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Abstract CiteSeer is a scienti ¢ literature digital library
and search engine which automatically crawls and indexes
scienti ¢ documents in the elds of computer and informatio n
science. Since it's inception in 1997 CiteSeer has grown to
index over 730,000 documents and serves over 800,000 requests
daily, pushing the limits of the current system’s capabilities.
In addition, CiteSeer’s monolithic architecture inconveniences
system maintenance and reduces the exibility of the system
in terms of new feature development, algorithm updates, and
system interoperability. In this paper, we discuss the problems of
the current CiteSeer architecture and propose a new architecture
for a next generation CiteSeer application. The new architecture
is based on modular web services and pluggable service compo-
nents. Preliminary results based on a prototype system show the
new architecture enhances exibility, scalability, and pe rformance
for CiteSeer. In addition, new servicesin development for the next
generation CiteSeer system are discussed.

I. INTRODUCTION

CiteSeer has arisen as a web-based scienti ¢ literature
digital library and search engine that focuses primarily on the
literature in the elds of computer and information science .
The halmark feature of CiteSeer is Autonomous Citation
Indexing (ACI) [1], which focuses on extracting citation in-
formation from scholarly publications in electronic format.
CiteSeer automatically discovers and retrieves online scienti ¢
documents. Upon the acquisition of new contents, the new
documents are parsed in order to extract citations information
and other document metadata (such as titles, authors, abstracts,
etc.). Documents and citations are indexed, and a standard
search engine query interface is provided to receive incoming
requests for system content.

From its birth in 1997 until now, CiteSeer has grown
into a collection of over 730;000 documents with over 8
million citations. CiteSeer receives over 800,000 hits daily,
is accessed by over 100;000 unigue users monthly, and
serves approximately 30 gigabytes of data daily. However,
rising demands from system use and the increasing size of
CiteSeer’s archive are causing query latencies to rise as well
as signi cant degradation of system stability. CiteSeer su ffers
from design de ciencies. The most obvious problems are its
lack of scalable storage and transaction-safe updates, which

bring down the system’s performance as well as its stability
signi cantly. These problems motivate our research intere st in
pursuing a new architecture which naturally provides scalable
storage and transaction-safe processes.

Current internal design problems also increase the system’s
maintenance cost. CiteSeer is monolithic, making the system
hard to administer, congure, and modify. Not only does
CiteSeer serve as a large digital library application, but as
an automatic library it also provides an excellent platform for
relevant research (such as data mining, information retrieval,
etc). With the support of CiteSeer’s architecture as well as
its resources, algorithms and techniques can be developed and
tested in a real-world digital library application. However, the
current system architecture discourages such use since incor-
poration of new modules and algorithms requires signi cant
labor.

The introduction of a modular CiteSeer architecture offers a
great opportunity to exploit newly emerged web technologies
to improve the system’s performance and con gurability. Ac -
cordingly, the system will become more powerful and robust:
more simultaneous transactions can be supported; tasks like
system monitoring and logging will be more convenient. The
next generation CiteSeer is far more than a debugged version
of CiteSeer. It is a system with new elements. new services,
new resources, and new data models, al working in a new
framework.

Generally speaking, our goa is the development of a new
CiteSeer architecture, in which current services and modules
will be selectively integrated. In summary, we design the
system to be:

Scalable, in terms of the amount of processed content as
well as the number of simultaneous transactions the system
can handle.

Flexible, or easily recon gurable, making it agood platform
for conducting research and maintaining the system.

Self-adaptive, which can proactively detect and x system
errors, automatically balance server loads and autonomously
improve the quality of services.

Service-based, which provides application-level service



APIs as well as web interfaces.
User-oriented, in order to better serve the research com-
munity and offer a more open environment for academic use.
In this paper, we present our efforts to construct the next
generation CiteSeer - CiteSeer*. Our contribution can be
summarized as four-fold:

1) We propose a new data model, which is fundamentally
different from that of the old CiteSeer. The new model
meets our requirement of data exibility. We also pro-
vide solutions to make our storage strategy both scalable
and ef cient.

2) Based on the new data model, we present a new CiteSeer
architecture, which aims to overcome current system
design drawbacks.

3) Some features and services of the new system are intro-
duced, which gives an overview of the next generation
academic digital library.

4) A prototype system is setup and related experiments are
performed. Evaluation results suggest the new architec-
ture works well under various settings, providing both
good scalability and query ef ciency.

The rest of the paper is organized as follows. In Section
I, we briey review some related research in ACI systems
and digital libraries. An analysis of the old CiteSeer system,
including the implemented architecture and problems, is pre-
sented in Section I1l. We give the description of the new
data model in Section 1V. After that, system architecture of
CiteSeer® is presented in Section V. Some implementation
details are given in Section VI. We present a prototype system
and analyze our experimental results in Section VII. Section
VIl shows features and services of the new system. Finaly,
we present our concluding remarks and future plansin Section
IX.

Il. RELATED WORK

Since the introduction of CiteSeer [2] as the pioneer in
the eld of Autonomous Citation Indexing and one of the
most popular digital libraries in computer science, the amount
of scienti ¢ papers on the web has increased signi cantly,
creating the need for an ef cient and scalable system archi-
tecture. Namely, it is highly desired to construct large-scale
digital library systems, which can provide interoperability,
extensibility, high performance and security under a distributed
and heterogeneous environment. A number of specialized [3],
[4], [5], [6] and generic [7], [8], [9] public search engines
and digital libraries has emerged to facilitate the access to
scienti ¢ publications, including Arxiv, ScienceDirect and
Corr. Whether centralized [3], [7], [10] or de-centralized [11],
[12], every digital library architecture employs modularization
of their services to achieve scalability.

The attempts to organize heterogenous systems or distrib-
uted resources using a speci ¢ protocol can be taken as rst
efforts in designing an open architecture. The Simple Digital
Library Interoperability Protocol (SDLIP) [13] supports search
gueries to be performed over multiple information sources.
The results can be returned synchronoudly or streamed when

they are available. In traditional library literature, Z39.50 * is
a widely-used protocol which supports queries on distributed
metadata repositories. Recently, the emerging OAI-PMH pro-
tocol 2 is adopted in many digital libraries as well as some
search engines to improve the system-level interoperability.
Remote metadata can be harvested and queried as if they were
locally stored. Additionally, in [11], [14], [15], solutions to
distributed digital collection integration are proposed.

Meanwhile, a lot of efforts have been performed to nd
a systematic solution for an open digital library architecture.
UC Berkeley Library’s GenDL (Generic Digital Library) [16]
provides a modular object management environment, which
includes a web-based content management system, a preser-
vation repository and an access system. Greenstone [17] and
DSpace [18] are outstanding digital library systems which
offers users much freedom in customizing digital resources.
Greenstone provides users a quick process to distribute digital
documents online. The document formats can be extended us-
ing plug-ins. Also, classi ers can be added to build indices for
customized le formats. DSpace can meet a variety of digital
archiving needs. It supports all forms of digital materials and
manages related metadata.

Fedora [19], [20] is another open-source digital reposi-
tory management system, which demonstrates how distributed
digital library architecture can be deployed using web-based
technologies, including XML and web services. Fedora is
more like areusable middleware than a complete digital library
system because the services are published in the format of
APIs, which makeit easier to beintegrated into adigital library
application.

In the literature of ACI study, Google recently introduced
The Google Scholar 2 that incorporates ACI to index over
560 million documents and citation records*. Microsoft’s Libra
system [21] contains one million papers, 650,000 authors
and over 2,000 publication venues. Collectively, their dataset
contains 7 million links representing cited-by, authored-by and
published-by relationships. SMEALSearch  a niche search
engine based on the CiteSeer technology utilizes ACI for
the documents primarily in the elds of business, e-busines s
and related areas. Rosetta [10] is a digital library that indexes
publications in the eld of computer science. Instead of usi ng
the content of documents for indexing, it uses the anchortext
from the citing documents to represent each document.

I1l. CURRENT CITESEER SYSTEM

CiteSeer has proven its usefulness to the computer science
community as a digital archive for research publications and
through its autonomous citation indexing feature. However,
CiteSeer currently faces signi cant challenges of interop erabil-
ity and scalability that must be overcome in order to improve
the quality of the services provided and to guarantee that
CiteSeer will continue to be a valuable, up-to-date resource

Ihttp://www.niso.org/z39.50/z3950.html
2http://www.openarchives.org/OAl/openarchivesprotocol .htm
Shttp://scholar.google.com

4This estimate was obtained by using the as the search term



well into the foreseeable future. The CiteSeer service is
currently being made more available to the world community
through the advent of several mirrors. At the time of this
writing there are CiteSeer mirrors hosted in MIT, Switzerland,
Canada, England, Italy, and Singapore in various stages of
completion.

CiteSeer consists of three basic components: a focused
crawler or harvester, the document archive and related indices,
and the query interface [22]. The focused spider or harvester
crawls the web for relevant documents in PDF and Post-
script formats. After Itering crawled documents for acade mic
documents, these are then indexed using autonomous citation
indexing [2], which automatically links references in research
articles to facilitate navigation and evaluation. Automatic
extraction of the context of citations allows researchers to
determine the contributions of a given research article quickly
and easily [23]; and several advanced methods are employed
to locate related research based on citations, text, and usage
information. CiteSeer is a full text search engine with an
interface that permits search by document or by numbers
of citations or elded searching, not currently possible on
general-purpose web search engines.

The architecture of CiteSeer is depicted in Figure 1. Docu-
ments are ingested into the system directly into a le system
repository. The raw les are processed and associated data i s
stored in relevant databases and indices. These storage and
index containers are queried through a web application that is
integrated with each system component, and obtains document
les directly from the local le system. Database and indice s
can be locked at the table or index level through a centralized
lock server during updates. Reads into locked resources are
failed.

Fig. 1. Current CiteSeer architecture.

A. Deployment

The main ingtallation of CiteSeer at Pennsylvania State
University is currently deployed using three Dell PowerEdge

servers, each with two processors and 4-6 GB of RAM. Two of
the machines serve public CiteSeer traf ¢ and one machine is
used for development and data acquisition. Additionally, two
low-end single processor machines are used to provide fault-
tolerant load balancing between the two public servers. Storage
is handled via three Dell PowerVault SCSI disk arrays, each
with 2 TB of available storage. Each disk array is connected to
a single PowerEdge server and each carries a fully redundant
copy of the CiteSeer data.

Figure 2 illustrates the current deployment of CiteSeer.
Linux Virtual Server [24] is used to provide fault tolerance and
load balancing between the two public servers. All incoming
traf ¢ is routed through a single active director node, whic h
hands off the connection to the least loaded real server. The
real server responds directly back to the client, avoiding a
bottleneck that could occur if both incoming and outgoing
traf ¢ were routed through the director. The public machine
group is transparent to users as users must only know a
single IP address to gain access to the cluster, as is typica
in large-scale search engines. Real servers are monitored by
the director nodes and are removed from the routing tables if
afailure occurs. If the active director fails, the backup director
is prepared to immediately take over routing.
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Fig. 2. Deployment of CiteSeer using Linux Virtua Server.

V. DATA MODEL

As discussed in Section Il1, the core component of Cite-
Seer’s storage is the document repository, in which the primary
digital objects are documents, citations, and citation groups.
Each document is assigned a document ID, each citation a
citation ID and each citation group is assigned a group ID.
These objects are stored in separate index spaces. This ID
system brings unnecessary overhead in terms of storage, sys
tem ef ciency, and data integration. CiteSeer X, in accordance
with our design goals and emerging requirements, employs a
new data model.



A. Extended Storage Scope

The current CiteSeer system can be viewed as a document-
centric digital library, which crawls, stores, and indexes text
documents. Processing and data modeling ows from these
documents as the core system objects. In the new system, the
focus is on digital object records rather than text documents.
Each harvested document is associated with a document
record, and each citation is associated with an individual
citation record as well as a related document record, even
if the real document referenced by a citation is not present in
the repository. Additionally, authors and publication venues are
no longer considered as metadata belonging to a document,
but as peer digital objects that are linked to documents as
well as to each other. Figure 3 illustrates the new storage
structure in simpli ed form. Other digital objects that cro ss
the boundaries of individua documents, such as institutional
af liations or acknowledged entities, are stored with the s ame
model of functional separation. Only data that is speci cto a
single document, such as titles, abstracts, and keywords, are
stored within document records.
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Fig. 3.  Community-Centric Storage.

B. New ID System and Virtual Documents

In CiteSeer®, the ID system is simpli ed for documents.
Previoudly, we maintain citation |Ds and citation group IDs for
of ine citation clustering and matching algorithms. Citat ions
and documents are treated differently in the old CiteSeer
system, ignoring the fact that the cited objects are themselves
documents. Hence, we only keep document IDs in the new
document repository. The citation relationship is kept using
links between document records, which we call the citation
graph. For author and venue repositories, we also employ the
one ID per record principle, respectively. This approach has
the benet of separating record matching and linking routin es
from the storage model. Name and document disambiguation
as well as record linkage services can be plugged into the
system as fully separate modules.

Two problems arise with the new ID system for the docu-
ment repository:

1) It is possible that a matching document record for a

new citation cannot be found in CiteSeer’'s document
repository. It is thus necessary to create a temporary

document record as a placeholder for a real document
record, that is, a record for a document that is known
within the system.

2) The existing of ine algorithm for matching citations to
document records depends on the prior clustering of
citations into groups that reference a single document. A
new solution is needed to build and maintain the citation
graph.

To solvethe rst problem, we introduce the notion of virtual
document records into our system. Once a new citation is
ingested into the repository, the system queries the existing
repository in order to identify a document record that matches
the citation. If amatch isfound, an edge is added to the citation
graph. Otherwise, the system creates a virtual document record
based on the citation metadata. The record is called virtual
because the cited document has not been located and stored
by CiteSeer. Once the document is crawled and downloaded,
another query into the system is performed in order to match
the document with any existing virtual document records.
If a match is found, the corresponding virtual record is
updated with a pointer to the document le, making it a real
document record. This new organization makes the CiteSeer
repository more uni ed and complete. There are no citation
edges pointing to an external unknown resources. All edgesare
internal in the document database. Real and virtual documents
can be searched in the same index space. Virtual document
records need not be created by citations alone. There are some
other sources for virtual document information, such as the
proceeding list of a conference and metadata obtained from
other digital libraries. As long as a document record contains
only metadata without the corresponding document le, the
record is marked as virtual.

An online process has been developed to match citations
with documents [25]. In redlistic cases, there are often ab-
breviations and typos in the observed citation metadata. Our
algorithm is capable of handling some data inaccuracy. The
Lucene indexer ° is used to match records based on fuzzy
gueries over the metadata elds in records. If a result is
returned whose similarity (based on Levenshtein Distance
[26]) reaches a prede ned threshold, our algorithm indicat es a
match between a document and a citation record and creates
a new entry in the citation graph. Otherwise, the algorithm
determines that no record in the repository matches the new
citation. A virtual document record is then created.

C. Canonical Metadata

In CiteSeer, the identity of a document, author, or venue can
be dened as its perfect metadata record. Even in situations
where human-generated metadata is available, the data can be
incomplete or incorrect. This problem is exacerbated by digital
libraries such as CiteSeer, in which the system is responsible
for building its own collection without the aid of human-
produced metadata. Records in CiteSeer enter the system with
information identi ed by automatic parsing algorithms. For

Shttp://jakarta.apache.org/lucene/






