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ABSTRACT

FEDERATING HETEROGENEOUS DIGITAL
LIBRARIES BY METADATA HARVESTING

Xiaoming Liu
Old Dominion University, 2002
Co-Director: Dr. Kurt Maly
Co-Director: Dr. Mohammad Zubair

This dissertation studies the challenges and issues faced in federating heterogeneous
digital libraries (DLs) by metadata harvesting. The objective of federation is to
provide high-level services (e.g. transparent search across all DLs) on the collective
metadata from different digital libraries. There are two main approaches to federate
DLs: distributed searching approach and harvesting approach. As the distributed
searching approach replies on executing queries to digital libraries in real time, it has
problems with scalability. The difficulty of creating a distributed searching service
for a large federation is the motivation behind Open Archives Initiatives Protocols for
Metadata Harvesting (OAI-PMH). OAI-PMH supports both data providers (reposi-
tories, archives) and service providers. Service providers develop value-added services
based on the information collected from data providers. Data providers are simply
collections of harvestable metadata. This dissertation examines the application of

the metadata harvesting approach in DL federations. It addresses the following
problems:

e Whether or not metadata harvesting provides a realistic and scalable solution
for DL federation.

What is the status of and problems with current data provider implementations,
and how to solve these problems.

How to synchronize data providers and service providers.

How to build different types of federation services over harvested metadata.

e How to create a scalable and reliable infrastructure to support federation ser-
vices.
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The work done in this dissertation is based on OAI-PMH, and the results have influ-
enced the evolution of OAI-PMH. However, the results are not limited to the scope of
OAI-PMH. Our approach is to design and build key services for metadata harvesting
and to deploy them on the Web. Implementing a publicly available service allows us
to demonstrate how these approaches are practical. The problems posed above are
evaluated by performing experiments over these services.

To summarize the results of this thesis, we conclude that the metadata harvest-
ing approach is a realistic and scalable approach to federate heterogeneous DLs. We
present two models of building federation services: a centralized model and a repli-
cated model. Our experiments also demonstrate that the repository synchronization
problem can be addressed by push, pull, and hybrid push/pull models; each model
has its strengths and weaknesses and fits a specific scenario. Finally, we present a
scalable and reliable infrastructure to support the applications of metadata harvest-
ing.
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CHAPTER 1
INTRODUCTION

1.1 MOTIVATION

With the recent growth of the Internet and the World Wide Web, there has been
an exponential growth of online resources !. Some examples of online resources are:
pre-prints, including technical reports; tutorials, posters, and demonstrations from
conferences; student projects; theses and dissertations; and working papers. However,
a variety of obstacles (such as dispersion over the Web and lack of metadata) hamper
discovery of such materials and hinder their widespread use. Digital Libraries provide
an efficient means of managing, discovering, and distributing digital information
[5, 63]. Consequently, a number of very good digital libraries, as described in NSDL
(National Science, mathematics, engineering, and technology Digital Library) and
DLI-2 (Digital Libraries Initiative phase 2)[62, 56, 43], have been built to address the
need for information management and distribution. However, most of these libraries
have been built in isolation utilizing different technologies, protocols, and metadata
in terms of both syntax and semantics. These differences hinder the development of
digital library services that will enable users to discover information from multiple
libraries through a single unified interface. In the article of Paepcke, the objective of
digital library interoperability is:

Interoperability is a central concern when building digital libraries as
collections of independently developed components that rely on each other
to accomplish larger tasks. The ultimate goal for such systems is for the
components to evolve independently yet be able to call on one another
efficiently and conveniently. [106]

As identified by the NSDL community:

Interoperability requires cooperation at three levels: technical, content,

and organizational. Technical agreements cover formats, protocols, and

security systems so that messages can be exchanged, etc. Content agree-

ments cover the data and metadata, and include semantic agreements on

the interpretation of the messages. Organizational agreements cover the
1This dissertation follows the style of The Physical Review
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ground rules for access, for changing collections and services, payment,
authentication, etc. [98]

From the technical point of view, there are basically two ways to implement digital
services across heterogeneous digital libraries: a distributed searching approach and
a harvesting approach [57, 115]. The former would require archives to implement a
joint protocol to handle queries and other services over distributed libraries in real
time. Such an approach has important problems of scalability, in view of the possible
emergence of thousands of institutional and/or subject-oriented archives worldwide
44, 45].

The difficulty of creating a large distributed searching service is the motivation
behind recent efforts to build federation services based on the concept of metadata
harvesting. The key idea here is to harvest metadata from different collections at one
location, and provide high-level services on the collected metadata set. One result of
these efforts has been the Universal Preprint Service (UPS) Prototype [126], which
was developed as a proof-of-concept of a multi-discipline digital library of publicly
available scholarly material. The Prototype harvested nearly 200,000 records from
several different archives and created an attractive end-user environment. The UPS
service is partially based on the SODA [91], NCSTRL+ [93] and Buckets concept
(90, 81] introduced at Old Dominion University, and the RePEc model introduced
by Krichel [23]. The motivation of this thesis came from the promises of the UPS
service.

Experience developed during the creation of the UPS prototype was one of the
foundations of the concepts brought forward in the Santa Fe Convention [128], and,
lately, the OAI-PMH (Open Archives Initiative Protocol for Metadata Harvesting)
[57). The objective of the OAI-PMH is to develop a framework to facilitate the
discovery of content stored in distributed archives. OAI-PMH is becoming widely
accepted, and many archives are currently or soon-to-be OAI-PMH-compliant. OAI-
PMH 1.0 was released in 2000 [127], and after worldwide experiments, OAI-PMH 2.0
was released in 2002 as a stable specification [58, 129].

While the OAI-PMH solves one very important set of problems, there are many
open questions not well understood and which require considerable research and
experimentation to allow the development of a body of design knowledge and com-
munity practice. For this thesis, we are especially interested in usability, scalability,
and practical issues involved in implementing a large scale of metadata harvesting.
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Our work focuses on more general views of metadata harvesting instead of protocol
details of OAI-PMH. Our work has influenced the evolution of OAI-PMH, and is
based on the large base of existing OAI-PMH compliant repositories.

1.2 OBJECTIVE

End-User Service

Centralized Replication Kenler Service
Search Service Service P
Web Search Reference vee
Service Linking Service

Harvesting Service

Registration Service

Data Providers

Proxy, Cache, Gateway Service

FIG. 1.1: Architecture of a metadata harvesting system

The objective of this thesis is to demonstrate the feasibility of the harvesting ap-
proach for federating digital libraries. To achieve this objective, we develop, deploy,
and evaluate data providers and key services on collective metadata in real environ-

ment. The interactions between data providers and services are illustrated in Figure
1.1.

Data Provider The data provider maintains one repository for metadata harvest-
ing. We study a series of performance criteria for data providers, includ-
ing server availability, reliability, metadata variability, and update frequency.
These criteria influences the implementation of harvesting and other services.

Harvesting Service The harvesting service is the key service, which maintains data
coherency between data providers and service providers. The harvesting ser-
vice should maintain data freshness (that is keep the harvested metadata in
synchronization with data providers), and at the same time it needs to mini-
mize the impact on data providers. In our work, we study methods of reaching
better freshness with limited resources.
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End-User Service Above the harvester, various services, such as centralized fed-
eration services, replication services, and citation linking services, can be built
for end-users. The centralized federation service harvests metadata to a cen-
tral database and provides a unified interface to search all the collections. The
replication service can be viewed as mirrored OAI-PMH-compliant repositories,

where every participant has its own user interface providing federation service
over harvested metadata.

Registration Service The OAI-PMH raises the “awareness” question, namely how
service providers can find out the existence of data providers, and how data
providers can find out the appropriate service providers to register. In addi-
tion, different data/service providers can be aware of and linked to each other
by using OAI-PMH unique identifiers. A distributed service model could be
accomplished by sharing different services.

Proxy, Cache, and Gateway Service The proxy, cache, and gateway services op-
timize the functioning of the model underlying the OAI-PMH. They provide an
infrastructure that can be used by all other components to achieve interoper-
ability, scalability and reliability. Various applications and services can exploit
the services included in this infrastructure. An OAI-PMH proxy dynamically
forwards OAI requests to data providers. For example, it can dynamically fix
common XML encoding errors and translate between different OAI-PMH ver-
sions. An OAI-PMH cache caches metadata and can filter and refine them
before exposing them to service providers. It also serves as a simple cache that
reduces the load on source data providers and improves server availability. An
OAI-PMH gateway can convert the OAI-PMH to other protocols and applica-

tions. For example, the gateway could convert between different protocols and
OAI-PMH.

In Figure 1.1 the bold boxes represent the original OAI framework that partitions
the world into data providers and service providers. In our view, we layer the service
providers by providing a fundamental service of harvesting that will provide a clean,
validated set of metadata to all other services. The vertical boxes represent services

that cut across the layers of service providers and data providers and are accessed
by any one of them.
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1.3 APPROACH AND ISSUES

Our approach is to design and build several services and to deploy them on the Web.
Implementing and observing a publicly available service allows us to demonstrate
that our approach is practical since we have no control over the user community.
By performing various experiments, we are able to verify the concept of metadata
harvesting, answer open questions, and demonstrate the feasibility of our approach.

The feasibility of metadata harvesting for DL federation This problem is
demonstrated in the Arc federation search service, the first OAI-PMH com-
pliant service provider [71, 69, 70]. Arc has been operational as a public search
service at Old Dominion University since October, 2000. It has harvested
more than 1M records from over 100 OAI-PMH-compliant repositories and
has heavily influenced the model for building an OAI-PMH service provider.
Lately, the technology of Arc has been used in local projects as well as outside
researchers, for example, NCSTRL (2], Archon [82], metaArchive [86], and the
OLAC project (101].

The architecture of building federation service We develop and analyze both
a centralized approach and a replicated approach. The centralized approach
is demonstrated by Arc; the replicated approach is demonstrated by the TRI
(Technical Report Interchange) project among four national laboratories that
allows them to share technical report collection through the native DL interfaces
[73]. We compare the efficiency of the two approaches.

The quality of data providers and metrics Through the running of Arc over a
large number of data providers and the experience of implementing OAI-PMH
data providers, we are able to define several metrics of quality of data providers
and measure data providers against these qualities.

Freshness and repository synchronization The OQAI-PMH is based on a service
provider “pulling” model. However, there are additional approaches such as
“push” and “push/pull” hybrid model. The “pulling” model itself can also be
improved by supplying parameters in the data provider side to notify the service
provider of its update frequency. For this thesis, we implemented the Kepler
service — an OAI compliant data provider for individual publishers [80, 68]. It is
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a broker-based, peer-to-peer network that focuses on repository synchronization
problems and a registration service.

Service building The usefulness of the metadata harvesting approach is based on
the quality of metadata and how these metadata from heterogeneous sources
can be built into a unified search interface. We demonstrate our approach of
building rich cross archive search and linking service in Arc, TRI, and Archon
(82].

Scalability and Reliability We propose and implement a series of software com-
ponents to build a scalable and reliable infrastructure for metadata harvesting
applications [67]. In cooperation with Southampton University, several services,
such as OAI aggregator [15], DP9 [72], and OAI proxy, have been deployed [67].

1.4 ORGANIZATION OF DISSERTATION

In this dissertation, we present the challenges and issues that we encountered during
the design, development, and implementation of these systems and then describe
our experimental solutions that address the challenges. To that end, the rest of this
dissertation is organized as follows:

Chapter 2: Background We start by discussing various DL federation techniques.
There are basically two ways to implement these: a distributed searching ap-
proach and a harvesting approach. We present both approaches and typical

systems. We also highlight the recent efforts of OAI-PMH and its relationship
with our work.

Chapter 3: Metadata Harvesting System Architecture Chapter 3 presents
an architecture of a metadata harvesting system. This chapter is a general-
ization that presents the three major components in a metadata harvesting
system: the data provider, the harvester, and the service provider. We also
present a survey of current data provider implementations and their problems,
including server availability and metadata variability.

Chapter 4: Repository Synchronization In Chapter 4, we investigate the up-
date frequency of typical OAI-PMH-compliant repositories. A series of met-
rics are proposed to measure the update frequency of data providers and the
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freshness of harvesters. An algorithm is presented to optimize the repository
synchronization.

Chapter 5: Centralized Federation Service Chapter 5 discusses the approach
to implementing federation through a centralized approach. We then address
how we built a unified search interface over heterogeneous repositories with a
user-focused approach.

Chapter 6: Replicated Federation Service The metadata harvesting system
described in Chapter 3 is flexible enough to build federation service based
on a replicated approach as well. This approach can be viewed as mirrored
OAI repositories, where every digital library has its own federation service.
The consistency between these services is maintained using OAI-PMH. In ad-

dition, this approach supports several levels of redundancy, thereby improving
the availability of the whole system.

Chapter 7: Kepler Service The Kepler service supports the concept of an
archivelet, which ic a self-contained, self-installing software package that eas-
ily allows a researcher to create and maintain a small, OAI-PMH-compliant
archive. The Kepler service poses a series of new challenges to metadata har-
vesting. The OAI-PMH is insufficient in such a scenario, and we extend the
harvest model to a “push” and hybrid “push/pull” model to support the dy-
namic application scenario of Kepler.

Chapter 8: A Scalable Architecture for Metadata Harvesting Chapter
8 discusses the requirements of current and emerging applications based on
metadata harvesting and emphasizes the need for a common infrastructure to
support them. Inspired by HT'TP proxy, cache, gateway and web service con-
cepts, a design for a scalable and reliable infrastructure that aims at satisfying
these requirements is presented. Moreover, it is shown how various applications
can exploit the services included in the proposed infrastructure.

Chapter 9: Conclusion and Future work Finally, Chapter 9 summarizes the
results presented and provides suggested directions for future work.
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CHAPTER 2
BACKGROUND

The DL federation problem is the problem of building a coherent set of digital library
services that will enable users to discover information from multiple libraries through
a single, unified interface. This chapter highlights previous work done to address the
DL federation problem. This chapter is organized as follows:

e We begin this chapter with a definition of DL federation problem.

e In Section 2.2, we discuss the distributed search approach to addressing the
DL federation problem and highlight a selection of the key works.

e Next, in Section 2.3, we describe the harvesting approach to addressing the DL
federation problem.

e Finally, we introduce the OAI-PMH approach in Section 2.4.

2.1 THE DL FEDERATION PROBLEM

Most digital libraries have been built in isolation utilizing different technologies, pro-
tocols, and metadata in terms of both syntax and semantics. This situation hinders
interoperability, which is essential for building a coherent set of digital library ser-
vices that will enable users to discover information from multiple libraries through a
single unified interface [106]. There are basically two ways to implement DL federa-
tion: a distributed searching approach and a harvesting approach. The distributed
searching service, or metasearching service, is a service that provides unified query
interfaces to multiple search engines. It requires each search engine to implement a
joint distributed search protocol; moreover, as it needs post-process search results in
real time, it has important problems of scalability [115, 57]. A distributed searching
system may provide other services based on real-time processing of query results from
participating search engines as well.

A harvesting approach collects data from heterogeneous sources in advance, there-
fore, it is more realistic in dealing with large number of digital libraries. Harvesting
approaches have the additional attractive property that they allow data enhancing
procedures to be run on the collected data. Enhancements such as normalization,
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augmentation and restructuring are applied to data originating from different sources
in order to create consistent end-user services. In a harvesting scenario, these ac-
tivities can be dealt with in a batch manner. The harvesting approach requires a
protocol to synchronize database and a mechanism to ensure interoperability of data.

2.2 DISTRIBUTED SEARCHING AND REAL-TIME PROCESSING

In the distributed searching approach of DL interoperability, each archive maintains
its own search service; a metasearcher provides unified query interfaces to multiple
search engines. Thus, users have the illusion of a single, combined document source.
The distributed searching approach has three kinds of typical models: (1) distributed
searching based on same software deployed, like Dienst [57]; (2) distributed searching
based on protocol agreement between search engines, like the STARTS protocol {41,
83], SDLIP [105], and Z39.50 [135]; (3) distributed searching without individual
search engine involvement, like general metacrawler [116] in the Web, the Lyceum
project to federate selected digital libraries [76], and InterOp project {117]. The
limitations and advantages of these models are described below.

Dienst is a protocol and software for distributed digital libraries developed as part
of the Computer Science Technical Reports Project (CSTR), which is the foundation
for historical NCSTRL (24, 27], the Networked Computer Science Technical Reference
Library. Dienst specifies the operational characteristics of core digital library services
and mandates an open extensible protocol for communicating with digital library
services and accessing documents [55]. The interoperability of Dienst is implemented
by using the same protocol or software suite. The historical NCSTRL encountered
a number of technical and social problems, including metadata quality, connectivity,
and server quality, as specified by Powell in a study of NCSTRL:

Reliability of the distributed system is low. ... shows that many servers
are highly available, specifically 23 of 38 (61%) are up 90% of the time. ...
we see that the system had at least one server failure 100% of the time. ...
Our measurements indicate that engineering reliable, distributed digital
libraries will be a challenge. A federated system is vulnerable to its

weakest component. Strong institutional commitment will be necessary
for success. [109]

The historical NCSTRL was developed and maintained by Cornell University from
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1994 to 2001. In 2001, NCSTRL moved to an OAI-PMH based architecture mainly
due to its scalability problem [2].

Perhaps the most widely known search middleware is the Z39.50 standard. It de-
fines a broad range of facilities, such as a standard machine representation of queries
and an extensible collection of document attributes that may be used both in queries
and for the retrieval of document fragments. The Z39.50 is a comprehensive, of-
ten complex approach and generally does not fit well with light-weight approaches
typical in the design of web related protocols. The Simple Digital Library Interop-
erability Protocol (SDLIP) defines a layered, uniform interface to query and retrieve
the results from each searchable collection through a common interface. SDLIP also
supports an interface to access source metadata.

The Stanford protocol proposal for Internet retrieval and search (STARTS) is a
protocol for Internet retrieval and search that facilitates the task of querying multi-
ple document sources. STARTS is a group effort coordinated by Stanford’s Digital
Library project and involving over 11 companies and organizations. The goal of
STARTS is to facilitate the main three tasks that a meta searcher performs: (1)
Choosing the best sources to evaluate a query; (2) evaluating the query at these
sources; (3) Merging the query results from these sources. STARTS tries to solve
the interoperability problem by reaching a simple but expressive agreement between
search engine vendors. However, the details about the workings of most search en-
gines are proprietary, and it is becoming complicated to fully describe any useful
search engine. STARTS also has the scalability problem with increased numbers of
search engines. Lately SDARTS [42] has been designed to combine STARTS and
SDLIP. It can be viewed as an instantiation of SDLIP with metasearch-specific ele-
ments from STARTS.

The MetaCrawler [116] is a parallel web search service at the University of Wash-
ington and is now part of Go2Net. It provides users with a single interface with which
they can query popular general-purpose web search services, and has some sophis-
ticated features that allow results of much higher quality than simply regurgitating
the output from each search service. The MetaCrawler provides a single central in-
terface for web document searching. Upon receiving a query, the MetaCrawler posts
the query to multiple search services in parallel, collates the returned references,
and loads those references to verify their existence and to ensure that they contain
relevant information. MetaCrawler’s major advantage is that it does not require
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individual search engines’ involvement. MetaCrawler, however, has the problem of
performance. A naive implementation would wait until all search services return
results and then wait again until each reference has been downloaded. In addition,
MetaCrawler does not cover the source-metadata problem, so its query is sent in
parallel to all search engines.

The InterOp project proposes an LFDL (Lightweight Federated Digital Library)
system [117]. In LFDL, a universal search interface is defined as the basic interop-
eration middle layer. A DL definition language is defined to describe the rules of
query mapping between universal interface and native interface. This approach has
the advantage of supporting a number of heterogeneous digital libraries without prior
coordination.

The distributed searching approach without prior coordination is also used by
a number of automated brokerage services (e.g. shopping agents) in the Web [31].
The main advantage is that it does not require any changes in individual search
engine, however, the format in any participants may change format overnight, and
the automatic broker would be confused [10]. Moreover, the distributed searching
approach has important problem of scalability because it needs to merge search
results in real time.

2.3 HARVESTING

The harvesting approach for accommodating diversity is to collect data from a set
of underlying repositories and combine it into a homogeneous whole. The harvesting
approach collects data into a centralized collection, and it can pre-build various
services (e.g. indexing, normalization), thus it has better scalability. However, it has
the problems of repository synchronization and data duplication. The harvesting can
be based on structured or non-structured data. In the digital library domain, we are
especially interested in structured data such as metadata that exploits the semantics
of existing digital resources and potentially provides richer service. The structured
data requires agreement algorithms for correlating information. We now highlight
several representative techniques that use the general harvesting approach.

A web robot is a program that automatically traverses the Web’s hypertext struc-
ture by retrieving a document, and recursively retrieving all documents that are ref-
erenced. These programs are sometimes called “spiders,” “web wanderers,” or “web
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worins” [53]. Robots can be used to perform a number of useful tasks such as: sta-
tistical analysis, maintenance, mirroring, and resource discovery. Although robots
for resource discovery are widely used in search engines such as Lycos, Google, and

Infoseek, robots have the important problem of updating overhead as identified by
Koster:

There is no efficient change control mechanism in the Web; there is no sin-
gle request that can determine which of a set of URL’s has been removed,
moved, or modified. [54]

Again, keeping synchronization between the centralized server and the joined web
site is difficult and resource consuming; several research projects have been done to
increase the freshness of web search engines by speculating the update frequency of
web pages (19, 20, 107].

Robots are also used to build focused digital libraries, such as ResearchIndex (for-
merly CiteSeer) [61]. ResearchIndex is a scientific literature digital library built by
selectively harvesting the Web. ResearchIndex uses web search engines and heuris-
tics to locate good starting points for crawling the Web. ResearchIndex downloads
Postscript or PDF files, which are then converted into text. ResearchIndex checks
to verify that the document is a research document by testing for the existence of a
reference or bibliography section. In the NSDL project, Bergmark [9] uses crawlers to
synthesize document collections on various topics in science, mathematics, engineer-
ing, and technology; it is based on matching document similarity between harvested
data and a pre-defined dictionary for selected subject.

Some projects try to relieve the update overhead problem by introducing addi-
tional protocols or software modules. Harvest [12] is a research project at University
of Colorado — Boulder, portions of it have found its way into various commercial
products, including the Netscape Catalog Server and @Home Network. Harvest fo-
cuses on providing a framework for indexing and querying multiple document sources
and includes a set of tools for gathering and accessing information on the Internet.
The Harvest gatherers collect and extract indexing information from one or more
sources. Then, the brokers retrieve this information from one or more gatherers, or
from other brokers. The brokers provide a querying interface to the gathered infor-
mation. The Harvest architecture can reduce both server load and network traffic.
However, Harvest is a combination of different tools and is complex, focuses on un-
structured web documents, which are different from structured document in DLs,
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and has only basic increment update methodology based on file-access time.

The above approaches are useful applications of the harvesting approach; how-
ever, they deal with non-structured or semi-structured data. A more advanced ser-
vice needs richer metadata and since the coordination between data providers and
harvesters is minimal (at most times it is just the robots.txt file), it is difficult to im-
plement efficient repository synchronization. These problems inspire the introduction
of the emerging standard OAI-PMH in the digital library community.

2.4 OPEN ARCHIVES INITIATIVE PROTOCOL FOR METADATA
HARVESTING

The Open Archives Initiative Protocol for Metadata Harvesting (OAI-PMH) presents
a technical and organizational metadata harvesting framework designed to facilitate
the discovery of content stored in distributed archives. The OAI-PMH is becoming
widely accepted and many archives are currently or soon-to-be OAI-PMH-compliant.
OAI-PMH 1.0 was released in 2000, after worldwide experiments, OAI-PMH 2.0 was
released in 2002 as a stable specification.

The OAI framework is the most important short-range interoperability effort
that we are aware of in the DL community. OAI-PMH is based on a model that puts
a very clean divide between data-providers (entities which expose metadata) and
service-providers (entities which harvest metadata, presumably with the intention
of providing some service). OAI-PMH thus defines a protocol to synchronize data
providers and service providers by selective harvesting and a mechanism for metadata
interoperability and validation. As specified by Lagoze and Van de Sompel:

The technical framework of the Open Archives Initiative is intended to
provide a low-barrier approach to interoperability. Nevertheless, there are
functional limitations to such a low-barrier framework and other inter-
operability standards. For example, Z39.50 addresses a number of issues
in a more complete manner. However, as noted by Bill Arms, interoper-
-ability strategies generally increase in cost (difficulty of implementation)
with an increase in functionality [5]. The OAI technical framework is not
intended to replace other approaches but to provide an easy-to-implement
and easy-to-deploy alternative for different constituencies or different pur-
poses than those addressed by existing interoperability solutions. [57]
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The OAI technical framework addresses two well-known metadata requirements:
interoperability and extensibility. The metadata interoperability is addressed by re-
quiring that all OAI data providers supply metadata in a common format called
the Dublin Core Metadata Element Set [131]. Community-specific description, or
metadata specificity, is addressed in the technical framework by support for paral-
lel metadata sets. The technical framework places no limitations on the nature of
such parallel sets, other than that the metadata records be structured as XML [14]
documents, which have a corresponding XML schema for validation [123].

OAI-PMH supports the concept of selective harvesting, which makes it possible
to specify a subset of records to be harvested. OAI-PMH opted for two relatively
simple criteria for selective harvesting: datestamps and sets. Datestamp is defined
as the date of creation, deletion, or latest modification of a record, and sets are
mechanisms to group records in a repository for the purpose of selective harvesting.

OAI-PMH is based on a pull-only interaction via HTTP [33] using XML. Service
providers make requests to data providers; there is no support for data-provider-
driven interaction. All requests and replies occur using the HTTP protocol. Re-
quests may be made using either the HTTP GET or POST methods. All success-
ful replies are encoded in XML. OAI-PMH protocol requests are made using one
of six verbs: Identify, GetRecord, Listldentifiers, ListRecords, ListSets, and List-
MetadataFormats. Some of these verbs accept or require additional parameters to
completely specify the request (Table 2.1). The correctness of the protocol request
and response are verified by XML schema.

2.5 DISSCUSION

Clearly, although we are focusing on federation service in digital libraries community,
other communities face similar problems. One important initiative is Semantic Web
— “ a web of data that can be processed directly or indirectly by machines” [10, 11]
and underlying RDF (Resource Description Framework) [60]. Intelligent agents can
collect machine-readable web data and apply logic to conduct deduction, in which
both distributed searching and harvesting will play significant roles.

OAI-PMH is originated from eprints service. There is a broad movement now
well established within the scholarly publishing world such as BOAI [102] and Public
Library of Science [108], championed by people like Stevan Harnad at the University
of Southampton, to enhance public access to scholarly journal articles through the
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TABLE 2.1: Six QAI-PMH verbs

Verb Arguments Summary

GetRecord identifier, meta- | This verb is used to retrieve an individual
dataPrefix metadata record from a repository.

Identify This verb is used to retrieve information

about a repository.

ListIdentifiers | from, until, meta- | This verb is an abbreviated form of
dataPrefix, set, | ListRecords, retrieving only headers rather
resumptionToken | than records. Optional arguments permit

selective harvesting of headers based on set
membership and/or datestamp.

ListMetadata-| identifier This verb is used to retrieve the metadata

Formats formats available from a repository. An op-

tional argument restricts the request to the
formats available for a specific item.

ListRecords from, until, meta- | This verb is used to harvest records from a
dataPrefix, set, | repository. Optional arguments permit se-
resumptionToken | lective harvesting of records based on set

membership and/or datestamp.

ListSets resumptionToken | This verb is used to retrieve the set structure

of a repository, useful for selective harvest-
ing.
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use of eprint servers [46]. Clifford Lynch pointed out:

OAI-PMH grew out of an effort to solve some of the problems that were
emerging as eprints servers became more widely deployed. However, as
work on the protocol advanced it became clear that it provided a very
general-purpose mechanism that could address a surprisingly wide range
of urgent needs. [74]

The most obvious applications that are enabled by OAI-PMH are repository
synchronization and federated search. Besides that, it also focuses attention on a
number of other issues, such as registration and metadata schema, that will have to
be addressed as applications proliferate. This thesis contributes to the development
of OAI-PMH protocol and applications.
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CHAPTER 3
METADATA HARVESTING SYSTEM ARCHITECTURE

In the previous chapter, we highlighted the key techniques to solve the digital libraries
federation problem. The metadata harvesting approach is one way to implement the
digital libraries federation system. This chapter defines architecture of the metadata
harvesting system. The remainder of this chapter is organized as follows:

e Section 3.1 presents a layered architecture of the metadata harvesting system
and its major components.

e A data provider maintains one repository that supports the OAI-PMH as a
means of exposing metadata. In Section 3.2, we summarize the features of
OAI-PMH-compliant data providers.

e A harvesting service traverses the data providers automatically and extracts
metadata. It exploits the incremental, selective harvesting defined by the OAI-
PMH. The harvesting service is presented in Section 3.3.

e A registration service is essential for the metadata harvesting system. We
introduce the issues of the registration service in Section 3.4.

e Value-added services such as cross archive searching can be built over harvested
metadata. We discuss end-user service in Section 3.5.

e We briefly introduce the proxy, cache, and gateway service to achieve interop-
erability, scalability, and reliability of services in Section 3.6.

e In Section 3.7, we introduce Arc, the first OAI-PMH service provider. Arc
implemented the model defined in this chapter.

3.1 INTRODUCTION

The basic structure of OAI-PMH supports two roles: the service provider and the
data provider, which can be seen in Figure 3.1. Data providers administer systems
that support the OAI-PMH as a means of exposing metadata; and service providers
use metadata harvested via the OAI-PMH as a basis for building value-added services.
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Service Provider Service Provider Service Provider

Data Provider Data Provider Data Provider

FIG. 3.1: Architecture of the basic OAI-PMH model

The OAI-PMH protocol focuses on the clear interface between data providers and
services providers. Many other issues, such as the registration service, are essen-
tial to support a large scale of distributed and replicated services. In Figure 3.2,
we define a model for metadata harvesting which addresses many of these issues.
The data provider maintains one repository for metadata harvesting. The harvester
is the key service which uses OAI-PMH to maintain the synchronization between
data providers and various services. Above the harvester, various services, such as
centralized federation services, replication services, and citation linking services, can
be built for end-users. In addition, we introduce the OAI-PMH proxy, cache, and
gateway services to optimize the functioning of the model underlying the OAI-PMH,
they provide an infrastructure that can be used by all other components to achieve
interoperability, scalability and reliability. A registration service is essential if the
number of OAI-PMH compliant repositories keeps growing, it addresses the resource

discovery and identifier resolution problem within the highly replicated environment
of OAI-PMH.

3.2 DATA PROVIDERS

A data provider maintains one repository that supports the OAI-PMH as a means of
exposing metadata. There are more than 100 registered OAI-PMH-compliant repos-
itories. The design of a good data provider presents many challenges. After running
a metadata harvesting system for nearly two years, we have discovered a number of
problems. These include metadata quality, server availability, service quality, and
implementation of resumption token. In OAI-PMH, community-specific description,
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FIG. 3.2: Architecture of an optimized metadata harvesting model

or metadata specificity, is addressed in the technical framework by support for par-
allel metadata sets. We study current metadata format variability in OAI-PMH and
present a solution to support multiple metadata formats in service providers.

3.2.1 Architecture of a Data Provider

Figure 3.3 shows the major components of a data provider. It includes three major
modules. First, a request processor accepts OAI-PMH requests and validates the
correctness of the request, then sends it to a record factory. Next, the record factory
fetches metadata from data sources and converts them if necessary. The matched
records are then encoded into XML format in the XML encoder and responded in
an HTTP response. The harvester may issue further requests based on the replies it

receives.
OAI request
processor RecordFactory (J:;t:ass:ugl:)
(CGServiet...) '
N
< XML Encoder @¢——

FIG. 3.3: Architecture of an OAI-PMH data provider
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3.2.2 Quality of Data Providers

The quality of data providers has been a significant problem since the release of
SFC in 2000. During the testing of data harvesting from OAI-PMH data providers,
numerous problems v'vere found. Alan Kent reported that 36 out of 76 data providers
could not be harvested in March, 2002 [51]. In July, 2002, a review of the Celestial
Service [15] showed that 31 out of 96 data providers have problems in harvesting. We
discovered that not all archives strictly follow the OAI-PMH; many have XML syntax
and encoding problems, and some data providers are periodically unavailable. Many
responses were not well-formatted XML files. Sometimes foreign language and other
special characters were not correctly encoded. XML syntax errors and character-
encoding problems were surprisingly common and could invalidate entire large data
sets. Incremental harvesting proved beneficial as a work-around. In Table 3.1, we
summarize the error logs of harvester for nearly one year. In summary, we experienced
errors in 77 of 103 repositories; 2539 of 20952 rounds of harvesting have errors. In our
harvester, one round of harvesting usually includes a series of OAI-PMH requests:
Identify, ListSets, and ListRecords. OAI-PMH is based on an incremental harvesting
model, The first round of harvesting collects all available metadata records and is

error-prone; after that, only new published data is harvested and the problem occurs
less.

TABLE 3.1: Harvester error logs (from 08/13/2001 to 07/29/2002)
| Type Total | Any Error | XML Error | Server Error
Number of Repositories | 103 7 18 73
Round of Harvest 20952 | 2549 433 2116

The OAI website in Cornell university validates registered data providers for
protocol compliance. It uses XML schemas to verify the standard conformance [119].
However, this verification is not complete; it does not cover the entire harvesting
scenario and does not verify the entire data set. Additionally, such verification cannot
detect semantic errors in the protocol implementation, such as misunderstanding of
DC fields. For certain XML encoding errors, an XML parser can help avoid common
syntax and encoding errors. If the data provider builds quality control and data
cleaning into its local accession policy [121], the service provider will have significantly
less work to do and will have to discard fewer dirty data records. These errors can
also be partially addressed on the service provider side. The approach adopted by
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our harvester is presented in Section 3.3.

3.2.3 Implementation of Resumption Token

When a harvester issues a request to an archive that will result in a large amount of
data, the archive may provide part of the data and then offer a resumption token as
placeholder for the rest. If more is desired, that token is sent, and another batch of
results is returned. OAI-PMH leaves the resumption token format up to developers.

There are two ways to implement a resumption token: stateful and stateless. A
stateful implementation follows the direction of SQL-style transactions and cursors
[29]; it is complicated and usually not robust in error recovery. In a test conducted
by our harvester in February, 2002, five repositories could not be harvested due to
the error in the resumption token.

To solve the problem, we design a stateless resumption token for data providers.
The request parameters and cursor are encoded in the resumption token; the cursor
includes the information of datestamp and identifier. The state information is thus
saved in the resumption token, and the data provider does not need to keep the state
information. Whenever a request with a resumption token comes, the data provider
can decode the resumption token and re-build the query ordered by datestamp. By
this way, a repository will be guaranteed to be harvested completely even if it has
frequently changed data. The algorithm is described in Figure 3.4.

3.2.4 Parallel Metadata Format

For a digital library to be OAI-PMH-compliant, it must expose its metadata in DC
and use the OAI-PMH protocol. That is, a DL community may use its own richer

metadata set intra-community, but must have a second set of DC metadata exposed
in order to be OAI-PMH-compliant.

TABLE 3.2: Parallel metadata sets usage in OAI-PMH (08-02-2002)

Number of Archives | Total number of Total number of unique
metadata formats used | metadata formats
[92 149 21
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Algorithm 3.1 Stateless ResumptionToken for DataProvider

Input : OAI — PMH ListRecords, ListIdenti fiers, ListSets request
Procedure :

while(TRUE){
wait(request);
if (request has resumptionToken){
parameters, cursor = decode(resumptionT oken);
}else{

parameters = decode(request);
cursor = null;

}

Select from database where (parameters is true) and (datestamp
+identi fier > cursor)order by (datestamp + identi fier);
Assemble replied records till lastrecord;

newcursor = datestamp(lastrecord) + identi fier (lastrecord);
new_resumptionToken = encode(parameters + newcursor);
response (resultset + new_resumptionToken);

FIG. 3.4: Algorithm for stateless resumption token

The use of unqualified DC as a common metadata format in OAI-PMH proves to be
very helpful for building a quick prototype. However, richer metadata formats are
essential for building a richer service. The current usage of parallel metadata set is
listed in Table 3.2. In total, 21 different metadata formats are used in 92 repositories.
Figure 3.5 shows how many metadata formats are used in each repository. The
majority of them (53) use unqualified DC only, 28 repositories use two metadata
formats, four repositories use three metadata formats, and seven use four metadata
formats. Figure 3.6 shows the number of usage each metadata format except oai_dc
(oaidc is mandatory and every repository uses it). The OLAC metadata set is a
standard defined by the OLAC community [101]; OAI_RFC1807 [59] and OAI_ MARC
[99] are standard metadata formats and recognized in the QOAI-PMH. The other 16
kinds of metadata format are local formats; it is very difficult to implement richer
service over these metadata without individually studying each format.

Since OAI-PMH is XML based, if a data provider supports a stylesheet file for lo-
cally defined XML metadata formats, the service provider can automatically present
the harvested records without knowing the semantic meaning. Figure 3.7 shows how
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FIG. 3.5: Usage of parallel metadata sets

we support parallel metadata presentation by XSLT [21] processing. Data providers
will export their metadata (by OAI-PMH) and presentation format (by XSLT). A
service provider harvests the metadata and builds a search interface. The resource
discovery is performed by the service provider, and the final presentation of the data
is accomplished by the data provider’s XSLT. With this mechanism, data providers
may define an explicit method for presenting the metadata format, which is espe-
cially useful for rarely used or repository-specific metadata formats. OAI-PMH 2.0
introduces a “branding” mechanism for the service provider to render the metadata

in the stylesheet specified by the data provider. The branding mechanism supports
the model defined in Figure 3.7.

3.3 HARVESTER

Similar to a web crawler, the OAI-PMH harvester traverses the data providers auto-
matically and extracts metadata. The significant differences between the OAI-PMH
harvester and a web crawler are that the OAI-PMH harvester normalizes the meta-
data, thus producing more complete and accurate results, and exploits the incremen-
tal, selective harvesting defined by the OAI-PMH.

Data providers are different in data volume, partition definition, service imple-
mentation quality, and network connection quality. All these factors influence the
harvesting procedure. Historical and newly published data harvesting have different

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



24

Usage of Each Metadata Format

18
16 -
14
12
10

oON OO

OLAC OQAI_RFC1807 OAI_MARC OAI_ETDMS  Total of Others

FIG. 3.6: The number of usage of each metadata format

requirements. When a service provider harvests a data provider for the first time,
all past data (historical data) needs to be harvested, followed by periodic harvesting
to keep the data current. Historical data harvests are high-volume and more stable.
The harvesting process can run once, or as is usually preferred by large archives, as
a sequence of chunk-based harvests to reduce data provider overhead. To harvest
newly published data, data size is not a major problem, but the scheduler must be
able to harvest new data as soon as possible and guarantee completeness — even if
data providers provide incomplete data for the current date. The OAI-PMH provides
flexibility in choosing the harvesting strategy; theoretically, one data provider can
be harvested in one simple transaction, or one can be harvested as many times as
the number of records in its collection. But in reality, only a subset of this range is
possible; choosing an appropriate harvesting method has not yet been made into a
formal process. We defined four harvesting types:

e bulk-harvest of historical data
e bulk-harvest of new data

e one-by-one-harvest of historical data
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FIG. 3.7: XSLT processing to support parallel metadata format in OAI-PMH

e one-by-one-harvest of new data

Bulk harvesting is ideal because of its simplicity for both the service provider
and data provider. It collects the entire data set through a single HTTP connection,
thus avoiding a great deal of network traffic. However, bulk harvesting has two prob-
lems. First, the data provider may not implement the resumption token flow control
mechanism of the OAI-PMH, and thus may not be able to correctly process large
(but partial) data requests. Secondly, XML syntax errors and character-encoding
problems — these were surprisingly common - can invalidate entire large data sets.

One-by-one harvesting is used when bulk harvesting is infeasible. However, this
approach imposes significant network traffic overhead for both the service and data
providers since every document requires a separate HTTP connection.

The default harvesting method for every data provider begins as bulk harvest.
We keep track of all harvesting transactions, and if errors are reported, we determine
the cause and manually tune the best harvesting approach for that data provider.

3.3.1 Robust Harvesting

There are two common problems that a robust harvester should deal with: unstable
servers and XML encoding errors.

There are various problems that the network or data provider may experience.
As we specified before, the cost of an interrupted resumption token can be expensive.
In response, a robust harvester should try several times to improve the efficiency in
case the interruption is short-term. The harvester can simply re-try after a random
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period of time, or period calculated by the exponential backoff algorithm.

XML syntax errors and character-encoding problems are surprisingly common.
They can invalidate entire large data sets. Besides the efforts on the data provider
side to avoid this problem, a robust harvester can be designed to handle XML en-
coding errors. This mechanism is implemented by using specific features of SAX
parser [114]. A SAX parser will report the precise position (line number and column
number) of the first XML encoding error. Based on position information, the first
bad record is detected and removed. The remaining data is validated again. The
process runs iteratively until all bad records are removed; only good records are saved
for further processing. This harvester manages to harvest most OAI-PMH-compliant
repositories despite common XML encoding errors.

3.3.2 Hierarchical Harvesting

We have also implemented an OAI-PMH layer over the harvested metadata that al-
lows our service provider to act as a data provider, disseminating metadata harvested
from other data providers (Figure 3.8). This allows for the hierarchical harvesting of
content, similar to the system of gatherers and brokers defined in Harvest. This struc-
ture has a great deal of flexibility in how information is filtered and interconnected
between data providers and service providers. For example, one service provider
might index papers in computer science, while another could build a general sci-
entific service by harvesting the existing computer science harvester. Hierarchical
harvesting also could provide the mechanism for caching and replication services.

A service provider normalizes harvested data. Thus, the re-exposed data might
not be the same data harvested from the data providers. This situation can introduce
both intellectual property and provenance issues. The document identifier is the one

unique metadata item that should be kept in all locations to allow for tracking the
source of the document.

3.4 REGISTRATION SERVICE

The OAI-PMH raises the “awareness” ﬁ_uestion, namely how service providers can
find out the existence of data providers and vice versa. In addition, different
data/service providers can be aware of and link to each other by using OAI-PMH
unique identifiers. A distributed service model could be accomplished by sharing
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FIG. 3.8: Hierarchical harvesting

different services.

We believe there are two levels of registration process in the environment of

OAI-PMH: repository-level and record level. The repository-level registration needs
support three mechanisms:

1. The data provider registers and updates its status in a service provider. A basic
registration service allows the registration of base URL of a data provider; an
advanced registration service allows the data provider to notify service provider
when its status (such as server availability and update schedule) changes.

2. The service provider automatically discovers appropriate data providers for har-
vesting. For example, a central OAI registration service for data providers [100]
is provided by Cornell University. Service providers can periodically harvest
base URLs of registered data providers.

3. The service provider exposes information about its harvested repositories. An
OAI-PMH layer can be supported to describe the archives from which it har-
vests. That is, instead of the records corresponding to records from the data
providers, the records returned from this interface describe the actual archives
themselves. This interface was implemented to provide a dynamic and machine-

readable mechanism for discovering the data providers from which a service
provider harvests.
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The record-level procedure needs to support two mechanisms:

1. Identifier Resolver: Given an oai-identifier, the resolver is able to return the
corresponding XML records. The identifier resolver maintains the mapping
relationship between the oai-identifier and its base URL. It provides a single
source from which other services can fetch record instead of keeping a local list
of correspondences between identifiers and base URLs.

2. Service Linking: In OQAI-PMH, data providers may be harvested by many ser-
vice providers, each providing different services for the same record. All these
services potentially could link to a broker page, the broker page dynamically
checks whether or not a service exists for a specific record. If so, it adds a
link to the corresponding service provider. In order to know which records are
available in advance, the broker issues an OAI-PMH GetRecord lookup to the
target service (which has an OAI-PMH export). Based on the reply, the broker
knows whether a record is harvested.

3.5 END-USER SERVICE

Many services become possible with the adoption of OAI-PMH, the federated search
service and repository synchronization are most obvious applications. The OAI-
PMH also provides an interface which exposes the “hidden” information to general
web search engines. Other services such as cross-archive citation linking are also
emerging.

Based on the OAI-PMH, there are two approaches to building a federated dig-
ital library that allow users to access contents in all the libraries through a single
interface: centralized and replicated. In the centralized approach (Figure 3.9), a fed-
eration service harvests metadata from the OAI-PMH-enabled libraries and provides
a unified interface to search all the collections. This approach has been adopted
by Arc and other OAI-PMH service providers [84, 45, 120]. However, a centralized
search service is not a suitable approach if the primary objective is to use native
library interfaces. Besides this limitation, the centralized approach suffers from the
organizational logistics of maintaining a centralized federation service and having a
single point of failure. The replicated approach addresses these problems (Figure
3.10). This approach can be viewed as mirrored OAI-PMH-compliant repositories,
where every participant has its own federation service. The consistency between

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



29

these services is maintained using OAI-PMH. As a federation service is locally avail-
able, it becomes easy to push other participants’ metadata into the native library. In
addition, this approach supports several levels of redundancy, thereby improving the
availability of the whole system. For example, a failure of a system at one repository
would not severely impact users at other repositories. In fact, users at the affected
repositories would continue to search and discover reports from other repositories,
though they may not be able to see reports that are added to the system at other
repositories during the down time. The centralized approach is further discussed in
Chapter 4, and replicated approach is discussed in Chapter 5.

Users from all participating libraries

Centralized Database

Harvest

Native Native Native
Library 1 Library 2 Library 3

FIG. 3.9: Centralized federation service

User from library 1 User from library 2 User from library 3

Native library | Native library 2 Native library 3

Translation process between native libyary and OAI repository

OAI repository OAI repository OAI repository

Synchronized by OAI-PMH

FIG. 3.10: Replicated federation service
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3.6 PROXY, CACHE, AND GATEWAY SERVICES

The current and emerging applications based on metadata harvesting require a scal-
able and reliable infrastructure to support them. We introduce the concepts of OAI-
PMH proxies, OAI-PMH caches, and OAI-PMH gateways as tools for the optimiza-
tion of the functioning of the data provider/service provider model underlying the
OAI-PMH. The goal is to achieve interoperability, scalability, and reliability of OAI-
PMH services. Various applications and services can exploit the services included in
this infrastructure. An OAI-PMH proxy dynamically forwards OAI requests to data
providers. For example, it can dynamically fix common XML encoding errors and
translate between different OAI-PMH versions. An OAI-PMH cache caches meta-
data and can filter and refine them before exposing them to service providers. It
also serves as a simple cache that reduces the load on source data providers and
improves server availability. An OAI-PMH gateway can convert the OAI-PMH to
other protocols and applications. For example, the gateway could convert between
different protocols (e.g. SOAP [13]) and OAI-PMH.

3.7 TESTBED

Arc is designed as a testing system to study the challenges in metadata harvesting. It
implemented the model presented in this Chapter. Arc harvests all open OAI-PMH
data providers regardless of their contents. Arc includes a harvester and a search
engine built over harvested metadata. As of August 2002, there were more than
100 data providers with over 1M metadata records. The number of records keeps
growing with more OAI-PMH-compliant data providers (Figure 3.11), the spike in
Figure 3.11 is usually caused by newly added collections.

In Arc, we also implement an experimental OAI-PMH layer over harvested data.
Thus, one service provider can collect information from both data providers and
service providers. By retrieving information from other service providers, service
providers can also cascade indexed views from one another — using the service
provider’s query interface to filter or refine the information from one service provider
to the next.

We encountered a number of problems in developing Arc. Different archives have
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FIG. 3.11: Monthly changes in Arc’s holdings

different format/naming conventions for specific metadata contents, thus necessitat-
ing data normalization. Arbitrary harvesting can overload the data provider making
it unusable for normal purposes. The data providers’ security protection can block
the crawler and make harvesting difficult to implement. Initial harvesting when a
data provider joins a service provider requires a different technical approach than
periodical harvesting that keeps the data current.

The Arc architecture is based on the Java servlets-based [87] search service that
was developed for the Joint Training, Analysis and Simulation Center (JTASC) [79].
This architecture is platform-independent and can work with any web server. More-
over, the changes required to work with different databases are minimal. Our cur-
rent implementation supports two relational databases, one is commercial (Oracle
{103]), and the other is open source (MySQL [88]). The architecture improves per-
formance by employing a three-level caching scheme. Figure 3.12 outlines the major

components: Search Engine, Harvester, and an OAI layer over Arc for hierarchical
harvesting.
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FIG. 3.12: Architecture of Arc

The Arc harvester is implemented as a daemon written in Java. At the initial-
ization stage, it reads the system configuration file, which includes properties such
as user-agent name, interval between harvests, data provider URL, and harvesting
method. The harvester then starts a scheduler, which periodically checks and starts
the appropriate task.

3.8 DISCUSSION

Little is known about the long-term implications of a harvest-based DL. The pre-
sented architecture motivates studies on naming service, repository synchronization
problem, metadata quality, and scalability. We summarize this chapter and further
studies are introduced in later chapters in this dissertation.

Data Provider and Service Quality During the testing of harvesting from data
providers, numerous problems were found. We have presented how to imple-
ment a robust harvester in this chapter. An OAI-PMH proxy or cache service

can dynamically resolve these problems, these are further discussed in Chapter
8.

Update Frequency, Push Model, and Security The OAI harvesting model is
built on service providers “pulling” metadata from a set of data providers. It
is interesting to study the update frequency of data providers and to design
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the optimal harvester to reach better freshness with minimal cost. We discuss
more about the repository synchronization problem in Chapter 7.

Controlled Vocabulary Some normalization was necessary to achieve a minimum
presentation of query results. A controlled vocabulary will be of great help for
a cross-archive search service to define such metadata fields as “subject.” We

discuss how to build a federation service with existing controlled vocabulary in
Chapter 5.
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CHAPTER 4
REPOSITORY SYNCHRONIZATION

Because data providers constantly change, a harvester should periodically contact
data providers for newly added and changed data, so that the contents are main-
tained up to date. The OAI-PMH harvesting model is built on service providers
“pulling” metadata from a set of data providers. It is designed with the intention
of stable traditional publishing mediums (journal, e-prints, etc.). However, the syn-
chronization problem is quite different in an author self-archiving environment such
as the Kepler service. The synchronization problem of OAI-PMH is studied in this
chapter. The synchronization problem in Kepler is studied in Chapter 7.
The remainder of this chapter is organized as follows:

e Section 4.1 introduces the repository synchronization problem in OAI-PMH
and outlines our approach.

e We formally study the repository synchronization problem in Section 4.2. Sev-
eral metrics such as update frequency and freshness are defined.

e The frequency of new or modified records available through the data provider
plays a major role in determining the harvesting frequency. We study the
update frequency of OAI-PMH-compliant data providers in Section 4.3.

e Section 4.4 presents two algorithms to implement repository synchronization
in the OAI-PMH framework.

e Section 4.5 presents a syndication container by which the data provider can
identify its update rate.

e Section 4.6 summarizes the related work in synchronization and freshness prob-
lem.

4.1 INTRODUCTION

The synchronization problem — how to keep the metadata records of data providers
and service providers consistent — is a problem that can distort the results a user
obtains from a search. The user must trust that the service provider has an accurate
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assessment of the contents of the data providers that it harvests. The OAI-PMH
supports selective, incremental harvests, and the synchronization is maintained by
periodic re-harvesting. Service providers are expected to exploit these properties in
order to limit the load imposed on the data providers while still maintaining fresh
data for their services.

To study this problem, it is imperative to understand the requirement of the
application. For example, maintaining freshness in seconds for the market value
of a stock could be critical; a news aggregator need to maintain hourly freshness
for a satisfactory service; a web service engine may re-harvest its indexed page in
several months. We define [ as the acceptable latency at which the harvester should
be synchronized with data providers. The OAI-PMH 1.x only supports granularity
of day, the OAI-PMH 2.0 starts to support granularity of second. However, the
granularity of the protocol is not likely change the nature of update frequency of a
repository.

The OAI-PMH harvesting model is built on service providers “pulling” metadata
from a set of data providers. After studying data and the harvest log of Arc, we con-
clude that most data providers have a steady change rate, but different data providers
present significantly different rates. For the traditional publishing medium, the OAI-
PMH harvesting model works well. However, freshness can be further improved if
the harvester can dynamically adjust the “pulling” rate based on the change rate of
data providers. Motivated by the work in RSS (RDF Site Syndication Format) [6)
and other applications such as news syndication, we define an optional container in
which a data provider can describe its update rate.

4.2 METRICS FOR UPDATE FREQUENCY AND FRESHNESS

The OAI-PMH is based on a coordinated model that a harvester can issue a request
to get all updated records in a repository after a specific date. This model is superior
to the model of web crawlers, which have to discover the update time of each record
individually.

We formally define several metrics to measure the update frequency of data
providers. Let {ri,...,7a} be the M data providers we are going to monitor. We
assume that n observations are made of each repository, the observations being made
at regular intervals. The choice of interval, At, will be made appropriate to the la-
tency of the repositories involved and is lagely irrelevant to the metrics that follow.
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We will therefore denote the observation times as {ti, ...,t,}, where tj4; =t; + At.
Repository Update Status: The update status of a repository r; at time ¢;:

1 if r;is updated at time t;

(1)

0 otherwise

S(rst;) = {

Record Update Rate: Let R(r;;t;) denote the number of updated records of
a repository r; observed at time t;.

Repository Update Interval: We define the update interval at time t;:

0 ifS riti) == 0
Iraty =4 0 S0ak) . @)
j—k tgis last updatetime before t;
Average Repository Update Interval: In the period of observance
{t1, ..., tp}, the average update interval of a repository r; is

i I(ri;t;)
Ulr) = 25— (3)
jgl S(rii t;)

Average Repository Update Frequency: The average update frequency of
a repository r; is:

1
F RQ(T,) = m (4)
Average Record Update Rate: The average records update rate of repository

T is n
g_:l R(r;; t;)
AVG(r) = 5F— ()
X S(rits)
j=1
Freshness of a Data Provider: The freshness of a data provider r; in harvester
side at time ¢; is

F(ri;t) = { 1 if rj is up — to — date at time t;

6
0 otherwise )
Freshness of Harvester: The freshness of the harvester H at time ¢; is
M
F(H;t;) =1/M 3_ F(rs;t;) (7)

i=1

Using these metrics we are able to measure the freshness of service providers.
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Update Cost for Data Provider: Let C; denote the update cost for a data
provider.

Update Cost for Harvester: Let C, denote the update cost for harvester.

In the observance period of T, the harvester issues requests to each data provider
in an interval of [, and [ is the acceptable latency at which the harvester should be
synchronized with data providers. This latency could range from several seconds to
several months, depending on different applications.

In a basic model, the harvester issues requests every [ interval to each data
provider:

Cu(ri) = % (8)
c =1 (9)

In an optimal model, we assume that the harvester knows when the data provider
is updated in advance, and it issues requests right after the data provider is updated.

Culr) = g5y =T+ FRQ(r) (10)
M M
Cs= § 5%;—) = g T « FRQ(r;) (11)

From formula (9) and (11), we can derive that the acceptable latency, number of
data providers, and repository update frequency play important roles in caculating
the update cost. We illustrate these metrics by two examples.

Example 4.1 In a typical digital library application, such as researchers discover
the existence of a paper or technical report, a daily latency should satisfy most
requirements, if the observance period of T equals one day, from formula (9) we can
derive C, = M.

Example 4.2 In a news aggregator, the acceptable interval is at the minute level;
each participating news agency updates its site every hour. If the observation period
is one day, in the basic model, C; = 1440 * M, the basic model will not scale. In
contrast, in the optimal model, C; = 24 x M, it promises better efficiency.

In the optimal model, the harvester essentially allocates more resources to active

data providers; the prerequisite is that harvester must know the update interval of
the data providers. There are four approaches:
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Best Estimation The harvester estimates the record update frequency by learning
the harvest history. However, this requires the data provider must present a
constant update frequency. After studying the harvest log of Arc, we conclude
in Section 4.3 that many current OAI-PMH compliant data providers present
a constant update rate.

Syndication A data provider may describe its update frequency explicitly; this is
described in Section 4.5.

Subscribe/Notify Best estimation and syndication are compliant with the OAI-
PMH framework, but it relies on a constant update rate of data providers,
which may not be true in some applications. A data provider may notify a
service provider whenever its content is changed. This model is an extension
of OAI-PMH and is described in Chapter 7, the Kepler framework.

Push Model Data providers may directly push updates to service provider side,
this is also demonstrated in Chapter 7.

4.3 UPDATE FREQUENCY OF DATA PROVIDERS

The frequency of new or modified records available through the data provider plays a
major role in determining the balance between harvesting too often and not enough.
The nature of the data provider can influence how often records are modified or
updated. E-print type data providers are likely to have a small but steady stream
of ongoing daily or weekly updates. Museum or historically oriented archives will
have an initial burst period of accession (perhaps all at once), but then are likely
to trickle down to just infrequent error corrections or edits. Although not currently
implemented by any data providers, if a data provider allowed the metadata to change
based on usage, annotations, or reviews as specified in the NSDL project [56], the
required harvesting would likely become significant.

In this Section, we present our experimental results that show how OAI-PMH-
compliant data providers change. We try to answer the following questions: (1) does
the data provider change at a constant rate? (2) How often does a data provider
change? We run the Arc harvester once a day to harvest approximately 100 OAI-
PMH-compliant data providers. The datestamp of harvested record is kept in a
database. The change rate covers new data, modified data, and deleted data.
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Table 4.1 lists the monthly average update rate of records in selected e-print
archives. They are randomly selected from stable OAI-PMH compliant e-print ser-
vices (We consider stable services demonstrate a more reliable trend), the complete
table is available at Appendix C. This table shows that in long term many e-print
services have steady records update rate. This can be explained that e-print services
have a relatively stable user base.

TABLE 4.1: Monthly records update rate (R(r;;t;), At = 1 month) of E-Prints
archives (from 2002-01 to 2002-09), the complete table is available at Appendix C.

archive J-02 | F-02 | M- A-02 | M- J-02 | J-02 | A-02 | S-02
02 02
CPS 28 10 9 2 11 15 2 1 6
VTETD 16 25 10 84 115 | 52 51 78 45
arXiv 7744 | 3198 | 3874 | 3089 | 3605 | 3672 | 4462 | 4181 | 4505
bmc 50 20 5 11 68 3 0 0 5
cogprints 13 19 10 11 8 40 15 41 11
in2p3 180 | 140 | 276 |57 90 110 | 108 |52 141
Itrs.larc.nasa | 12 40 31 22 42 35 71 31 24
mathpreprints | 5 6 3 3 20 40 12 7 12
mit.etheses 46 86 142 (119 | 189 |63 75 124 | 82

Based on the data we collected, we can analyze how long it takes for a data provider to
change. For example, if a data provider changes 5 times in 5 months, we may estimate
that the average update interval of the data provider is 5 months/5 =1 month. Note
that the granularity of the estimated change interval is one day, because OAI-PMH
1.x uses day as the unit of datestamp. In Table 4.2, we list the daily average update
interval, average update rate, standard deviation of update interval, and Cofficient
of Variation (C.0.V.). The complete table is in Appendix D. It shows that most of
them have a relatively small C.O.V. In Figure 4.1, we summarize the result of this
analysis. In the figure, the horizontal axis represents the average update interval of
data providers, and the vertical axis shows the fraction of data providers changed at
the given average interval. We can observe that less than 10% of the data providers
change daily, while about 70% of the data providers change monthly or longer.
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TABLE 4.2: Repository update interval (09/30/3001-09/30/2002)

archive AVG(r) | U(r) stdv(I(r;))l C.O.V.(I(r;))
arxiv.org 145.32 1 0 0
bme 3.19 3.25 11.93 3.67
cogprints 20.07 3.8 4.13 1.09
CPS 1.58 3.7 7.15 1.93
in2p3 7.89 1.71 2.92 1.71
LTRS 2.36 2.81 7.12 2.53
mit.etheses 7.33 2.03 3.3 1.62
VTETD 3.5 2.11 56.5 26.77

At =1 day

AV G(r;): Average Update Rate

U(r;): Average Update Interval

stdv(I(r;)): Standard Deviation of Update Interval
C.0.V.(I(r;)): Coefficient of Variation of Update Interval
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FIG. 4.1: Average repository update interval of OAI-PMH repositories

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

40



41

In summary, OAI-PMH data providers (especially E-prints archives) change at
a steady rate overall, and the rates vary dramatically from site to site. Although
it is difficult to precisely predict update time of one specific repository. However,
a harvester may not necessarily provide 100% freshness at any time, for example,
a harvester may harvest repositories with higher average update frequency more
frequently, and harvest all other repositories once a week, it will still save a significant
percentage of update cost. Typically, the requirement of freshness is decided by the
application.

Because OAI-PMH supports the features of incremental harvesting, the imple-
mentation of a harvester with good freshness is not very difficult. For example, in
the current configuration, Arc, a single thread-based harvester, takes less than one
day to complete a harvesting cycle over all participating data providers.

4.4 SYNCHRONIZATION ALGORITHM FOR HARVESTER

In Section 4.3, we conclude that the OAI-PMH model of synchronization works well
for current OAI-PMH data providers (out of about 100 data providers, most of them

are e-prints archives or other digital library applications). However, there are some
scenarios that require better synchronization.

e If the OAI-PMH becomes more popular and there are a large number of repos-
itories available.

e If the annotation or review services are widely used, such as the NSDL project
(56].

e If the OAI-PMH is used in some applications which require rapid dissemination
in the unit of minute or hour, such as news or mailing lists.

We define two synchronization policies: fixed-list policy and adaptive-list policy. The
fixed-list policy is implemented in the Arc harvester. The adaptive policy is based
on the features that most data providers change at a constant but different rate.
The change rate can be observed by the harvester, or it can be defined by the data

provider, so we define an optional container to specify the change rate in the spirit
of RSS.
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4.4.1 Fixed-list Policy

Under the fixed-list policy, we synchronize the repositories in the same order repeat-
edly. We describe the fixed-order policy more formally in Figure 4.2. Here, each
archive is historically harvested first, and a fresh harvest is repeated forever. Note
that the last harvested time is fetched from the response of data providers in order to
avoid clock skew. To contain any updates that happen during the harvesting period,
the last harvested time is recorded before each harvest.

Algorithm 4.4.1 Fized — list synchronization
Input : ArchiveList = {ay,as, ...,a,}
LastHarvestTime = {t, s, ..., ta} = null
Procedure
for(G=1i<nji++){
t; = getresponsetime(a;);
historical_harvest(a;);

}

while(true){
for(i=1;i <mji++){
responsetime = getresponsetime(a;);
fresh_harvest(a, t;);
t; = responsetime;

sleep(pre.de fined_interval);

FIG. 4.2: Algorithm of fixed-list synchronization policy

4.4.2 Adaptive-List Policy

In this policy, the harvester changes its synchronization rate based on the average
repository update interval. The average repository update interval can be learned
from the previous harvest, or be defined by an optional container in the data provider
as we describe in the next section (Figure 4.3).
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Algorithm 4.4.2 Adaptive — list Harvesting
Input : ArchiveList = {a,,az, ...,an}
AverageUpdateInterval = {uy, uy, ..., up}(such as 1 day, 90 days, etc, .)
LastHarvestTime = {t1, 1, ..., t,} = null
Procedure
for(i=1;i<nji++){
t; = getresponsetime(a;);
historical_harvest(a;);

while(true){
for(i=1;i < nji++){
if (currenttime — t; > u;){
responsetime = getresponsetime(a;);
fresh_harvest(a;, t;);
t; = responsetime;

}

sleep(pre_de fined_interval);

FIG. 4.3: Algorithm of adaptive-list synchronization policy

4.5 SYNDICATION CONTAINER FOR UPDATE FREQUENCY

In OAI-PMH, the response to an Identify request may contain locally defined de-
scription containers that can be used to express properties of the repository. We
define an optional container that identifies the update frequency of a data provider.
The information provides an alternate way to build the algorithm in Figure 4.3.

The RSS (Rich Site Summary) syndication module provides syndication hints to
aggregators and others picking up RSS feed regarding how often it is updated. For
example, if a file was updated twice an hour, the update Period would be “hourly”
and the updateFrequency would be “2.”

UpdatePeriod Describes the period over which the data provider is updated. Ac-

ceptable values are: hourly, daily, weekly, monthly, yearly. If omitted, daily is
assumed.

UpdateFrequency Used to describe the frequency of updates in relation to the
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update period. A positive integer indicates how many times in that period
the data provider is updated. For example, an updatePeriod of daily, and an
updateFrequency of 2 indicates the data provider is updated twice daily. It
omitted a value of 1 is assumed.

UpdateBase Defines a base date to be used in concert with updatePeriod and
updateFrequency to calculate the publishing schedule. The date format takes
the form: yyyy-mm-ddThh:mm.

The XML schema is defined in Figure 4.4, and an example is shown in Figure 4.5.

<?7xml version='1.0" encoding='"UTF-8"7?>
<{schema targetNamespace="http://purl.org/rss/1.68/modules/syndication/"
xmlns="http://www.w3.org/2001/XM.Schema"
xmlns:syndication="http://purl.org/rss/1.0/modules/syndication/*
elementFormDefault="qualified"” attributefFormDefault="unqualified">
<element name='syndication’'>
<complexType>
{sequence>
<element name='‘updatePeriod” minOccurs="9" maxOccurs="1"
type="syndication:updatePeriodType’/>
<element name="updateFrequency* minOccurs="9" maxOccurs="1"
type="integer*/>
<element name="updateBase" minQccurs="@" maxOccurs="1"
type="dateTime"/>
{/sequence>
</complexType>
</element>
<simpleType name="updatePeriodType’>
<restriction base="string">
<enumeration value="hourly“"/>
<enumeration value='‘daily"/>
<enumeration value='veekly"/>
<enumeration value="monthly'/>
<enumeration value="yearly"/>
</restriction>
</simpleType>
</schema>

FIG. 4.4: XML schema for syndication

4.6 RELATED WORK

Cho and Garcia-Molina [19, 20] gathered data from 270 web sites over a four months
period and analyzed it by defining age and freshness metrics and by modeling the
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<{description>

<syndication xmlns="http://purl.org/rss/1.8/modules/syndicacion/*

XRLlns :xsi="http://www.w3.org/2881/XML.Schema-instance"

xsi:schemalocation="http://purl.org/rss/1.8/modules/syndication/

http://dlib.cs.odu.edu/0R1/2.0/syndication.xsd™*>
<updatePeriod>hourly</updatePeriod>
<updateFrequency>2<{/updateFrequency>
<updateBase>1999-82-01T088:00</updateBase)

</syndication>

</description>

FIG. 4.5: Example of syndication container

individual elements of a database as well as the database in its entirety. They then
looked at synchronization frequency and compared synchronization order and re-
source allocation policies. However, they were dealing with un-coordinated changes
of web pages, which is different from the incremental harvesting concept of OAI-PMH.
They tried to maximize the harvested data in a very large collection (the entire Web)
with limited resources, while we focus on improving freshness in a selected number
of repositories.

The RSS syndication module provides hints to aggregators and others picking up
this RSS feed regarding how often it is updated [6]. The RSS is widely used in news
aggregation services.

The proposed “HTTP Distribution and Replication Protocol” (DRP) [130] creates
an index page based on content digests to avoid unnecessary data transmission in
deliberate replication over HTTP. After the initial download, a client can keep the
data up-to-date using the DRP protocol. Using DRP the client can download only
the data that has changed since the last time it checked. DRP is based on the
Message Digest algorithm, such as MD5 [112], to identify the changes of content.

4.7 DISCUSSION

The harvesting service and repository synchronization are the key problems that
OAI-PMH tries to solve. OAI-PMH optimizes the repository synchronization by
supporting the incremental and selective harvesting. The model of OAI-PMH is
sufficient for most typical digital libraries applications. However, it can be further
enhanced to support a wide range of applications with the support of syndication
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CHAPTER 5
CENTRALIZED FEDERATION SERVICE

One major objective of digital library interoperability is to provide a unified search
interface across heterogeneous collections. This chapter introduces the effort of build-
ing a search interface based on structured metadata in heterogeneous OAI-PMH
repositories. To solve this problem, we first study the structured metadata usage
in OAI-PMH repositories. The analysis indicates that controlled vocabularies and
values are widely used in most repositories. Usage is extremely variable however.
We then implement an advanced searching interface that allows users to search and

select in specific fields with data we construct from the harvested metadata, and also
by an interactive search for the subject field.

The remainder of this chapter is organized as follows:

e Section 5.1 introduces the problem of building a unified interface over hetero-
geneous structured metadata.

e Section 5.2 analyzes the metadata variability in OAI-PMH repositories.

e In Section 5.3, we discuss the advanced search and interactive search approach
to build the federated interface over heterogeneous metadata. In metadata har-
vesting, the metadata records are incrementally harvested, and the search in-

terface adaptively adjusts with frequently-added new collections and harvested
data.

e Section 5.4 discusses related work.

e Section 5.5 analyzes the initial experiences and discusses future work.

5.1 INTRODUCTION

One major objective of digital library interoperability is to provide a unified search
interface. For the purpose of this thesis, a unified search interface is defined as an
interface that can seamlessly search across multiple repositories. Many repositories
have significant investment in controlled metadata fields. This includes controlled vo-
cabularies (thesauri, subject heading lists, etc.), controlled values (a type of encoded
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schema, usually a string formatted in accordance with a formal notation or pars-
ing rules), and other locally controlled value or text. This chapter discusses several
metadata fields used in DC while emphasizing controlled vocabularies and values.
Controlled metadata is crucial for effective search and retrieval of Internet resources
[25]; French et al. [34] point out that controlled metadata is of little use if it is not
used effectively in query formulations. Our focus is how to build a rich, unified search
interface that can exploit the controlled metadata across heterogeneous collections.
The problem is solved by an advanced searching interface that allows users to search
and select in specific fields with data we construct from the harvested metadata, and
also by an interactive search for the subject field.

In the harvesting approach, the data are usually harvested on the service provider
side, so we have the luxury of pre-building advanced services without relying on
real-time interactive access to the remote archives. However, building a rich uni-
fied search interface over harvested metadata brings about new challenges. Many
information-rich repositories have major investments in detailed metadata, which
frequently includes some forms of controlled vocabularies and/or controlled values.
To build better services, we need to understand how metadata control is used in these
repositories, and to determine if we can exploit them in a unified interface. Further-
more, we need to know how easily new collections and freshly harvested metadata
can be built into the unified interface.

One straightforward approach is to build a keyword search similar to typical web
search engines. Web search engines represent a well-proven, successful technology
based on harvesting and keyword searching. Keyword searching is a useful way
to assume little about the semantics of a document, which works well for the het-
erogeneous, unstructured data sources that make up the Web. Nevertheless, when
structured metadata is available, it fails to exploit the additional semantics.

Another approach to address the lack of a unified controlled metadata is to create
a standard and map each repository’s controlled metadata to the standard [52]. For
controlled vocabularies, this approach can be improved by a meta-thesaurus based
solution like UMLS (Unified Medical Language System), which

preserves the meanings, hierarchical connections, and other relationships
between terms present in its source vocabularies, while adding certain
basic information about each of its concepts and establishing new rela-
tionships between concepts and terms from different source vocabularies.
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Both approaches introduce significant human effort to maintain the relationships.
Adding new collections to the federation leads to the complexity of updating rela-
tionships. Therefore, neither is feasible in our scenario that the federation service is
maintained with limited resources.

In order to verify our approaches, we collect data from several different commu-
nities, ranging from museum to eprint collections. As participating archives add new
records to their collections, their metadata records are also incrementally harvested.
Analysis of these heterogeneous collections indicates that metadata control is widely
used in most repositories, especially in certain metadata fields. Usage is extremely
variable, however. From our study, it is clear that no single approach would allow
effective use of the manifold metadata control we encountered. We solve the problem
by implementing an advanced searching interface that allows users to search and
select in specific fields with data we construct from the harvested metadata, and also
by an interactive search for the subject field. As the metadata records are incremen-
tally harvested, we address how to build these services over frequently-added new
collections and harvested data.

We must point out that we are building a demonstration service to study the issues
of metadata harvesting. It harvests all OAI-PMH-compliant repositories regardless
of their subject or contents. In a specific community such as OLAC, a standard about
how to use controlled vocabulary may be designed. If such a standard is successfully

used across the community, it can reduce the integration works done on the service
provider side.

5.2 METADATA VARIABILITY

A metadata field can be based on either controlled or free text. We consider three
types of metadata control: controlled vocabularies, controlled values, and other lo-
cally defined metadata. Controlled vocabularies are typically used for subject access
and can control synonyms, variant spellings, as well as providing broad term, narrow
term, and other subject relationships. Controlled vocabularies include thesauri and
classification schema. Controlled values are usually a string formatted in accordance
with a formal notation or parsing rules (e.g. “2000-01-01” as the standard expres-
sion of a date). These controlled values include values of a “fixed or set length” (e.g.
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“eng” or “en” as the standard expression of ISO 639-2 three-character vs ISO 639-1
two-character language code for “English”). Locally defined metadata may contain
a mix of locally controlled text strings or values for a given metadata field /element
used in records from a given repository, and an “encoded schema” may be implied
but is not clearly identified and available for public use.

OAI-PMH uses unqualified DC as the default metadata set to enable minimal
interoperability. Although OAI-PMH supports other metadata formats, our discus-
sions are based on DC because it is the common metadata set supported by all
OAI-PMH compliant repositories. Over the past several years, DC has developed
as a de facto standard for simple cross-discipline metadata. It defines 15 metadata
elements: creator, title, subject, description, publisher, contributor, date, type, for-
mat, identifier, source, language, relation, coverage, and rights. DC does not specify
anything about syntax in any of these fields. From our observance, among the 15 DC
fields, some, such as description, are most likely free-text based. The subject field
tends to be based on controlled vocabularies, and other fields, such as type, date,
format, and language may be based on either controlled values or locally defined
values. In contrast to qualified DC, unqualified DC does not include an encoding
scheme to aid in the interpretation of an element, so there is no definite way to decide
whether a metadata field is controlled without consulting the original data providers.
However, by studying the harvested metadata, in most cases the difference between
controlled and free text input is obvious, so we consider the tendency be correct. We
manually examined the subject, language, format, date, and type fields for further
study of metadata variability. The meaning of “subject,” “date,” and “language” are
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