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Citation Indexing Revisited: Garfield’s
Early Vision and Its Implications for
the Future

Henry Small*

SciTech Strategies, Inc., Albuguerque, NM, United States

Eugene Garfield’s ideas on citation indexing were gradually shaped over the course of
the 1950s by his exposure to the thinking of various individuals such as J. D. Bernal,
H. G. Wells, Chauncey Leake, Wiliam Adair, and Joshua Lederberg. Two key concepts
emerged during this early period which guided his later work: the importance of inter-
disciplinary or cross-disciplinary research and the notion that references could be used
to index the documents they cited. These ideas were the basis for his landmark product
the Science Citation Index. However, it took many years for the significance of his early
insights to be appreciated and manifested in research studies and products. And in a
real sense, we continue to work out the implications of these ideas even today.

Keywords: citation indexing, +interdisciplinary research, citation contexts, mapping science, Eugene Garfield
history

INTRODUCTION

Gene Garfield’s views on the nature of science ultimately led him to create a unified citation index
for all of science rather than separate indexes covering individual disciplines. Disciplinary index-
ing services such as Chemical Abstracts and Biological Abstracts were the rule in the 1950s and
1960s. It was not initially clear that a unified approach would be commercially viable compared to
separate disciplinary indexes, but he took the gamble. However, whether the unified index captured
interdisciplinary activity was not evident until much later when various analytical methods provided
a global view of the data.

His views on citation indexing evolved gradually from the point in 1953 when he first learned
about how citation indexing had been applied in the field of law to the actual compilation of the first
Science Citation Index (SCI) for 1961, particularly regarding the amount and type of information that
should be captured. In his early work, he had speculated on what could be done if the sentences at the
point of citation could be captured and analyzed. However, the practical limitations of production
forced him to modify this ambitious plan. Reviewing these original plans helps us envision how we
need to think about citation indexing today.

My goal in this paper is to show how Gene’s conception of a multidisciplinary citation index can
be combined with his early ideas on citation indexing, and how combining these ideas opens up new
research possibilities.

HYBRID DISCIPLINES AND THE STRUCTURE OF SCIENCE

Prior to his going off to college, Gene was given a copy of J. D. Bernal’s book the Social Function of
Science by one of his Marxist-leaning uncles (Bernal, 1939; Garfield, 2007, p. 41). Gene took the book
to college in Colorado in 1942 at age 17 and discussed it with his fellow students. Bernal’s views on
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science were, of course, highly influenced by Marxist ideology,
which was popular in New York City in the 1930s where Gene
grew up. For example, Bernal wrote in 1938: “The corner-stone
of the Marxist state is the utilization of human knowledge, sci-
ence and technique, directly for human welfare” (Bernal, 1939, p.
222). In later life, Gene seems to have shared at least one aspect
of that ideology, namely that science should serve human welfare
(Garfield, 2007, p. 82), although there is no evidence that Gene, as
a businessman and owner of Institute for Scientific Information
(ISI), shared Bernal’s political views that science was better suited
to the communist than the capitalist system. Bernal thought the
communist system could better plan and coordinate the work of
scientists.

For such planning purposes, Bernal proposed a “... general
framework or skeleton of organization which would remain
substantially unchanged for a time longer than it is convenient to
plan for” (Bernal, 1939, p. 279). He then presented what might be
regarded as an early map of science.

Figure 1 shows only the physical science portion of this map.
The biology portion is on a separate page, with arrows going from
one page to the other indicating the flow of knowledge. What

3

Bernal calls “sophisticated” (basic) science is at the top and “prac-
tical” (or applied) science at the bottom with arrows connecting
top and bottom as well. Bernal went on: “Such a chart must
not be taken as an adequately considered scheme, which whole
committees of experts would be needed to prepare ...” (Bernal,
1939, p. 280). We do not know whether Gene was influenced by
Bernal’s maps to undertake later forays into science mapping and
the development of the “historiograph,” but given that he had
studied Bernal’s book at an early age, a formative influence is
quite possible.

In his college and early working career, Gene was exposed to
many different scientific disciplines and disciplinary combina-
tions: chemistry, medicine, physics, engineering, and hybrid fields
such as physical chemistry when he worked for Louis P. Hammett
at Columbia University after receiving his undergraduate degree
in chemistry. At different points in his college career, he wanted
to be a biochemist or go to medical school (Garfield, 2007, p. 14).

In 1952 at age 27, he took his first purely information job
at the Welch Medical Library in Baltimore to index chemical
nomenclature in medical articles (Garfield, 2007, p. 18). He
had been introduced to the field of chemical information by the

PHYSICAL SECTOR
e )
T
[7HeoRETICAL_PHYSICS | [7rcorericat cuemsiry |
A A
[ i 5
™~
§ % l.‘&:’mw] ?{»‘fﬁ_’ | Sawna| [T g ] | Goties ,,,ysx__ frw’g Reactions Structures Collosel
3 1
A < o
W
©
¥ N Metals S Orpasle L
i N o
<
e =
S< ( [ GEoLoey IN
3w =
S( E Avaame f Straft- ‘6\'9
% g O’”Fy &w Geckgy Fraply ¥
N @ 0
A
L \ \“‘\
S | ngideering [Crermistry ndustry | }
3 o o)
ol o Mecha| |Cwil & | ([ ot o) | Fime AverdJe
%% S | nucat I l,f:m] "’"ﬂ F‘;“q e / e |/ peind Alasties
xR g ~
I5| &
l(}‘) % S,_V-" = m’o~6 e TPreo) | [ Hetoll Sefrae- g’;”,’"g el = Aufdrd Fetites [ Boem [
lé \Q) 2 brploie | ddacine Nﬁf‘(‘/ cestural ‘-:'f.::i, Al PG [ taries [ |G| | |Gty Y deather = b 5 I
g = o, X < =
o= -
s 7& A
3|8,/
NEER
SR et
S| o
9 Sy 5 P Yo :
Wl S e INSEE Cammwr Tard Archi- | > 3
g k% o| (A putr sy Framinl Gty o Hovwisg| | Clothin | lceatey| [oston
T =
FIGURE 1 | Bernal's map of the physical sciences. Reprinted from Bernal (1939) (p. 281), with permission of MIT Press.

Frontiers in Research Metrics and Analytics | www.frontiersin.org 2

March 2018 | Volume 3 | Article 8


http://www.frontiersin.org/Research_Metrics_and_Analytics/
http://www.frontiersin.org
http://www.frontiersin.org/Research_Metrics_and_Analytics/archive

Small

Citation Indexing Revisited

MIT chemist James Perry whom Gene had met at an American
Chemical Society (ACS) meeting in New York City. The Welch
Medical Library, which is part of the Johns Hopkins School
of Medicine, was engaged in a project sponsored by the Army
Medical Library to develop an indexing system for the medical
literature. The system of medical subject headings developed on
that project would later be adopted by the National Library of
Medicine. This project, under the direction of Sanford Larkey,
library director, and medical historian, was at the cutting edge of
the field then known as documentation.

On that project, Gene was exposed to many new ideas in
documentation. For example, he became, in his own words,
a “punch card guru” and an expert in programming the newly
arrived IBM 101 statistical machine (Garfield, 2007, p. 43). It
was his experience on this project that lay the groundwork for
many of his future endeavors and products including Current
Contents, the SCI, and a science newspaper. At a meeting of the
Maryland chapter of the ACS in 1952, Gene addressed “The crisis
in Chemical Literature” In his unpublished paper, we can see him
already focusing on bibliographic references, and in particular,
cross references: “If authors would provide the CA abstract
number with each bibliographical citation I can assure you that
CA abstracts in the future would be much more informative by
providing cross references to related abstracts” (Garfield, 1952a).
He knew this first hand, because he was a volunteer indexer for
Chemical Abstracts.

On the Welch project, he also began thinking about access to
the totality of human knowledge. In another unpublished paper,
Gene wrote: “The Renaissance man could attempt to master all of
human knowledge in a lifetime, but certainly 20th century man
cannot even conceive of doing this in one hundred lifetimes.
But if he cannot know everything, we can be satisfied with the
ability to recall any small portion of the totality of knowledge
at any given moment. Surely Faustus would have liked to have
at his fingertips the record of all previous human achievements,
if he could simply reach down and consult his universal pocket
encyclopedia ... We documentalists envision an eighth wonder
of the world: a mechanical brain that will recall any or all of the
world’s wisdom at will” (Garfield, 1953). In the same essay, he
made an early mention of H. G. Wells’ world brain (Wells, 1938).

In the introduction to the first SCI in 1963, Gene wrote the
following somewhat cryptic line, recalling his work at the Welch
library: “I had been working out a method of utilizing the
sentences and citations appearing in review articles as entries in
large-scale interdisciplinary science indexes” (Garfield, 1963). He
then referenced an unpublished paper from 1952 that he wrote
while working on the Welch project entitled “Review Literature
as a Source of Critical Entries for Scientific Indexes” (Garfield,
1952b). Gene has stated in oral history interviews that it was
Chauncey Leake who encouraged him to study why review arti-
cles were so important to scientists (Garfield, 2007, p. 25). Leake
was a pharmacologist and medical historian who was the chair
of the advisory committee for the Welch project. After studying
review articles, Gene concluded that almost every sentence of a
review was like an indexing statement for the reference it cited
(Thackray and Brock, 2000). This insight into the connection
between indexing and references in papers no doubt helped lead

Gene to his breakthrough idea, the SCI. However, the path would
be a circuitous one, fraught with uncertainty, and would not end
up as he had originally envisioned.

The story of how he got the idea to create a citation index for
science has been recounted many times (Wouters, 1999, p. 23).
On the Welch project, he organized a conference on machine
methods in documentation in which 300 people attended,
including some of the leading figures in documentation of the
day. The keynote speaker at the conference was a vice president
of Johns Hopkins who was quoted as saying “Man was going to
drown in a flood of papers” (Thackray and Brock, 2000, p. 16).
This statement was picked up by the wire services and reached
William Adair in Colorado, the retired president of Shepard’s
Citations, the so-called legal citator, which was started back in
the nineteenth century, and showed lawyers where earlier court
decisions were cited, overturned, or sustained. Adair wrote to the
project and Larkey told Gene to write back. It turned out Adair
had suggested, back in the 1920s, that citation indexes might be
a good way to index science and engineering. Gene went to look
at the legal citator in the Baltimore Public Library and suggested
to Adair that he write a paper about how the concept could be
applied to science.

Later on, after he was fired from the Welch project and decided
to attend library school at Columbia University, Gene wrote a
term paper on citation indexing (Garfield, 2007, p. 24). This
evolved into his 1955 paper “Citation indexes for science” which
was published in Science with the help of Bentley Glass, a geneticist
whom he had met at the Welch project (Garfield, 1955). Gene saw
this as “an association-of-ideas index” in which a citing author
could associate his or her idea with any earlier idea whether inside
or outside the author’ field. Gene speculated that such indexes
would be used both for retrieval of follow-up papers and as a
measure of the “impact” of papers. This dual function—retrieval
and assessment—preoccupied Gene for most of his career.

In the 1955 paper, he also alluded to his work at the Welch
project: “By using authors’ references for the Citation Index we
are in effect utilizing an actual army of indexers, in that every time
an author makes a reference he is essentially indexing that work
from his own point of view. It can be shown that this is especially
true in the review article where each statement, followed by a ref-
erence, is very much like an index entry ....” This was followed by
a citation to his unpublished paper from 1952 (Garfield, 1952b).

The Science paper also argued that citation indexing would
capture interdisciplinarity: “The farther away you get from the
immediate subject area of the main article, the fewer the refer-
ences to it you will locate. Yet these may well be the most useful
references of all, for the cross fertilization of subject fields is one
of the most important problems in scientific literature” (Garfield,
1955). Cross-fertilization, Gene thought, is where new hybrid
fields are born.

Four years later in 1959, when he had completed his library
degree and began his consulting business in Philadelphia, he
presented a paper on the idea of a “unified index to science” at
the International Conference on Scientific Information held in
Washington, DC, USA. This was an important conference for
Gene where he met researchers from all over the world, includ-
ing J. D. Bernal. Gene’s paper at the conference dealt with the
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idea of combining all existing disciplinary indexing services,
and he noted some of the hybrid disciplines that might benefit
from a unified approach and which he considered key to the
advancement of science: “A Unified index to Science would be
a convenience even if the strictly academic intra-disciplinary
approaches were still the primary targets of today’s research. In
this era, however, of the bio-physicist, the psycho-chemist, the
human engineer, the instrumentation scientist, and the cosmo-
biologist, a unified Index to Science is an absolutely necessary
working tool for unfettered scientific progress” (Garfield, 1959).
Shortly thereafter, this concept of a unified subject index would
give way to the bolder idea of a unified citation index.

EARLY IDEAS FOR A CITATION INDEX
FOR SCIENCE

Joshua Lederberg, who had received a Nobel Prize in 1958, read
Gene’s 1955 article in Science and was intrigued. He scribbled
a note to Gene in 1959 asking what had happened to the idea.
Lederberg wrote: “In the nature of my work, I have to spend a
fair amount of effort in reading the literature of collateral fields
and it is infuriating how often I have been stumped in trying to
update a topic, where your scheme would have been just the solu-
tion” (Lederberg, 2000, p. 39). Gene replied that, in fact, he had
been trying to get funding for the project from the U.S. National
Science Foundation but without success, one reason being that he
was a businessman, not sponsored by an academic organization.
With typical brashness, he claimed “... with one tenth the budget
of Chemical Abstracts I could probably put out a citation index
for all of science - and once begun the enterprise would probably
be self-supporting” Going out further on a limb he predicted:
... “T have great faith that the citation index will one day be a
spur to many new scientific discoveries ...” (Lederberg, 2000, p.
42). Lederberg suggested he submit a proposal to the genetics
study section at the U.S. National Institutes of Health (NIH). This
strategy was eventually successful and work began on compiling
a citation index for 1961 and a subset genetics citation index. The
indexes were published in 1964.

The exchange of letters between Lederberg and Garfield in
1959 shows the evolution of Gene’s concept of citation indexing
starting with ideas developed in the Welch project regarding the
citing sentence level of citation indexing. In a letter dated July
14, 1959, we get a glimpse of this early thinking. Lederberg had
sent Gene a packet of his papers where Lederberg had marked
within the texts where review articles had been cited. Gene wrote
to Lederberg: “There is also a distressing reminder in your papers
how difficult it can be to trace the statement made in connection
with a particular citation. For example, you cite Cummins in your
paper but without the use of numbers to identify your citation
it is quite a chore to locate the sentence involved” (Lederberg,
2000, p. 55). Gene thought there was something very useful about
what Lederberg had said about the Cummins article for readers
of that article and that this information should be made accessible
through the citation index. Gene phrased this as the “topic defini-
tion of content of a paper;,” which was what he was getting at in his
unpublished study (Garfield, 1952b). Today we might rephrase

this to say that the aggregate of citing statements for a given cited
paper defines its content and meaning for the community.

In a follow-on letter from September 9, 1959, Gene elaborated
on his concern to provide as much information as possible on the
location and content of the citing passage. He had been discussing
this concept with people from various government agencies. He
told Lederberg: “We also discussed the question of specifying the
‘kind’ of citation involved. I believe that citation index research
will pay off handsomely in the future in that this research will
characterize all the different ways in which people ‘cite’ the earlier
literature” (Lederberg, 2000, p. 57). For example, in his project,
he could characterize each citation as a review, communication,
editorial, errata, translation, abstract, book, discussion, summary,
bibliography, or book review. He could also attempt to discern
whether the citation was a refutation or a confirmation, or a cita-
tion to a method or a material. Perhaps identifying the section of
the paper, the citation came from could be useful, whether experi-
mental, theoretical, or introductory. And, of course, identifying
the page number on which the citation is made would “speed up
locating the pertinent statements.” The statements he is referring
to here are the citing sentences which could indicate the content
of the cited paper. Lederberg, for his part, vigorously pushed back
against these qualified approaches and strongly urged Gene to
pursue the original plan of a complete citation index for a set of
major journals. Lederberg voiced his objection to the more intel-
lectually difficult approaches like coding citations by function
and recommended just capturing the citing and cited identifiers.
Lederberg wrote: “This comment may reflect my own bias that
the citation index at present needs no research to be an extremely
useful tool, its uses including functional analysis of literature
citations” (Lederberg, 2000, p. 62).

We can speculate on what might have happened to the cita-
tion index concept if Gene had adopted some of his more com-
plicated ideas on indexing described in his letters to Lederberg,
such as coding reference locations in the text of papers or their
rhetorical function. Adopting such refinements would have
dramatically increased the time and cost of production and
probably brought the whole project to a grinding halt. In the
inaugural edition of the citation index for 1961 and all subse-
quent editions, there was no indicator for the location of the
citation within the citing text, citing items only being identified
by their starting page number. This simplification allowed the
scaling up of production via clerical data entry and avoided the
need to hire professional indexers.

In later years, of course, a major research topic has emerged
dealing with the nature of citations and the reasons for citing,
generally referred to as citation context analysis (Moravcsik and
Murugesan, 1975; Small, 1982). Nowadays, with the extensive
availability of full text in xml format, Gene’s original vision of
citation indexing augmented by content analysis looks more and
more feasible. In later writings, he seems aware of the possibility.
In a 1999 tribute to the late Fred Kochen, he wrote: “It is already
possible to use citation links ... to go back and forth from indexes
to full-text journals” (Garfield, 1999).

Two further pieces of evidence point to Gene’s interest in
making citing passages available for further analysis. Around the
time he began working on the Welsh project, Gene had the idea
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of creating a device that he called the “copywriter;” a handheld
device for capturing an image of a string of text by moving a
stylus across a line of printed text (Garfield, 1973). After leav-
ing the project, Gene continued to pursue this idea, eventually
producing a prototype and applying for a patent. We do not know
what circumstance prompted him to conceive of such a device so
early in his career. He claimed later on that it was to ease the task
of notetaking, but it is not implausible that one of the applica-
tions he had in mind was the copying of citing passages from
scientific papers.

Many years later in 1997, Gene and I wrote a letter to the edi-
tor of the Journal of the American Society for Information Science
and Technology protesting the adoption of the APA author-year
format for references rather than the numbered format used up
to that time and prevalent in natural science journals. We stated:
“... the numbered reference list is important to citation analysis
and retrieval since it facilitates location of the sentence or para-
graph in which the citing statement occurs. Almost daily we track
the contextual environment of citations using their numbered
locations in text” (Garfield and Small, 1997). Of course, on this
issue, we were on the wrong side of history, but the letter illus-
trates Gene’s interest in this type of analysis, which went back to
the very beginning of his career.

CREATING THE INTERDISCIPLINARY
CITATION INDEX

In the Garfield-Lederberg correspondence from 1959, Gene
also floated the idea of creating separate citation indexes for
disciplinary journal subsets or individual journals, worrying
that a multidisciplinary index would be more difficult to market.
Lederberg objected to this idea as well: “I feel that a good general
citation index will be of greater value to genetics than a too spe-
cialized run that sticks too closely to the discipline” (Lederberg,
2000, p. 63).

Gene did end up creating at least one disciplinary index, the
Genetics Citation Index, constructing it, however, as a subset of
the multidisciplinary citation index for 1961. Lederberg had
urged Gene to include, in the genetics index, literature from other
disciplines that were pertinent to genetics and the only way to
do this was by starting with the broader multidisciplinary index.
In Lederbergs introduction to the Genetics Citation Index, he
states: “For many reasons genetics is an especially apt field for the
introduction of citation indexing. It is inherently interdisciplinary,
cutting across biochemistry, statistics, agriculture, and medicine,
so that geneticists need insight into a wide range of scientific litera-
ture” (Lederberg, 1964). To create the genetics subset of the 1961
index, however, turned out to be a very complex process involving
matching lists of independently compiled genetics authors and
journals against the citing and cited data records of the citation
index. Clearly, it was easier to produce a unified index than extract
a disciplinary subset that included interdisciplinary links.

In Gene’s introduction to the 1961 citation index, he states his
rationale for not creating separate disciplinary indices, returning
to his original views regarding the need for a unified, multidisci-
plinary index: “The increasing interdisciplinary trend of science

indicates that categorical citation indexes would indeed only be a
temporary or partial solution to the problem” (Garfield, 1963). In
other words, Gene saw the future of science as an interdisciplinary
endeavor. Lederberg suggested that the index be called the SCI
and Gene proudly proclaimed that his index is “probably the larg-
est single international-inter-disciplinary index to the literature of
science ever compiled” As precedent, we might point to the Royal
Society’s International Catalogue of Scientific Literature and the
earlier Catalogue of Scientific Papers 1800-1900 (Csiszar, 2017).

As it turned out, however, it did not prove easy to commer-
cialize the unified index concept (Garfield, 2007, p. 34). In the
end, Garfield brought in outside investors to keep it going when
the revenues from Current Contents were not enough to support
the effort, but the SCI eventually did become self-supporting.
Meanwhile various experiments were conducted, notably the
idea of the “historiograph,” based on a suggestion from the NTH
researcher Gordon Allen (Wouters, 1999, p. 53), showing the
evolution of a research area using direct citation links, which
much later on led to the HistCite software (Garfield et al., 2003).
I think it is fair to say, however, that by the late 1960s the promise
of the cross-fertilization held out by the unified index concept had
not yet been fully realized.

THE SCI/ AND THE STUDY OF
INTERDISCIPLINARITY

While Gene’s early conviction on how citation indexing would
foster the hybridization and cross-fertilization of scientific
fields was critical to the design and implementation of the SCI,
there had been no systematic demonstration of this capability.
The “historiograph” study had dealt with citation links within a
single field, the genetic code (Garfield et al., 1964), and even his
Automatic Subject Citation Alert product which was capable of
retrieving literature on a weekly basis from multiple fields based
on a user-defined profile could not systematically reveal cross-
disciplinary research (Garfield and Sher, 1967).

Around 1970, however, an important step toward exploring this
phenomenon was taken in the development of the journal cita-
tion index or what came to be called the Journal Citation Reports
(JCR) (Garfield, 1972). This aggregation of citation patterns at
the journal level allowed researchers to quantify the frequency
of citation across disciplinary boundaries when disciplines were
defined as individual journals or groups of journals. Studies
were undertaken to map the citation flows between journals or
disciplines using JCR data. These data were also used to expand
the SCI journal coverage and create new citation indexes.

In 1974, 1 was involved in devising another method of aggrega-
tion of citation data, not based on journals but on a clustering of
highly cited papers using co-citation. This led to the creation of
a spatial mapping of papers, specialties, and disciplines, that is,
a mapping of science (Marschakova, 1973; Small, 1973). Before
coming to ISI, my work at the American Institute of Physics on
a history of science project at the Niels Bohr Library in New
York City had convinced me that historians needed the ability to
map disciplines, including the ability to drill down to the level of
specific discoveries. Obviously this required a machine-readable
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database with wide coverage of the scientific literature. I wrote to
all the database producers and services at the time, but most were
single discipline based. Only ISI responded to my inquiry.

When I began my research at ISI in 1972, it was not clear if
I would be able to show interdisciplinary structure. Thumbing
through the pages of the SCI, I ran across a highly cited paper
in particle physics that I had heard about. I wondered if there
were other papers on the topic. I quickly found a couple and
to my surprise when I compared the lists of citing papers, they
were many in common. I had attempted a similar approach in
my project at the Niels Bohr Library using a sampling of refer-
ences for each paper with, however, limited success (Small, 2003).
My results using the SCI, with much more comprehensive data,
provided initial evidence of the existence of strong co-citation
links. With the help of some data processing people at ISI and
collaborators at Drexel University, we quickly developed software
to automatically find such links, and it turned out they formed
clusters in specific topics in physics, chemistry, and biology
(Small and Griffith, 1974).

The basic idea behind co-citation mapping was to sample highly
cited papers across the full index under the assumption that they

could be used as intellectual markers, much in the vein of Kuhn’s
exemplars. The highly cited papers, defined by some threshold,
provided a convenient sampling frame. I began collaborating
with Belver Griffith at Drexel University and on weekends, he
would go sailing on the Chesapeake Bay. On one such weekend,
on a call over a ship-to-shore radio, we discussed how, if we could
define a co-citation relationship between specialty clusters, we
might be able to aggregate them into something like disciplines,
and then study the linkages between them. Much to our surprise,
this worked and resulted in our first interdisciplinary map in 1974
(Griffith et al., 1974). Scaling up this first experiment led to a map
that appeared in a Science news article by Nicolas Wade in 1975
(Figure 2) (Wade, 1975) and other similar maps.

COMBINING INTERDISCIPLINARY
MAPPING WITH CITATION CONTEXTS

Finding interdisciplinary links was an exciting development but
it raised further questions, such as what did the links mean?
Because each reference could be attached to a passage in the paper
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that had cited it, the nature of the interdisciplinary co-citations
could, in principle, be studied at the level of text. At the time, I was
not familiar with Gene’s earlier ideas on using citing sentences as
inspired by Chauncey Leake. In addition, in the 1970s, access to
full text of articles was essentially non-existent, so the data had to
be compiled by hand.

Later on, I was able to investigate the nature of some of these
interdisciplinary links using co-citation contexts, that is, passages in
whichanauthor citesdocumentsin two clusters that span disciplines.
I found that some of these links were based on scientists” thinking
by analogy about problems in different fields (Small, 2010). These
analogies could act as bridges between different disciplines. In other
cases, methods or ideas were being imported from one discipline
to another. It was the sum of these connections and exchanges that
gave unity to science, and made it possible to navigate from one
end of science to another, from psychology to astrophysics, through
many intermediate research fields (Small, 1999).

CONCLUSION

Of course, much work remains to be done to explore the various
types of interdisciplinary relationships. Only now do we find our-
selves with access to a sufficient corpus of full text to undertake
the necessary experiments.

I see this effort now as an amalgamation of two of Gene’s
primordial ideas: the idea of a unified, multidisciplinary citation
index, and the importance of citing passages in understanding
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the nature of citation links. The ultimate goal of such research is
making the concepts and methods in various disciplines acces-
sible to other disciplines, which would be the realization of Gene’s
cross-fertilization of fields.

Some of the remaining tasks have to do with the linguistic
analysis of the textual passages associated with these links.
Various methods are available to delineate specialties and disci-
plines using citation-based metrics such as co-citation or direct
citation (Klavans and Boyack, 2017). Equally challenging is the
information summarization on the citing or co-citing passages,
and the computation of the degree of similarity or consensus
among them. Finally, and most ambitiously, we need the ability
to classify by citation function, and to gauge what Chen calls the
meta-knowledge content (Chen and Song, 2018), including the
level of uncertainty and other sentiments regarding the knowl-
edge that is shared. From the early studies I have seen, it appears
that Al and machine learning techniques can be applied to help us
arrive at such a categorization by citation function (Teufel et al.,
2006).

It is my hope that Gene’s early vision of what citation indexing
can tell us about the nature of interdisciplinary research will soon
come to fruition.
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