,
citation index) is strictly dependent on its conceptual and technical limita-
tions.

Garfield himself actively concurred in setting the scene for the mar-
riage between citation indexes and scientometrics through the systematic
exploration of the statistical regularities governing the citation patterns of
authors, papers, and journals in the annual SCI files. One important by-
product of these efforts is the Law of Concentration (discussed in section
4.3.2). A second, practical achievement is the huge amount of quantitative
and qualitative evidence in support of the thesis that high impact science,
namely science contained in highly cited papers or citation classics, is
good science. This is well exemplified as much by the annual citation
analyses of the Nobel prize winners’ work started in 1980, as by the 4,000
Citation Classic Commentaries published in Current Contents since 1977,
in which the authors themselves, while suggesting their own reasons for
the flattering citation score of a specific book or paper, also had the op-
portunity to broaden the picture with further details on their personal and
intellectual background. Most-cited author rankings were straightforward
in equating excellence with citation impact, to the point that even the
prediction of “Nobel class authors,” notably those highly cited scientists
who later went on to win the prize, appeared within the reach of citation
analysis. On the other hand, in focusing on the sparkling world of top
class scientists, those rankings supplied many superficial readers with a
distorted picture of the analytical power of citation analysis in the detec-
tion of scientific performance at lower levels of productivity and citation
impact. That’s why, in the years following, Garfield himself had to spend
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a lot of time repeating, over and over again, the refrain that “great care
must be taken when using citation data to evaluate the impact of the aver-
age individual. Those evaluations can be both revealing and reliable, but
only when performed properly—with expert interpretation, peer assess-
ment, and recognition of potential artifacts and limitation.”?®

In 1992, the ISl was acquired by Thomson Business Information, a
subsidiary of the Thomson Corporation, which ferried Garfield’s index
into cyberspace. The transfer enhanced its interdisciplinary structure and
its capability to integrate contents and analytical instruments of diverse
origins and purposes within a common framework steadily propped up
by the citation network. Hypertext technology eventually eliminated the
physical separation between citation and keyword search strategies, turn-
ing them into interchangeable options for retrieving bibliographic infor-
mation from a vast array of sources hosted on ISI Web of Knowledge, the
Web platform merging Garfield’s two creatures, the Web of Science (the
citation indexes) and Current Contents, with the scientometric evaluation
tools sponsored by 1SI-Thomson.

2.3. “SUBJECT-LESS” RESEARCH:
THE SCIENCE CITATION INDEX AS AN
INFORMATION RETRIEVAL TOOL

In the operative stage, indexing citations on a large scale required a basic,
cost-effective choice about disciplinary coverage and inclusion criteria, in
short, how many journals to index and how to select them. The selection
criteria were partly inspired (and justified) by Bradford’s Law of scat-
tering, specifically by Garfield’s reinterpretation of it. This fundamental
law of information science is discussed in section 4.3. For now, suffice it
to note its true practical significance: the core of really important scien-
tific literature, in whatever discipline, is published by a small number of
journals; hence, it would be useless, if not financially wasteful, to strive
for total inclusion. The problem was not so much in identifying the core
journals in a discipline—an operation that any specialist would be able
to perform quickly and better than anyone else—as in the definition of
qualitative and quantitative criteria for expanding the coverage beyond
the nucleus of “obviously” outstanding titles.
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The qualitative criteria were inspired by simple and well-established
rules: peer judgment; publishers’ reputation; editorial staff members’ geo-
graphic distribution; authors’ curricula; and adherence to some elementary
editorial standards, such as regularity and punctuality of issues, accuracy,
completeness and easy-to-process format of bibliographic references,
and inclusion of authors’ names and addresses for personal contacts. The
quantitative criteria, quite predictably, centered on the neonate citation
indexes, which Garfield and Irving Sher tailored to journal management
by introducing a new citation measure doomed to set off controversy and
misunderstandings: the impact factor (IF). The new index (further exam-
ined in chapter 6) counted citations accrued to a journal over a limited time
span (two years) and weighted the result, dividing it by the number of items
published during the same period.’® The short time window and the use
of a ratio instead of a total citation count were intended to normalize the
measure of impact for age and size, and allowed capturing, at least in part,
the journals’ current usefulness to the scientists. Significantly, the ranking
of journals by IF score pushed toward the top positions those primarily de-
voted to review articles, thus indirectly corroborating Garfield’s perception
of the importance of reviews in scientific communication and their elective
affinities with citation indexes. Though at the beginning, on the admission
of Garfield himself, the pressure and friendliness of a publisher could decid-
edly affect the selection of a title, once set in motion, the citation machine
became self-feeding and, thanks to the IF, could proceed automatically with
the inclusion of new, high-quality sources. “It is difficult,” he pointed out,
“to imagine an important journal escaping this citation net.”*’

In the original print version, whose basic structure has been substan-
tially preserved after the transition to electronic and online editions, the
SCI combined three different files: the Source Index, the Citation Index,
and the Permuterm Subject Index, later augmented by the KeyWords
Plus system. Separate files were also devoted to a Patent Citation Index
(for patents cited in source journals) and authors’ affiliations (Corporate
Index). The Source Index comprised the full bibliographic records of all
the articles issued by the core journals whose reference section had been
scanned for citation processing and indexing. The Citation Index listed
in alphabetical order, by name of the first author only, all the documents
cited in the source articles, and linked each one to the corresponding set
of citing articles.
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It is an obvious, though often overlooked, fact that, whereas the Source
Index’s content is limited both in format and chronological depth, because
it comprises only papers published in the core journals fulfilling ISI jour-
nal selection policies, the Citation Index is universal, because it doesn’t
discriminate among documents by format or publication date. That is to
say, it includes not only journal papers, but also technical reports, theses,
conference proceedings, and personal communications, and not only con-
temporary authors and scientists on the research front, but also Leonardo
da Vinci, Copernicus, and Galileo Galilei, if someone ever thought it right
to cite them. An annual cumulation of the SCI, therefore, makes retriev-
able a significant percentage of papers published in that year by the small
set of 1SI core journals (Source Index), along with a much larger percent-
age of documents published in previous years and connected to the former
via citation links (Citation Index).

The Permuterm Subject Index exploited all possible permutations of
title words from source articles so as to build a searchable list of natural
language keywords. In 1990, it was enhanced by a kind of algorithmic in-
dexing, which further exploited the idea of subject affinity between citing
and cited papers. The KeyWords Plus system, developed by Irving Sher
out of a series of previous experiments and insights, enriched the indexed
record of a paper with additional terms (words and phrases) appearing in
the titles of its cited references.®®

In the architecture of the SCI, keyword searches are, at best, a simple
starting point, a shortcut to the retrieval of a relevant, seminal document
useful to spark off the citation cycling routine. Once the seminal docu-
ment is identified, locating its record in the Citation Index grants immedi-
ate access to a list of articles citing it; then, by means of the Source Index,
the complete bibliographic records of the citing articles are retrieved and,
if one of them turns out especially relevant, either it or one of the entries
in its reference section can be reused as a fresh search entry in the Citation
Index. The relevance of the results clearly depends largely on the rele-
vance of the seminal document, but also on the citation practices prevalent
in the research field to which the cited document belongs, particularly on
the authors’ attitude to citing predominantly pertinent references in their
bibliographies.

Though unfamiliar and unconventional when compared to traditional
bibliographic tools, citation indexes make easier some search strategies
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that usually require a considerable amount of work in keyword or subject-
oriented retrieval systems:*°

1. Methodology searches. Often, scientific authors cite documents to
address specific methodological techniques that hardly come to the
surface of traditional subject indexes, whose primary focus is on the
main theme of a document.

2. Follow-up and “‘state-of-the-art”” searches. The citation thread is es-
pecially effective when one sets out to follow the transformation of a
concept or technique throughout the literature, provided the document
in which that concept or technique was described for the first time is
used as a starting point.

3. Multidisciplinary and interdisciplinary searches. When the subject is
scattered throughout several research areas, a conventional solution
would be resorting to distinct discipline-oriented indexes. In a citation
index, instead, the disciplinary pertinence has no value because the
thematic links emerge spontaneously, beyond conventional boundar-
ies, from the patterns of use of previous literature by authors actively
involved on the research front.

4. Searches by similarity. Familiar to users of current bibliographic data-
bases and Web search engines through functions like Related Articles
or Similar Pages, the search for documents conceptually related to a
given, starting document amounts, in a citation-based retrieval system,
to the search for documents sharing two or more references or docu-
ments co-cited in two or more bibliographies.

Garfield has repeatedly advocated the retrieval potential of citation
indexes on the score of their ability to restore cognitive links between
documents that elude conventional indexing languages. The main themes
of a publication, as expressed in formal subject headings, are undoubtedly
significant on a macro (book) or a micro (article) level of analysis, but on
a sub-micro or “molecular” level, where the scientist comes to grips with
the details of the interactions between lab results and past literature, there
are no main themes that can be easily translated into subject headings,
but rather specific ideas or events that are connected to other ideas or
events.? In a citation index, the rarely found ability of profane indexers to
recognize and bring to the surface of conventional subject headings such



The Empirical Foundations of Bibliometrics 43

molecular connections is replaced “by the far superior ability of the entire
scientific community to do the same thing.”%

Since the mid-1960s, the effectiveness of bibliographic citations as
clues to literature searches alternative or complementary to keywords
and subject headings appeared with a certain regularity on the research
agenda in the United States. Myer Kessler, at the Massachusetts Institute
of Technology (MIT), was among the first to supply empirical evidence to
the effect that bibliographic coupling, that is, the indirect link established
between papers sharing one or more bibliographic references, entails also
a close resemblance between the subject identifiers of the coupled papers.
On similar grounds, cutting edge researchers in the field of information
retrieval didn’t miss the opportunity to investigate the utility of citations
in information systems design: Gerard Salton and Michael Lesk experi-
mented, first at Harvard and then at Cornell University, with the potential
value added by citations to the SMART retrieval system; M. E. Stevens
and G. H. Urban at the National Bureau of Standards, implemented cita-
tion enriched indexing in their SADSACT (Self Assigned Descriptors
from Self and Cited Titles) automatic system; W. A. Gray and A. J. Har-
ley performed a seminal test on computer-aided indexing of MEDLARS
records sustained by citation relatedness; and Cyril Cleverdon, though ex-
tremely skeptical about the ability of bibliographic references to identify
the main themes of a paper, tested a slightly modified version of Kessler’s
technique in the evaluative framework of the Cranfield studies and found
that recall and precision for bibliographic coupling were comparable to
those of conventional subject indexing. All these experiments built on
the assumption that the descriptors or index terms assigned to the biblio-
graphic references cited by an author contain useful information on the
subject content of the author’s own paper, and hence on the index terms
that should be attached to it.?

In the 1980s, as online access to the SCI spread via several hosts, it
became increasingly easier to compare quickly and on a larger scale
the retrieval effectiveness of citation searches with that of conventional
subject or keyword searches. Some empirical studies explicitly oriented
toward the comparison of the two approaches, by Miranda L. Pao, Kath-
erine McCain, Carlos Vidal-Arabona, and William Shaw Jr., confirmed,
on the whole, Salton’s insight that the combined use of citations and key-
words increases the performance of an information retrieval system.= As
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a general rule, it turned out that, while citations tend to favor precision at
the expense of recall, with a large variability in output quality across dif-
ferent topics, if one performs the same query using alternatively keywords
and citations, the two search strategies yield quite different, seemingly
complementary results, with a minimal overlap between the two sets. The
quality of a citation search, in addition, is strictly dependent on the num-
ber, quality, and selection criteria of the seed documents used to trigger
the citation cycle. Having this in mind, information scientists have also
tried to develop indicators for predicting the retrieval performance of a
seed-document (for example, by its position in the source article), to in-
vestigate the optimal number of seed-documents, and to design automatic
systems for their identification on the basis of users’ information needs
expressed in natural language.®
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Chapter Three

The Philosophical Foundations
of Bibliometrics: Bernal, Merton,
Price, Garfield, and Small

After the launching of the SCI, which supplied most of the raw data for
the construction of citation-based bibliometric indicators, and the publica-
tion of Science Since Babylon (1961), Little Science, Big Science (1963),
and Networks of Scientific Papers (1965) by Derek Price, scientometrics
already had a sound empirical and conceptual toolkit available. Down the
path toward disciplinary maturity, it also established a deep kinship with
Merton’s seminal work in the sociology of science and Thomas Kuhn’s
The Structure of Scientific Revolutions (1962). Price and Garfield, in turn,
openly acknowledged the intellectual legacy of the Irish-born scientist
John Desmond Bernal in bringing forward the social, economic, and
organizational issues integral to the project of a quantitative science of
science. Blinded by the sparkling mathematical polish of current scien-
tometric research papers, an external, nonspecialist eye would probably
overlook the fact that the conceptual roots of the discipline run deep into
the insights of the above authors who, striking out in directions far beyond
the bare analysis of the methodological and linguistic aspects of scientific
discourse, projected the study of the structure and dynamics of research
activity on the background of the concrete social life of scientific commu-
nities. Their legacy lives on in every subsequent social theory that takes
communication as the nitty-gritty of science both on the informal and the
formal sides of its concrete manifestations. The scientometric offspring
focused resolutely on the latter and, to the extent that published scientific
literature and its internal bibliographic connections allowed the harvesting
and analysis of relatively unobtrusive sociometric data that lent them-
selves to empirically testable generalizations, scientometricians’ vocation
to infer aspects of the structure and dynamics of communication processes
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from quantitative patterns circumscribed to the formal expressions, came
up as a quite natural extension.!

3.1. THE “RED” INFORMATION SCIENCE OF
JOHN DESMOND BERNAL?

Bernal, professor of physics at the Birkbeck College of London since
1937, is a leading figure in the history of science in every possible sense:
as an actor, given his pioneering contributions to X-ray crystallography
and molecular biology, and as a director teaching historians of sciences
how to study and write about science in its social context. Bernal was a
Marxist in philosophy and a communist in politics, two equally important
attributes for grasping both his revolutionary approach to information
science and his blindness toward the nonsense propagandized by the
scientists of the Soviet regime. Being a Marxist, adhering to Engels’s
dialectical materialism, he believed that science is a social affair, car-
ried out by an international community of networked researchers, and
intimately connected to the whole range of human activities. The trust in
such a “connected whole” and the impatience with detail, while prevent-
ing him from shutting himself up in a laboratory to work at the resolution
of a Nobel prize—winning puzzle, influenced his resolution to devote time
and effort to the advancement of the material conditions for the achieve-
ment of the full cognitive, social, and political potential of science and
technology.

In contrast to orthodox Marxists, Bernal didn’t undertake to mechani-
cally reduce the existing corpus of scientific theories to dogmas rooted in
capitalist ideology. Instead, he considered science and scientific method
the chief promoter of social change and the foundation of all valuable
human knowledge, whether concerning nature or society. His The Social
Function of Science (1939), while showing traces of early Soviet inves-
tigations on the social aspects of scientific research carried out between
the end of the nineteenth and the beginning of the twentieth centuries,
triggered a knock-on effect of cross-fertilization between Eastern and
Western scientometric traditions. Derek Price’s “thermodynamics” of
science would be decisively influenced by Bernal’s objectification of sci-
ence products and his advocacy of the “need to apply science to the field
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of administration”;® Price’s work, in turn, would catalyze Dobrov’s and
Nalimov’s efforts toward the foundation of a sound analytic framework
for quantitative science studies; and the Russian commitment to such a
project would, again, reverberate in the research agenda of the United
States and Europe, leading eventually to a wider scholarly and political
legitimization of Western scientometrics.

Bernal’s 1939 book, in addition to gaining the reputation of being the
bible of the “red science” during the war and postwar periods, aroused
the interest of Western information scientists due to its visionary pre-
figuration of a new, revolutionary information system. Interestingly, the
author’s case for promoting this radical shift in the structure of scientific
communication was backed up by arguments partly similar to those em-
ployed a few years before by Samuel Bradford in introducing the law of
scattering—i.e., the inability of current bibliographic services to cope
with the mass of documentation produced daily by researchers—and
partly amenable to a deep understanding of the way science actually
works. Bernal, in fact, perfectly knew what practicing scientists tacitly
took for granted and later philosophers and sociologists would place at the
core of modern critical theories of science: namely, that not all, and hardly
even the greater part, of scientific communication is enclosed in published
papers. To a larger extent, indeed, “the transference of scientific ideas
from one set of scientific workers to another is effected by means of vis-
its, personal contacts, and letters.” Thus, even if the obstacles to effective
documentation were removed, laboratory life would have priority over
written reports, because “there would remain techniques which are impos-
sible to transmit without visual demonstration, and ideas too intangible to
be put into writing, yet capable of communication by personal contact.”
Journal papers, nonetheless, still formed the bulk of the official apparatus
of scientific communication, and a new organization was urgently needed
to bring their content as close as possible to live research activity.

The revolution had to take place in two nearly simultaneous steps: a
destruction offset by a reconstruction of something completely different.
In the first stage, publishers’ and scientific societies’ vested interest in
the massive publication of periodical literature would be destabilized,
there were too many journals, too many poor-quality papers replicating
in different journals, and too much money wasted in mirroring the (badly
indexed) collections of existing journals. After all, as many advocates



52 Chapter Three

of the open access movement would currently assert, “periodicals exist
for science and not science for periodicals.”® So, for the most part, the
existing scientific journals had to be abolished, replaced by the set of
all individual papers, or something quite similar to the individual papers
detached from journals. Once the journal oligopoly was razed to the
ground, the reconstructive effort should be directed toward the building
of a central clearinghouse or, alternatively, a network of decentralized
clearinghouses in close communication with one another, for the storing,
collection, organization, and selective dissemination of scientific infor-
mation. The scientific paper sent to the central publication office, upon
approval by an editorial board of referees, would be microfilmed, and a
sort of print-on-demand system set in action thereafter, the master film
to be preserved in the central archive and a certain number of copies sent
to libraries, for the purpose of storing, and to all the scientists that, in a
previously filled-in form, had declared their interest in the subject of the
paper. The abstracting system, fueled by the authors themselves, would
pursue a similar scheme, with a central set of abstract cards from which as
many thematic subsets could be easily obtained as necessary to satisfy the
needs of libraries and researchers. The dissemination of the new publica-
tion units should be managed by the central distribution service, which
Bernal prefigured on the pattern of the Scientific Information Institute
proposed in 1940 by Watson Davis for the American information system.®
The service would ensure the delivery, to each scientist, of the sole useful
information with the proper amount of detail: “All relevant information,”
he pointed out, “should be available to each research worker and in ampli-
tude proportional to its degree of relevance. Further, that not only should
the information be available, but also that it should be to a large extent
put at the disposal of the research worker without his having to take any
special steps to get hold of it.””

The scientific archive’s boundaries envisaged by Bernal stretched far
beyond the narrow domain of individual scientific papers, encompassing
four types of records with different structures and functions:

1. ephemeral notices of daily laboratory life, such as accounts of new
discoveries, techniques, meetings, and discussions;

2. handbooks and popular works on science, relating scientific progress
to common human needs and aspirations;
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3. “old-style” journals, serving the limited purpose of giving the latest
news from the world of research and discussing the social impact of
scientific discoveries; and

4. detailed, comprehensive reports and monographs documenting the
advancement of each singular field of science over time as well as the
interrelationships of various fields.

A key position in this blueprint was occupied by the reports or reviews,
which Bernal considered especially important for keeping up with scien-
tific advancement and helping administrators and technocrats map prog-
ress across different disciplines. The culture of literature reviews, which
exercised a great influence on Garfield’s conceptualization of citation
indexes, would ultimately find completion in the plan of a World Ency-
clopaedia pursuing, in the wake of Herbert G. Wells’s World Brain, the
old dream of “a comprehensive and continually revised presentation of the
whole of science in its social context.”®

It is obvious that Bernal’s destructive plan, the abolishment of scientific
periodicals, was never accomplished. He knew perfectly well that times
were not ripe, and perhaps would never be, for such an upset. Hence it
is not surprising that, despite a last-minute attempt at rewording the pro-
posal of a central information system so as to render it more palatable to
scientific societies, he withdrew the paper exposing the revolutionary plan
from consideration by the Royal Society Information Conference of 1948.
All the same, the idea of a central service for the selective dissemination
of current scientific information was destined to survive, though in a
weaker form. A couple of decades later, it was reinvented on a commer-
cial basis by Garfield, who devised an alerting and a reprint distribution
service centered on citation indexes to promote the selective dissemina-
tion of information and to “systematize a practice common among many
authors who send reprints to other scientists they have cited.”

In the early stages of the SCI, Bernal served on its editorial advisory
board. He also wrote a review of Garfield’s Index in which, though criti-
cizing the exclusion of many high-quality journals from the ISl source list,
praised its interdisciplinary design on the ground that all great discoveries
in science have deep interdisciplinary roots. Furthermore, he acknowl-
edged the SCI’s full potential for the history and sociology of science
insofar as “it should enable the poly-dimensional graph on the progress of
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science to be mapped out for the first time . . . a necessary stage in draw-
ing up or planning any strategy for scientific research as a whole.”°

3.2. CITATION AS SOCIAL REWARD:
ROBERT K. MERTON

As of 1942, while the intellectual independence of scientists was seriously
threatened by the nationalistic commitment to war, Merton, a professor
of sociology at Columbia University, divulged a small set of norms sup-
posedly placed at the core of the universal ethos of science, that is, the
complex of prescriptions, prohibitions, and values governing the preva-
lent (nondeviant) behavior of scientists at all times and everywhere.* The
norms were summarized under four headings: universalism, communism,
disinterestedness, and organized skepticism.

“Universalism” holds that every knowledge claim must be checked
against a set of preestablished, impersonal criteria; science, like myth and
religion, aims at universal knowledge, but its universality is supposed to
be “qualitatively” different from that of mythical tales and religious truths
because of the way (purportedly “rational”) it is attained. “Communism,”
antithetical to the secrecy typical of the pseudoscience of wizards and
alchemists, involves the view that scientific results are public goods as-
signed to the community, save for the scientist’s right to be individually
recognized and properly rewarded for the novelty of a contribution; sci-
ence is a cumulative and collaborative undertaking, so every privatistic
restriction on its final products exposes the community to the risk of
slowing down progress. “Disinterestedness” is the absence of economic or
personal motivations in the pursuit of knowledge. Properly speaking, the
norm is not for the sole use of scientists, since an artist, too, is supposed
to operate disinterestedly, but in the case of a scientist there is something
more than a psychological attitude: given the public and testable character
of science, disinterestedness is embedded in a set of institutional structures
that form a neutral, nearly police system of surveillance on the behavior of
individual researchers to minimize deviant phenomena, such as fraud, ir-
responsible claims (quackery), and abuse of expert authority. “Organized
skepticism,” finally, is the mandate to submit every statement or belief
to a methodological doubt so as to check its validity against logical and
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empirical evidence; logically inconsistent and empirically not verified nor
verifiable arguments are banished from the realm of science.

In Merton’s opinion, the immense success achieved by modern science
in the discovery of natural laws can be explained only if one admits that,
thanks to this normative structure, there exists an underlying homogene-
ity and continuity among the diverse levels of the research activity.

1. Scientific practice, what scientists actually do at the laboratory bench,
yields results in the form of new theories or techniques.

2. The results are communicated to the audience of qualified peers in the
form of written publications, for example journal papers. Scientists are
eager to publish to secure their priority in ideas and discoveries. Un-
like private economic interests, indeed, scientific interests are better
protected through resource sharing: the more a work of the intellect is
made freely available to others, the safer its symbolic property is from
larceny and fraud.

3. Published articles are read and assessed by the community of peers,
who recognize their value by citing them in their own works. The bib-
liographic citation, therefore, is the first, elementary building block of
the reward system, an “atom of peer recognition.”*?

4. The scientific establishment benefits researchers who publish the most
original results enhancing their social (and symbolic) status within the
community, for instance through academic chairs and qualifications.
Symbolic credit flows spontaneously from documents to authors, who
convert it into social prestige and institutional power.

Merton certainly didn’t claim that scientists mechanically follow the
above scheme in everyday work, nor that the immaculate aspect of journal
papers faithfully reflects the operations going on in research practice, with
its typical hesitations, deviations, and settlement strategies. Still, he main-
tained that scientists, on average, operate according to the prescriptions of
universalism, communism, disinterestedness, and organized skepticism. It
is not even necessary for them to believe in those prescriptions, the success
of the enterprise depending simply on their behaving as if they did. The
functional equilibrium thus reached by the science system informs the divi-
sion of labor peculiar to scientific communities, where power and resources
are concentrated in the hands of a comparatively small number of individu-
als. The norms guarantee that, unlike other social systems, stratification and
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scientific inequalities in science grow by the application of universal crite-
ria, so that the most significant contributors are also the best rewarded.

The system, unfortunately, is not foolproof, its robustness being under-
mined by the frequent emergence of particularistic strains. For example,
when, due to deliberate fraud, errors in judgment, or simply a limited
number of available credits, not all those who deserve proper recognition
receive it, some get ahead to others’ disadvantage. In an influential book
published in 1965, Warren Hagstrom put the spotlight on the social influ-
ences inducing conformity to or deviance from scientific norms and val-
ues. He pointed out that each time, in a specialty with a highly developed
formal organization and a strong consensus about the relative importance
of research problems, there exists a high number of people potentially
able to solve them, the competition for recognition constitutes a major
force of deviant behavior.*®

One important symptom of illness occurs also when, regardless of their
levels of performance and the actual value of their contributions, scientists
already rewarded for their achievements get a higher chance of being
rewarded once again, so that they become part of an elite group enjoying
preferential access to scientific resources and facilities. Merton called this
success-breeds-success phenomenon by which the rich get richer while the
poor get comparatively poorer the “Matthew Effect,” after a well-known
verse in the Gospel according to Matthew (Matthew 25:29, King James
Version).* From the standpoint of citation practices, the Matthew Effect
entails the propensity of authors to prefer to cite works by awe-inspiring
colleagues in the field, neglecting other less visible ones who may be just
as (or even more) pertinent. Merton’s favorite disciple, Harriet Zuckerman,
documented the concrete operation of the Matthew Effect in the social mi-
lieu of elite scientists, specifically the recipients of the Nobel Prize, whose
post-prize prestige boost didn’t seem adequately justified by sustained
excellence in research performance.’ Similarly, having investigated in
empirical fashion the occurrence of deviant behaviors among academic
scientists, Jonathan Cole and Stephen Cole concluded that “science does to
a great extent approximate its ideal of universalism,” but in almost all cases
where it departs from the ideal the Matthew Effect is at work: “People
who have done well at time 1 have a better chance of doing well at time 2,
independently of their objective role-performance; the initially successful
are given advantage in subsequent competition for rewards.”
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In bibliometricians’ hands, the Matthew Effect lost its negative social
connotations and, prior to any involvement with the nuts and bolts of
mathematical modeling and performance evaluation, sneaked into the
very heart of the theory building (and justifying) process. Mathematically
oriented informetricians (as chapter 4 illustrates in greater detail), set out
to translate into the language of probability theory its formal resemblance
to the mechanism responsible for the highly skewed distributions ubiqui-
tous in information science. On the evaluative side, instead, Manfred Bo-
nitz engaged in the setting up of a skewed “Matthew world” wherein the
competition between countries for scientific leadership and their degree of
success in promoting scientific talents becomes a measurable property of
the global science communication system; here, thanks to one of the many
offshoots of Garfield’s journal impact factor, the average citation rate for
a set of articles issued by a scientific journal acts as a standard, an ideal
“expected” citation impact, against which the positive or negative devia-
tion of each country’s observed citation impact—the share of “Matthew
citations” referred to the same journal—can be gauged.*’

Merton, who celebrated the potential of citation indexes as a new and
long-awaited tool of sociological analysis, played a constant role as men-
tor and advisor in the perfection of Garfield’s creature, though he never
personally worked in the field of citation theory and analysis. He also
underlined the rudimental character of citation-based scientometric indi-
cators and insisted on possible phenomena causing the loss of significant
data in citation analysis, first of all the “obliteration by incorporation,”
namely the emergence of key documents so important for a research
field that they end up embedded into the corpus of currently accepted
knowledge, being no longer cited in references. “To the extent that such
obliteration does occur,” he wrote, “explicit citations may not adequately
reflect the lineage of scientific work. As intellectual influence becomes
deeper, it becomes less readily visible.”8

Merton’s norms appeared to many later sociologists too generic to
capture the complexity of scientific practice. Yet bibliometricians took
them tacitly as an intellectual frame of reference for the understanding of
citation behaviors, which could be construed, accordingly, as rational and
therefore predictable to the extent that they were amenable to a profes-
sional ethic imposing, among other things, the recognition of individual
credits within the collective undertaking of science.
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3.3. CITATION AS CONCEPT SYMBOL:
EUGENE GARFIELD AND HENRY SMALL

It is commonplace, above all among detractors of citation analysis, to say
that there are plenty of reasons to cite, so many that it would be at least
ingenuous to think of citation as an absolute index of intellectual com-
mitment; so diverse that a Mertonian normative theory of citing seems
to catch only a small part, if any, of the scientific authors’ citation styles.
What detractors often forget, however, is that the citer’s motivation to
summon up a particular document in a reference is just one side of the
coin, the other being the cited document itself, its conceptual content liv-
ing somewhere “outside,” independently of its creator and, even more so,
of its future or potential citers’ reasons to cite. Whatever the individual
motives for that content being called into play by one or more citers over
time, and whatever the specific informational unit addressed each time, in
fact, its symbolic representation in the form of a bibliographic reference
is inevitably set into motion by the act of citing, thus becoming an active
node of a citation network that unfolds parallel to (and interacts with) the
discursive shaping of scientific arguments by individual authors. Once
caught in the network, the multiplicity of meanings that can be assigned
to the cited document in the citing papers is somewhat constrained by the
finite set of meanings conventionally attached to it by the members of a
specialized scientific community steeped in a specific intellectual (and
linguistic) tradition at a particular stage of its history.

Garfield’s 1955 article “Citation Indexes for Science” was a turning
point in the way information scientists conceptualized the role of biblio-
graphic citations in the knowledge production process. It pivoted on the
idea that citations are the building blocks of a language that reflects, better
than conventional subject headings, the deep structure of scientific com-
munication, where past literature (and terminology) is in a constant state
of reinterpretation according to transformational rules dictated by disci-
plinary practices. Bibliographic citations, unlike fixed subject headings,
label cited documents from as many viewpoints as exist in the community
of the potential citers. Hence, they perform a subject categorization of past
literature that Garfield considered, on the whole, more precise and flex-
ible than conventional subject indexing insofar as it uses an unequivocal
document pointer to address the scientists’ (and not the indexers’) units
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of thought. But for a document, being summoned up by a scientist at the
latest stage of a research documentation process—the disclosure of the
findings to the community of peers—is far more significant than merely
being indexed by a professional indexer, because it means being invoked
as an active part of the research process behind the results being commu-
nicated. So, systematically reestablishing these connections for hundreds
of documents is a clue to the intellectual background of a piece of research
and, to the extent that citations are the operation of traceable authors be-
longing to traceable institutions and collaboration networks, it is also a
clue to its social background. Taken collectively, in fact, citations connect
cited and citing authors in sociocognitive networks open to historical and
evaluative judgment, thereby making citation indexes useful “when one is
trying to evaluate the significance of a particular work and its impact on
the literature and thinking of the period.”®

In the 1970s Henry Small, a member of the research team at ISI, further
developed Garfield’s insights into the ability of citations to mimic the
transfer and uptake of ideas typical of more codified forms of language.
He advocated the basic cognitive function of bibliographic citations on the
ground that, apart from individual reasons to cite, each reference incorpo-
rates an idea or concept accounting for the citer’s resolution to invoke it in
a specific context. The idea may or may not coincide with that of the citer,
but, to the extent that it does, as is often the case in scientific papers, the
reference itself can be regarded as a simple and relatively stable symbol
of that idea, a concept symbol.?

Small borrowed the theory of the concept symbol from the British an-
thropologist Edmund Leach, who, in Culture and Communication (1976),
applied structuralist analysis to social anthropology, starting from an as-
sumption currently taken for granted: culture, like language itself, is a sys-
tem of signs to be decoded, and each cultural phenomenon is, more or less
consciously, a communicative process. In the wake of Noam Chomsky,
Leach held that even the material aspects of human life could be analyzed
for the purpose of unveiling their deep grammatical structure:

All the various non-verbal dimensions of culture, such as styles in cloth-
ing, village lay-out, architecture, furniture, food, cooking, music, physical
gestures, postural attitudes and so on are organised in patterned sets so as
to incorporate coded information in a manner analogous to the sounds and
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words and sentences of a natural language . . . . It is just as meaningful to
talk about the grammatical rules which govern the wearing of clothes as it is
to talk about the grammatical rules which govern speech utterances.?

Simplifying the terminology inherited from the semiotic tradition, Leach
drew a fundamental distinction in human expressive actions between
“signs” and “symbols.” In a “sign,” the object or index that works as
a sign of a certain entity is contiguous with what is meant (metonymic
relation): the crown is a “sign” of sovereignty in the context of European
political traditions; the sequence of letters “a-p-p-l-e” is a “sign” for a
particular fruit in the context of English-language conventional usage. In
a “symbol,” instead, there is no contiguity between the object-index and
what it stands for, because they belong to different cultural contexts and
the relationship between them is arbitrary (metaphoric): the crown used
as a trademark of a brewery is a “symbol,” not a “sign” of beer; the ser-
pent in the Garden of Eden is a “symbol,” not a “sign” of evil. There is,
however, a substantial gap between private, occasional “symbols,” such
as those occurring in dreams or poetic images, which do not convey any
public information as long as they are not enhanced by a comment, and
standardized “symbols,” which convey information in the public domain
and tend to communicate quite stable meanings.

Small transposed the above scheme in the bibliographic space, thus
further strengthening the kinship of the citation culture with the struc-
turalist tradition of linguistic studies already established by Garfield at
an early stage. A bibliographic reference is a “sign” and a “symbol” at
the same time. It is a “sign,” made up of the usual sequence author-
journal-volume—page-year, pointing to a physical object, the cited docu-
ment, with which it shares some formal features (metonymic relation). It
is a “symbol” of the concept or concepts articulated by the cited document
(metaphoric relation), in the sense that it invokes the cited document in
connection with a specific point of the text, thereby labeling it with the
concept it is supposed to represent in that particular context. Concepts
are not necessarily abstract entities, but include “experimental findings,
methodologies, types of data, metaphysical notions, theoretical statements
or equations.”?? Nor are they fixed entities; it might be the case, indeed,
that the citing paper does not confer to the cited document the same mean-
ing intended by the latter’s author, since “prior literature is necessarily
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in a constant state of reinterpretation, adapting to changes in knowledge
within the field.”? There exists, in science as well as in literature, a certain
degree of autonomy of the intellectual product when it enters the com-
munications circuit, but to Small and the entire bibliometric tradition, the
most common case remains that of normative consensus, at least as far as
science products are concerned. In some circumstances, moreover, scien-
tists so strongly agree on the cognitive structure of previous literature that
they persistently cite the same documents to address the same concept.
Thus, while some references are private “symbols” that the author uses
to communicate his or her own ideas, “other citations are to documents
whose significant content may be shared by a community or group of sci-
entists, and such documents are likely to be frequently cited: in Leach’s
terminology they are ‘standard symbols’.”?* The “standard symbols” are
clearly “the product of a dialogue and selection process on the part of
many individuals over a period of time,” and it can be hypothesized that
each scientist “carries with him a repertoire of such collective concepts
and their corresponding document-symbols.”#

If the foregoing premises are accepted and the concept/citation equiva-
lence is assumed to be valid for a comparatively large number of cited
documents, then the SCI can rightly be considered an index of scientific
concepts tantamount to a disciplinary thesaurus. Consequently, it can
be trusted as both a retrieval tool for thematic literature searches and a
source of sensitive data on the cognitive impact exercised by documents
and authors in terms of citation scores. Besides, as explicitly advocated by
Garfield,? an interdisciplinary citation index could afford an even greater
philosophical ambition. The equivalence between citations and concepts,
in fact, paved the way for a hypothetical bibliographic unification of the
entire body of scientific literature, a shortcut to the project that, since the
late 1920s, had engaged the logical empiricists of the Vienna Circle in
the construction of a unified language of science. In its initial, rough for-
mulation, later revised after Karl Popper’s criticisms, the rationale behind
the project was that scientific concepts from various disciplines could be
reduced, by means of definitions or reduction sentences, to the primitive,
strictly observational terms of the language of physics. Such an assumption
evolved, toward the end of the 1930s, in the outline of the International
Encyclopaedia of Unified Science, whose first volume appeared in Chi-
cago, under the editorial direction of Otto Neurath, in 1938. Garfield was
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well acquainted with the Vienna Circle’s philosophy, although his interest
in the construction of an interdisciplinary, unified index was chiefly driven
by its immediate practical value as a documentation tool. Bibliographic
citations, actually, had a looser structure and far less conceptual stability
than the primitive concepts expressed in a physicalistic language, but, as
long as their symbolic power was relied on, they seemed to fit a similar
purpose quite well, forming, in Garfield’s own terms, the building blocks
of “a plan for accomplishing what Neurath calls ‘an encyclopedic integra-
tion of scientific statements,” what | call a ‘Unified Index to Science’.”?

3.4. WEAVING THE NETWORK OF SCIENCE:
DEREK JOHN DE SOLLA PRICE

Why should we not turn the tools of science on science itself? Why not
measure and generalize, make hypotheses, and derive conclusions? . . . My
approach will be to deal statistically, in a not very mathematical fashion,
with general problems of the shape and size of science and the ground rules
governing growth and behavior of science-in-the-large . . . The method to be
used is similar to that of thermodynamics, in which is discussed the behav-
ior of a gas under various conditions of temperature and pressure.?

The declaration of intent set forth by Derek Price in the preface of Little
Science, Big Science was a clear statement of scientometrics’ research
program for the generations to come. His subsequent work in the field
may be considered the technical fulfillment of Bernal’s legacy, as it led,
within a few years, to the delineation of a paradigm for science studies,
in the very sense that he not only demarcated the boundaries of the new
discipline and the necessary conditions for its existence, but also showed
concretely how its puzzles could be solved thereafter.

Price, professor at Yale University since 1959, was a British histo-
rian of science and technology with an extensive physico-mathematical
background. His ideas on the nature and evolution of science rest on two
fundamental premises, eventually converging toward a “bibliometric re-
ductionism” that marks the entire tradition of scientometrics. First, science
is inherently different from other areas of scholarship by virtue of the ob-
jective criteria it adopts in the observation and manipulation of empirical
data. That’s why “there is in the field of science a cumulative accretion of
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contributions that resembles a pile of bricks . . . to remain in perpetuity as
an intellectual edifice built by skill and artifice, resting on primitive founda-
tions.”?® Second, even though, during the stage of discovery, unsystematic
laboratory life as well as social, psychological, and philosophical factors
cooperate actively in the shaping of new ideas and techniques, eventually,
when the game is up, science amounts to published scientific literature. A
scientist, therefore, is not recognized by having received a certain educa-
tion, or working in a would-be scientific institution, but simply by the fact
that, at least once in life, he or she has produced a scientific publication read
and approved by the community of peers. Coherently with such premises,
the counting, classification, and representation of research publications in
the form of temporal series provides a reliable indicator of science evolu-
tion, whereas the analysis and comparison of temporal series discloses the
guantitative laws governing the growth of knowledge. Historians, then, who
up to that point had limited themselves to investigating either the internal,
qualitative aspects of research activity, or its social, economic, and political
contexts, were now in the position to manipulate historical records, mainly
journal papers and the network of citations between them, by the same
methods of inquiry usually applied to physical phenomena, in such a way
as to disclose the hidden patterns of their behavior.

From the counting and classification of a huge amount of data related
to the history of science, including the papers collected in the Philosophi-
cal Transactions of the Royal Society of London and the references listed
in the 1961 edition of Garfield’s index, Price came to what he considered
the “fundamental law of any analysis of science”: whatever numerical
indicator of the various sectors and aspects of modern science, from the
mid-seventeenth century onward, is taken into consideration—whether
the number of scientific journals, articles, abstracts, or the number of
universities, scientists, or engineers—its normal growth rate is exponen-
tial, that is, it multiplies, in equal periods of time, by a constant factor.
Of course, Price knew that the size of science doesn’t grow exponentially
throughout its escalation and doesn’t exhibit the same rhythm in all disci-
plines. Furthermore, as befits many natural and social phenomena, it is not
and cannot reasonably be infinite: at a certain moment, a saturation point
is reached when the growth process levels off and the exponential trend
turns into a logistical (S-shaped) one. In the saturated state of science,
which Price predicted for the second half of the twentieth century, things
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would look very different from earlier stages because the superabundance
of literature and the increasing specialization, coupled with manpower
shortages and a diminishing number of talented scientists, would impose
politically enlightened choices about objectives and priorities in the de-
ployment of scientific efforts.

Turning from temporal series to the cross-sectional distribution of
authors and papers at any given time, Price recognized that the universe
of scientific communication is dominated by skewed distributions and
followed Galton’s elitist philosophy in assuming that there exist only a
limited number of people with the talent necessary to become a scientist.
He also sought to give a more precise estimation of such skewness through
a square-root law of productivity, a sort of modified version of Lotka’s
Law (discussed in chapter 4). In a simplified fashion, Price’s Square-Root
Law asserts that about half of all the papers produced by a population of
scientists come from a subset of highly productive sources approximately
equal to the square root of the total number of authors.*® This amounted to
saying that, more or less, “the number of scientists doubles every ten years,
but the number of noteworthy scientists only every twenty years.”! Hence,
if scientific literature grows exponentially, one is forced to conclude that
noteworthy scientists are also the most productive. In other words, the ad-
vance of science does not depend linearly on the sheer number of research-
ers recruited at any given period, but on the number, which grows much
more slowly than the former, of “good,” very productive scientists.

Obviously there is a snag in the above argument, for one cannot simply
infer quality (good scientists) from quantity (productive scientists). Price,
in fact, admitted that quantity doesn’t necessarily amount to quality at
the individual level. Publishing in the Physical Review is not the same as
publishing in the Annual Broadsheet of the Society of Leather Tanners of
Bucharest. Even more convincingly, “Who dares to balance one paper of
Einstein on relativity against even a hundred papers by John Doe, Ph.D.,
on the elastic constant of the various timbers (one to a paper) of the forest
of Lower Basutoland?”*?> All the same, appealing to biographical compila-
tions, such as James McKeen Cattell’s American Men of Science, and to
Wayne Dennis’s study on the productivity rates of scientists listed in the
National Academy of Sciences Biographical Memoirs (1943-1952), he
made the point that highly productive scientists are also, on average, those
who prevailingly show up as starred entries in dictionaries, being com-
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paratively much more honored and rewarded than their lazier colleagues.
So, despite flagrant violations, “on the whole there is, whether we like it
or not, a reasonably good correlation between the eminence of a scientist
and his productivity of papers.”® Such correlation is one of the several
empirical manifestations of the success-breeds-success principle, already
described by Merton as the Matthew Effect, by which some sort of capital,
whether material or symbolic, tends to flow and concentrate in the hands
of a few who already hold a portion of it. As sections 4.1 and 4.7 show,
Price managed also to demonstrate, with the help of Herbert Simon’s
mathematics, that this structural skewness in the formal communication
system of science can be modeled by a suitable probability distribution
(“Cumulative Advantage Distribution™).

Beyond the number of published papers, a qualitative insight into
the concrete operation of the cumulative advantage process came from
citation and library usage data. Donald Urquhart’s 1956 analysis of the
Science Museum interlibrary loan records on one side and the citation
patterns hidden in Garfield’s newborn SCI on the other side, revealed that
the distribution of requested articles among journals stored in a library and
the distribution of citations among papers exhibit a similar hyperbolic pat-
tern: a few papers and journals attract the bulk of citations and library user
requests, opposed to much higher percentage of uncited and unrequested
materials. In what would be subsequently recognized as one of the earli-
est examples of scale-free networks with power-low degree distribution,
Price estimated that, in any given year, about 35 percent of all the existing
papers are not cited at all, another 49 percent are cited only once, 9 per-
cent twice, 3 percent three times, 2 percent four times, and only 1 percent
six times or more, thus leading to conjecture that the number of papers
cited n times decreases, for large n, as n?® or n3?.

On top of all this, the story written between the lines of the 1961 edition
of the SCI turned out even more instructive than that of a land ruled by
true undemocracy. The statistical distribution of citations manifested, in-
deed, two important underlying regularities, which Price also exemplified,
resorting to a citation matrix filled with data from the reference network
of a self-contained spurious specialty, the N-Rays research field.

1. Half the references pointed to a loose and somewhat randomly defined
portion (about half) of all the papers published in previous years, whereas
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the other half referred to a smaller, tightly defined subset of earlier litera-
ture. “We may look upon this small part,” commented Price, “as a sort of
growing tip or epidermal layer, an active research front.”3

2. The most cited papers were also more recent than the rest, whereas the
chance of being cited for any one paper decreased exponentially by a
constant factor (about two) in equal periods of time (about 13.5 years);
this suggested, as a rough guess, that “about half the bibliographic
references in papers represent tight links with rather recent papers, the
other half representing a uniform and less tight linkage to all that has
been published before.”*

In Price’s view the “immediacy factor,” the marked propensity to overcite
recent papers at the expense of older ones, in addition to demarcating sci-
ence from other scholarly activities (i.e., the social sciences and the humani-
ties), accounts for its cumulative and progressive character, and vouches for
the existence of an active research front. In 1970, he propounded a simple
diagnostic tool to detect the differing levels of immediacy characteristic
of the structurally diverse modes of knowledge production occurring in
the hard sciences, the soft sciences, technology, and the nonsciences: the
“Price’s index,” i.e., the percentage of references to documents not older
than five years at the time of publication of the citing sources.®

An early statistical analysis of the references appended to papers in the
1963-1965 volumes of the Monthly Notices of the Royal Astronomical So-
ciety carried out by Jack Meadows in the mid-1960s showed the concrete
operation of the immediacy factor in astronomical literature. The author
measured its effect by introducing an “immediacy index,” defined as “the
total number of citations to literature of the last six years divided by the
total number of citations to literature more than twenty years old,”" and
noticed its variability according to the subject area. Later experiments by
Belver Griffith on physics journals and by Stépane Baldi and Lowell Har-
gens on the reference networks of special relativity and two social science
subspecialties (spatial diffusion modeling and role algebra analysis) shed
further light on the bibliographic dependence of the research front on past
literature. Griffith conjectured that the immediacy effect might have been
invented by the science communication system around the 1920s. Baldi
and Hargens found, in the social science specialties, a pattern close to the
one Price would probably ascribe to the humanities, so they hypothesized
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he could have underestimated the structural variability of reference net-
works across scientific domains. They also replicated the N-rays analysis
and discovered that, had Price taken into account self-citations, the effect
of overcitation to recent papers would have almost faded out.*® The new
technique of co-citation analysis whereby, after Small and Griffith, many
authors were seeking either to clarify the specialty structure of science or
to track down the contours of such a puzzling entity as Kuhn’s paradigms
(see chapter 5), revealed one further remarkable property of immediacy,
namely its tendency to increase during the periods of intellectual focus
usually coupled with scientific revolutions.*®

As to the research front, Price conjectured it might correspond, by and
large, to the work of a few hundred very productive, heavily cited scien-
tists, and the content of a few thousand core journals. Within each field,
the research front advancement is driven by an informal communication
network of scholars forming a highly interactive, tight group of produc-
tive scientists who, beyond national and institutional boundaries, col-
laborate via face-to-face communication and preprint exchange to define
problems, techniques, and solutions. Price labeled these informal clusters
comprising “everybody who is really somebody in a field” “invisible col-
leges,” after Robert Boyle’s epithet for the pioneers of the Royal Society
of London, and claimed that they served essentially a twofold purpose:
bypassing the communication difficulties brought about by the explosion
of scientific literature and bestowing on each member the share of credit
derived from the esteem and recognition of his or her topmost peers.

Price’s construct of the invisible college is rather ambiguous. In a
footnote to Science Since Babylon, in fact, he cast a shadow over the
desirability and even the historical necessity of these informal clusters
of elite scientists, which he characterized as exclusive “power groups.”*
Moreover, having had the opportunity, in collaboration with Donald DeB.
Beaver, to dissect the information flows in a tightly controlled group of
people presumably constituting a single cluster in the field of “Oxidative
Phosphorylation and Terminal Electron Transport,” he realized that the
large majority of interconnected authors contribute only minimally to the
field, usually by virtue of a floating collaboration with highly productive
scientists, and that separate and relatively unconnected groups seem to
exist in what would otherwise appear to be a single invisible college.*
This conclusion, taken very seriously by all subsequent advocates of the
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research group as the basic unit of any scientometric assessment, handed
over to posterity the challenge of determining how concretely the fine
structure of an invisible college could be spotted across the vast territory
of science. Starting with Diana Crane’s Invisible Colleges in 1972,% the
contributions of authors who took up the challenge increased at such a
pace that an annotated bibliography explicitly devoted to the subject ap-
peared as early as 1983.#* Paradoxically, while the initial emphasis was
on informal communication patterns and social relations among scientists
supposedly belonging to the same clique, subsequent authors dwelled pri-
marily on the formal communication behavior embodied in the network
of scientific publications and relied heavily on bibliometric techniques for
testing hypotheses referred to the informal substratum.* Later sociolo-
gists would blame this choice as inadequate for the comprehension of the
social processes and information flows that properly govern an invisible
college, and would opt instead for methodologies and observation tech-
niques typical of the ethnographic style of investigation. Yet the idea that
the communicative structure of science could be made visible with the
help of citation analysis inspired, in the years to come, the most fruitful
research lines in the area of bibliometric mapping.

Price himself envisioned the drawing of a comprehensive bibliometric
map of science as a politically desirable and technically feasible objective.
He felt that, if properly manipulated, citation matrixes could favor the
automatic identification of “classic” and “superclassic” papers in every
research field, whereby the stratified structure of the citation network
could be dug out. This, in turn, would be the first, elementary step toward
the completion of a detailed topographic map of all research fields, a sort
of “war map” eligible for science administration purposes. “With such a
topography established—he contended—one could perhaps indicate the
overlap and relative importance of journals and, indeed, of countries, au-
thors, or individual papers by the place they occupied within the map.”*
As discussed in chapter 5, a large-scale mapping project of this type was
undertaken during the 1970s by Henry Small and Belver Griffith.
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Chapter Four

The Mathematical Foundations
of Bibliometrics

Classifying and counting scientists, books, papers, and citations, as early
statistical bibliographers set out to do, remained a fairly extemporary
activity as long as data continued to be examined outside a mathematical
framework that would let them disclose meaningful patterns in the docu-
mentation process. The turning point, or at least the prologue to a turn-
ing point, occurred between the 1920s and the 1930s, when three basic
bibliometric studies were published: Lotka’s work on the distribution of
scientific papers among authors; Bradford’s contribution on the scattering
of papers on a given subject in scientific journals; and Zipf’s work on the
distribution of words in a text.! The mathematical regularities unveiled by
these studies and the profusion of technical adjustments, reformulations,
and syntheses of the original formulations they triggered, however, should
not be regarded as mathematical foundations of bibliometrics in a sense
comparable to the way Newton’s laws of motion and gravitation are the
foundation of classical mechanics. Whereas the latter allow computing
and predicting, with the highest degree of accuracy, the motion of every
terrestrial and celestial object, whether it be a falling apple or a spacecraft
sent to a distant planet, the “laws” of bibliometrics enable the analyst to
make sense of the overall structure of several existing datasets but do not
support exact predictions about the output of specific communication pro-
cesses, such as the number of articles an author will actually write before
retiring, the number of journals that will publish papers on a given subject,
or the number of citations that will accrue to a paper or a scientist’s oeuvre
over a certain time span. As discussed below, a more realistic dimension
of bibliometric laws is to be placed in the world of probabilistic reasoning,
where a phrase such as “the given dataset is adequately described by the
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function f” simply means that the observed distribution of empirical val-
ues and a given theoretical distribution of exact values seem to match to a
plausible degree upon the completion of a suitable statistical test. But even
when bibliometric distributions are interpreted in a probabilistic fashion,
and an attempt is made to work out a stochastic model with predictive
potentials, real predictions in the sense of forecasting probabilities are
impossible. The reason is simple: given the necessity to reach a compro-
mise between reality and mathematical simplicity, parameter estimations
are based on limited observation windows, while the quantity and quality
of the assumptions required for the model to work properly preclude any
straightforward test of its validity on datasets produced under differ-
ent conditions. Yet classic bibliometric distributions, their subsequent
axiomatization, and probabilistic generalization play a pivotal role in the
foundation of quantitative science studies because they provide a general
framework in which the discouraging individuality of documentation
processes is reduced to manageable sets of mathematical functions use-
ful to 1) replace inexact empirical formulations with exact mathematical
concepts so as to enhance the mutual transparency and comparability of
competing models (just a first humble step toward a yet-to-be-developed
“grand bibliometric theory”); 2) specify the conditions of applicability of
standard statistical tools to the analysis of specific datasets, thereby help-
ing estimate random errors in the measurement of information flows; and
3) connect the mathematical structure of bibliometric processes with that
of extra-bibliometric phenomena, such as the patterns emerging in the
study of economically and biologically complex systems, so as to help
clarify problems having common characteristics and promote the devel-
opment of common methodologies for their resolution.

4.1. THE MATHEMATICS OF SKEWNESS:
A FEW “QUALITATIVE” INSIGHTS

Lotka, Bradford, and Zipf used simple mathematical statements and
graphical devices to express the empirical relation between sources and
the items they produce in three areas: authors producing papers, journals
producing papers on a given subject, and texts producing words with a
given frequency. Their common denominator is a striking inequality in the
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pattern of the information processes under observation: a few authors turn
out to be responsible for the largest portion of scientific literature in a given
research field; a few scientific journals seem to concentrate the literature
required to satisfy their needs; and a relatively small number of recurrent
word units govern their (and not only their) linguistic habits. In more ab-
stract, albeit crude terms, what those regularities assert is that, unlike most
natural phenomena, as far as the information processes discussed above
are concerned, no average productivity value is more likely than any other
to have the remaining values neatly distributed around it, but many low-
productive sources tend to coexist with few highly productive ones, so the
overall source-item frequency distribution is markedly skewed, conform-
ing to a hyperbolic pattern conveniently described by a power law.
Lotka’s, Bradford’s, and Zipf’s statements are usually referred to as
“bibliometric laws,” somewhat of a misnomer if intended to mimic the
universal validity and explanatory power of natural laws in the physi-
cal sciences. It is a fairly acceptable label if circumscribed, in Maurice
Kendall’s terms, to “a pattern of a human aggregate which is observable,
reproducible and, as a rule, quantifiable; perhaps only descriptive in char-
acter, perhaps explainable in terms of a model, but in any case related to
observation.”? An occasional source of confusion has derived from these
“laws” being formalized as either a size-frequency or a rank-frequency
function. In the former case, the relation is directly established between
the number of sources and the number of items they produce. By way
of illustration, given a list of authors with the corresponding number of
authored publications, the number f(n) of authors who have produced
exactly n publications can be tabulated forn =1, 2, . . ., n, thus form-
ing a size-frequency distribution of productivity. In the latter case, first
sources are ranked in decreasing order of productivity, then the relation
is established between the rank and the number of items produced by the
source at that rank. If the authors of the previous example are ranked ac-
cording to the numbers of publications they have written, and if r =1, 2,
..., h, are the ranks of, respectively, the first most productive, the second
most productive, through the nth most productive author, then the number
g(r) of publications issued by the author with rank r can be tabulated for
increasing values of r, thus forming a rank-frequency distribution. Often
cumulative distributions are used in both situations; this means that we
are interested either in the number of authors having published at least n
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contributions (size-frequency) or in the number of articles published by
the r most productive authors (rank-frequency). Under specific assump-
tions, the size- and rank-frequency formulations may be proved to be fully
equivalent, both leading to a similar highly skewed pattern in the distribu-
tion of items among sources: a few sources are expected to be responsible
for the production of a large percentage of the items and to coexist with a
much higher number of low-productive sources.

In a typical bibliometric dataset, if productivity data of sources are
plotted on a linear scale, with the number of items n on the x axis and
the number of sources producing n items on the y axis, and if one seeks
to work out a function that closely fits the distribution of data points as
obtained by sampling, then the basic graph structure yields a hyperbolic
or J-reverse or power law function, with an unduly long tail of scattered
values falling toward regions of high concentration (see figure 4.1).

If logarithmic scales are used for both x and y axes, then the basic graph
structure for the same dataset is a straight line with negative slope (see
figure 4.2).
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Figure 4.1. Basic hyperbolic size-frequency distribution
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Figure 4.2. Basic hyperbolic size-frequency distribution plotted on a double logarith-
mic scale

It should be borne in mind that, even though these oversimplified
graphical patterns are recurrent, if not ubiquitous, in bibliometric litera-
ture, in Bradford’s/Lotka’s/Zipf’s original formulations they were meant
to describe not the whole range of the distribution but only the behavior
of the most productive sources, which, in statistical jargon, is usually re-
ferred to as the “tail” of the frequency distribution. The reader should also
be aware that drawing a curve through data points referred to empirical
measurements and seeking for its analytical expression is by itself a com-
plex operation, which supersedes actual experience by mathematical func-
tion but still belongs to the world of the “more or less” if it is performed
by sight or with the help of simple graphical procedures. As such, it is a
questionable operation leaving considerable margins of uncertainty about
the validity of the final outcome. So, for example, the simple fact that
data points arrange themselves in a curve analytically expressed as y = x
doesn’t imply an underlying linear law. Though useful in conveying the
basic form of a dataset, in fact, simple mathematical functions and graphs
are not suitable for predictive purposes because they do not account for
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the fact that real-world information processes ar