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The Web is revo lutionizing the way resea rchers acc ess sc ientific litera ture, however sc ientific
litera ture on the Web is largely d isorganized . Autonomous c ita tion indexing can help organize
the litera ture by automa ting the construc tion of c ita tion ind ic es. Autonomous c ita tion
indexing a ims to imp rove the d issemina tion and retrieva l o f sc ientific litera ture, and provides
improvements in c ost, ava ilab ility, comprehensiveness, effic ienc y, and timeliness.
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The rapid increase in the volume of scientific
li teratu re has led to researchers constantly
fighting information over load in their pu rsu it of
knowledge. Staying up to date with recently
publi shed li terature— and actuall y finding
relevant sources— is becoming increasingly
diff icu lt , if not impossible. Exper ience var ies
widely, bu t t he t ime when every essential
jou rnal was held in all major academic li brar ies
has passed.1

The Web p romises to make more scientific
ar t icles more easil y avail able. An increasing
number of au thors, journals, inst itu t ions, and
archives make research ar t icles avail able for
almost immediate access. However , scientific
li teratu re on the Web remains remarkably
disorganized. Scientists can post relevant
prepr ints on their Web sites, bu t finding ar t icles
qu ick ly can be diff icu lt because Web search
engines have diff icu lty keeping up to date2 and
currently do not index the contents of
postscr ipt and PDF (por table document format)
fil es.

INDEXING INFORMATION
A citat ion index3 catalogues the citat ions that

an ar t icle makes, li nk ing the ar t icles with the
cited works. Citat ion indices were or iginall y
designed mainly for information retr ieval and to
all ow navigating the li terature in unique ways,
such as backward in t ime (through the li st of
cited ar t icles) or forward in t ime (to find more
recent, related ar t icles).

Citat ion indexing can improve scientific
comm unication by

• reveali ng relat ionships between ar t icles,
• drawing att ention to impor tant cor rect ions

or retract ions of publi shed work ,
• identifying significant improvements or

cr it icisms of ear li er work , and
• helping li mit t he wastefu l dupli cat ion of

pr ior research.

Citat ion indices can also be used to analyze
research trends, identify emerging areas of
science, and find ou t where and how often a
par t icu lar ar t icle is cited.

Currently avail able and p roposed citat ion



indices of scientific li terature, however , depend
heavil y on human preparation or edit ing of
information. For example, Rober t D. Cameron
proposed a universal bibli ographic and citat ion
database that wou ld li nk every scholar ly work
ever wr itt en.4 He descr ibed a system in which
all publi shed research wou ld be avail able to
and searchable by any scholar with Internet
access. The database wou ld include citat ion
li nks and wou ld b e comprehensive and cu rrent.
Cameron’s proposed system wou ld transfer the
manual effor t associated with citat ion indexing
to the au thors or inst itu t ions, who wou ld b e
requ ired to provide citat ion information in a
specific format.

Such work load requ irements are probably a
major factor preventing the reali zat ion of
Cameron’s proposal. Au tonomous citat ion
indexing (ACI), on the other hand, sidesteps
these requ irements by completely au tomating
the citat ion indexing process withou t requ ir ing
any extra effor t from au thors or inst itu t ions.
Addit ionall y, ACI improves on other
techn ologies by extract ing and mak ing the
context of citat ions easy to access.

AUTONOMOUS CITATION INDEXING
An ACI system can au tomatically create a

citat ion index from li terature in electronic
format. Such a system can au tonomously locate
ar t icles, extract citat ions, identify citat ions to
the same ar t icle that occur in different formats,
and identify the context of citat ions in the body
of ar t icles. The viabili ty of ACI depends on the
abili ty to per form these functions accurately.
We bu il t a prototype digital li brary call ed
CiteSeer that successfu ll y per forms these tasks
with su fficient accu racy.5

Operating completely au tonomously, CiteSeer
works by downloading papers from the Web and
conver t ing them to text. It t hen parses the
papers to extract t he citat ions and the context
in which the citat ions are made in the body of
the paper , stor ing th is information in a
database. CiteSeer includes fu ll -text ar t icle and
citat ion indexing, and all ows the location of
papers by keyword search or citat ion li nks. It
can also locate papers related to a given ar t icle
by using comm on citat ion information or word
simil ar ity. Given a par t icu lar paper , CiteSeer
can also display the context of how subsequent
publi cat ions cite that paper .

Loc a ting documents
An ACI system can find ar t icles by searching

the Web, monitor ing maili ng li sts or
newsgroups, or by li nk ing direct ly to

publi shers. Once famili ar with ACI systems,
researchers will be able to notify the systems of
new papers direct ly, all owing these papers to be
indexed almost immediately. Jou rnals typicall y
charge for access to onli ne papers, so one way
to index these papers wou ld be to make
agreements with the publi shers themselves. An
ACI system is li kely to benefit publi shers by
direct ing users to the jou rnal’s Web site.

Currently, CiteSeer uses Web search engines
(like AltaVista, HotBot, and Excite) and
heur ist ics to locate good star t ing points for
crawli ng the Web. For example, CiteSeer can
search for pages that contain the words
“publi cat ions,” “papers,” and “postscr ipt.”

CiteSeer downloads Postscr ipt or PDF fil es,
which are then conver ted into text using
PreScr ipt from the New Zealand Digital Library
project (htt p:/ / www.nzdl.org/ ). CiteSeer checks
to ver ify that t he document is a research
document by test ing for the existence of a
reference or bibli ography section. In addit ion,
CiteSeer detects and reorders postscr ipt fil es
that pr int pages in the reverse order .

Proc essing and pa rsing documents
Once CiteSeer has a document in usable

form , it must locate the section contain ing the
reference li st, either by identifying the section
header or the citat ion li st itself. It t hen extracts
individual citat ions, deli neating individual
citat ions by citat ion identifiers, ver t ical spacing,
or indentat ion.

CiteSeer parses each citat ion using heur ist ics
to extract fields such as t it le, au thor , year of
publi cat ion, page numbers, and the citat ion
identifier . CiteSeer uses citat ion identifiers li ke
“[6],” “[Gil es97],” or “Marr 1982” to locate the
citat ions in the document body, after which
CiteSeer can extract t he context of the citat ions.
By using regu lar expressions, CiteSeer can
handle var iat ions in the citat ion identifier , such
as when a citat ion li sts all au thors or only the
first au thor .

We constructed the heur ist ics used to parse
the citat ions using an invariants first method.
This means that subfields of a citat ion that
have relat ively uniform syntax, posit ion, and
composit ion given all previous parsing, are
parsed next. For example, citat ion identifiers
always appear at t he beginn ing of citat ions, and
retain the same format across all of an ar t icle’s
citat ions. Once CiteSeer identifies a citat ion’s
more regu lar featu res, it uses trends in
syntactic relat ionships between subfields to
predict where a desired subfield exists, if at all .
For example, au thor information almost always



precedes t it le information. CiteSeer also uses
databases of au thor names, journal names, and
so for th to help identify citat ion subfields.

Citat ions to a given ar t icle may have widely
varying formats. For example, Figu re 1 shows a
sample extracted from m achine learning
publi cat ions on the Web. Much of the
significance of ACI and CiteSeer der ives from
the abili ty to recognize that all of these citat ions
refer to the same ar t icle. With th is capabili ty,
such systems can generate li sts of citat ions
across mu lt iple ar t icles andstat ist ics on citat ion
frequency.

As suggested by the citat ions in Figure 1, the
problem is not completely tr ivial. All fields,
including the t it le, au thor names, and even the
year of publi cat ion rou tinely contain err ors.
Au tonomously determining the subfields of a
citat ion is not always easy. For example,
commas are often used to separate fields, bu t
they are also used to separate li sts of au thors
and are frequently embedded in t it les. Per iods
are used to separate fields bu t are also used to
denote abbreviat ions. Sometimes there is no
punctuation at all between fields.

Methods. We have considered fou r broad
classes of methods for identifying and grouping
citat ions to identical ar t icles:

� Str ing distance or edit distance
measurements, which consider distance as
the difference between str ings of symbols.
The Levenshtein distance is a well -known
edit distance where the difference between
two str ings is simply the number of
inser t ions, delet ions, or substitu t ions
requ ired to transform one str ing into
another . A more recent and sophist icated
example is LikeIt, an intelli gent str ing
compar ison algor ithm introduced by Peter
Yianil os.6

� Word frequency or word occur rence
measurements, which are based on the
stat ist ics of words that are common to each
str ing. Word frequency measurements such

as term frequency ´  inverse document
frequency (TFIDF) are common in
information retr ieval.

� Knowledge abou t subfields or the structu re
of the data can also be used. In citat ions,
subfields such as au thor name, t it le, year
of publi cat ion, and so for th can be used.

� Probabili st ic models, which use known
bibli ographic information to identify
subfields from the words contained in
and/ or the structu re of citat ions. These
subfields cou ld be used with any of the
previous methods.

We investigated algor ithms from each of these
classes and p er formed quantitat ive tests. We
extracted several sets of citat ions from onli ne
papers, manually grouped identical citat ions,
tuned the algor ithms on a train ing set, and
compared the cor rect groupings with the
au tomated groupings.

CiteSeer cur rently uses an algor ithm based
on n ormali zat ion of the citat ions, sor t ing
according to length and matching words and
phrases with in subfields. On tests cover ing
1,158 citat ions, abou t five percent of the
au tomated groupings th is algor ithm produced
contained an err or . This does not mean that
CiteSeer incorrect ly grouped five percent of
citat ions; just one incor rect citat ion in a group
marks the entire group as incor rect.

Improving the algorithm. Whil e CiteSeer �s
cur rent algor ithm is su fficient for practical use,
it cou ld b e improved in many ways. For
example, the use of machine learning
techn iques and p robabili st ic est imation based
on train ing sets of known bibli ographic data
may boost per formance. Large quantit ies of
bibli ographic information are freely avail able on
the Web (like the coll ect ion of bibli ographies at
htt p:/ / lii nwww.ira.uka.de/ bibli ography/ index.
html). This information provides labeled
train ing data that learning techniques can use
to associate the words contained in and/ or the
structure of citat ions with the cor responding
subfields.

We in it iall y chose not t o use models trained
on specific words because the sole use of such
models wou ld b ias the err ors made by the
system,and b ecause per formance depends
cr it icall y on the coverage and recency of
avail able train ing data. For example, errors are
more li kely to occur for new au thors, jou rnals,
and areas not included in the train ing data.
Preli minary investigations suggest t hat
probabili st ic information from specific words
and learning techniques can provide very good

Aha , D. W. (1991), Insta nce-b a sed lea rning
a lgorithms, Ma chine Lea rning 6(1), 37-66.

D. W. Aha , D. Kib ler a nd M. K. Alb ert, Insta nce-Ba sed
Lea rning Algorithms. Ma c hine Lea rning 6 37-66,
Kluwer Aca d emic Pub lishers, 1991.

Aha , D. W., Kib ler, D. & Alb ert, M. K. (1990). Insta nc e-
b a sed lea rning a lgorithms. Dra ft sub mission to
Ma chine Lea rning.

Figure 1. Sa mp le o f c ita tions to the sa me p a p er
showing typ ica l va ria tions in forma t.



per formance, and fu tu re research cou ld
consider adding these techn iques to the
methods ou tli ned ear li er . Another method for
improving citat ion-matching per formance wou ld
be to all ow cer tain users to correct err ors.

An ACI system shou ld also identify the
bibli ographic detail s of the indexed p apers.
CiteSeer uses font and spacing information to
identify the t it le and au thor of documents being
indexed. Identifying the indexed d ocuments
all ows analyzing the graph formed by citat ion
li nks, for example CiteSeer computes hubs
(ar t icles that cite many highly cited ar t icles) and
authorities (h ighly cited ar t icles). Rank ing by
hubs is usefu l to identify survey, tu tor ial, or
review style ar t icles.

Querying and b rowsing
CiteSeer �s keyword search can return a li st of

citat ions matching the query or a li st of indexed
ar t icles. The ar t icles can then be browsed by
foll owing the li nks between the ar t icles made by
citat ions. Figu re 2 shows a sample response for
the query �Qu inlan � in a CiteSeer library of
computer science li teratu re.

CiteSeer �s window displays the number of
citat ions to each ar t icle in the left-hand
column. The �hosts� column indicates the
number of unique hosts (Web servers) from
which the ar t icles contain ing the citat ions
or iginated. The �self � column indicates the
citat ions to the given paper that CiteSeer
predicts are self-citat ions. At t he end of the
response is a graph showing the number of
citat ions versus the year of publi cat ion for each
cited ar t icle. CiteSeer does not include the
number of self-citat ions in the main number of
citat ions or the graph.

CiteSeer indexes the fu ll text of citat ions and
ar t icles, providing fu ll Boolean search with
phrase and p roximity suppor t (proximity
suppor t all ows searching for words separated
by a specified maximum distance). When
searching for citat ions, the defau lt mode of
operation is to retr ieve all citat ions matching
the given query, group the citat ions to identical
papers, and order the resu lts by the number of
citat ions to each paper . CiteSeer does not
cur rently per form any special processing to
account for different ways of referencing proper
names. However , the Boolean and p roximity
suppor t can be used to cover var iant forms of

au thor names. If an au thor �s last name is
unique with in a given database, it is su fficient
to search just for the last name.

CiteSeer also does not use any �stop � words
(such as comm on words li ke �the, � which
indexing typicall y excludes), so it is possible to
search for phrases contain ing in it ials. When
searching the fu ll text of indexed ar t icles,
CiteSeer r eturns the header for m atching
documents along with the context of the ar t icles
where the keywords occur . Users can order
documents according to the number of citat ions
to them, their citat ions of impor tant ar t icles, or
by date. CiteSeer can display detail s of
par t icu lar documents, including the abstract,
fu ll text, li st of citat ions, and an active
bibli ography of related d ocuments.

After m ak ing an in it ial keyword search, the
user can browse the digital li brary using
citat ion li nks. CiteSeer shows which papers are
cited by a par t icu lar publi cat ion and which
papers cite a par t icu lar publi cat ion, including
the context of those citat ions. Figu re 3 li sts the
papers that cite an ar t icle in Figure 2, along
with the context of the citat ions (obtained by
cli ck ing on the appropr iate context li nk shown
in Figure 2). The context may contain a br ief
summary of the paper , another au thor �s
response to the ar t icle, li m itat ions or cr it icism
of the or iginal work , or subsequent work that
bu ilds upon the or iginal ar t icle. The context of
citat ions can h elp a researcher determ ine
whether to read the cit ing or cited ar t icles.

CiteSeer can also find related ar t icles by
using several algor ithms:

� word vectors, a TFIDF scheme used to
locate ar t icles with simil ar words;

� distance compar ison of the ar t icle headers,
used to find simil ar headers; and

� Common Citat ion ´  Inverse Document
Frequency (CCIDF), which finds ar t icles
with simil ar citat ions.

CCIDF is analogous to the word-or iented TFIDF
because it considers the common citat ions
between any pair of documents weighted by the
inverse frequency of citat ion. The weighting
downplays the impor tance of comm on citat ions
to highly cited methodological papers, for
example.
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Self-citations are not included in the graph or the main number of citations. 

Figure 2. CiteSeer returns this informa tion from a keyword sea rch for the a uthor “ Quinla n”  in a sma ll test d ig ita l lib ra ry
of comp uter sc ienc e litera ture.

DISCUSSION
Whil e CiteSeer is already in use, there are many
ways to improve the dissemination and access
of scientific information on the Web. For
example, pr inted li teratu re may be processed
with optical character r ecognit ion and stored
efficiently using technology such as DjVu image
compression (htt p:/ / djvu .research.att .com/ ).

Di gital li brar ies with ACI can provide many

addit ional services, such as cur rent awareness
and community features. For example, papers
or research topics may be li nked to a discussion
area where scientists may post formal or
informal comments, reviews, responses, and
new resu lts. CiteSeer all ows researchers to sign
up to receive e-mail notificat ion of new citat ions
to papers of interest, or notificat ion of new
documents that match a personal profil e.
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facilitating rule extraction. We present experiments that demonstrate, for two difficult learning tasks, our
method learns rules that are more accurate than rules induced by Quinlan's (1993) C4.5 system.
Furthermore, the rules that are extracted from our trained networks are comparable to rules induced by C4.5 in
terms of complexity and understandability. Towell and Shavlik (1991) demonstrated that concise and accurate
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......as the domain difficulty grows, without sacrificing speed. Introduction and motivation. Current machine
learning approaches to the induction of concept definitions from examples fall mainly into two categories: "divide
and conquer" and "separate and conquer. "Divide and conquer" methods [11, 14] recursively partition the
instance space until regions of roughly constant class membership are obtained. This approach has often
worked well in practice, but is plagued by the splintering of the sample that it causes, resulting in decisions being
made with less and less statistical support as...... 
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Figure 3. For ea ch a rtic le, CiteSeer sho ws the hea d er, the co ntext o f the c ita tion, a nd the sp ec ific form of the
c ita tion. CiteSeer a utoma tica lly highlig hts the sentenc e conta ining the c ita tion. The Deta ils link a llows users to view
the full d eta ils o f the a rtic les (hea d er, a b stra c t, c ita tions, sourc e loca tion, rela ted d o cuments, a nd so forth). The
Summ a ry link sho ws a summa ry of c iting d oc uments without c ita tion context.

CiteSeer shou ld complement commercial
citat ion indices such as The Inst itu te for
Scientific Information�s Science Citat ion Index
(SCI). Although CiteSeer is su fficiently accurate
to be very usefu l, SCI can provide greater
accuracy, especiall y in areas where it indexes

informal citat ions (like a reference to a work of
ar t with in the body of an ar t icle).

Bu t citat ion indices li ke SCI are limited
because they requ ire manual effor t. This
li mitat ion means that t he database publi shers
must be select ive in the li terature that t hey



index, because it is not practical for them to
index all li teratu re. SCI indexes predominantly
jou rnal ar t icles. Such select ive indexing is
just ified by the fact t hat a relat ively small
number of jou rnals account for the bu lk of
significant scientific resu lts.7 However , th is
situation may at least par t iall y ar ise from
information over load: Researchers may only
read a small set of journals and miss s ignificant
resu lts publi shed elsewhere. Widespread use of
digital li brar ies with ACI shou ld promote the
visibili ty and d issemination of more li teratu re.

There are defin ite disadvantages to li mited
jou rnal select ion. Jou rnal select ion typicall y
foll ows a review process, which impli es that
ar t icles mak ing the jou rnal wor thy of indexing
have already been publi shed. Limit ing indexing
to jou rnals excludes the information from
conferences, monographs, techn ical repor ts,
and prepr ints. In areas such as computer
science, significant research is often presented
at conferences.

The broader coverage that ACI provides can
clear ly be helpfu l for li terature search, all owing
a scientists to find work that cites their own
work or is relevant t o their r esearch. For work
that reaches journal publi cat ion, broader
coverage of prepr ints, techn ical repor ts, and
conference proceedings can provide more t imely
access. Even work that does not reach journal
publi cat ion may contain impor tant and/ or
usefu l feedback or connections.

Citat ion stat ist ics are widely used for
evaluation. However , evaluation based on
citat ion stat ist ics can lead to erroneous
conclusions. The under lying assumption that a
large number of citat ions imply scholar ly
impact is not always true.8 What is actually
wr itt en abou t a cited d ocument can be very
impor tant, bu t is typicall y not considered when
evaluating citat ion stat ist ics. Stat ist ics on
recent work may not even be avail able because
of the delay imposed by the jou rnal review and
publi shing process. By mak ing the context of
citat ions easil y and qu ick ly browsable, and by
indexing techn ical repor ts, conference papers,
and other li terature often avail able ear li er than
jou rnal ar t icles, ACI can h elp to evaluate the
impor tance of individual contr ibu tions more
accurately and qu ick ly.

The revolu t ion that t he Web has brought t o
information dissemination is not so much due
to the avail abili ty of information� huge
amounts of information h as long been avail able
in li brar ies and elsewhere� bu t rather the
improved efficiency of accessing information.
Di gital li brar ies incorporating ACI can h elp

organize scientific li terature and may
significantly improve the efficiency of
dissemination and feedback . ACI may also help
speed the transit ion to scholar ly electronic
publi shing. A widely avail able li nked network of
scientific li terature cou ld encourage scientists
to pursue publi cat ion avenues that make their
work avail able onli ne as qu ick ly as possible. v
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