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Abstract:

The Open Archives Initiative Protocol for Metadata Harvesting (OAI-PMH) has
found wide-spread adoption for exchanging bibliographic metadata. In parallel, the
W3C’s Linked Data Initiative exposes and interlinks structured data from a variety of
data sources on the Web. Since many of these data sources contain valuable information
for institutional repositories (e.g., shared concept definitions, thesauri, etc.) we believe
that institutions that currently expose their data via OAI-PMH can benefit if they
integrate their metadata with the data available in the Linked Data cloud. To achieve
such an integration, we must bridge the OAI-PMH specific protocol characteristics that
currently prevent OAI-PMH metadata from being interoperable with the Linked Data
approach of exposing data. As first contribution of this paper, we describe a possible
solution for exposing OAI-PMH metadata on the Web as part of the Linked Data
cloud. As a second contribution, we present a rule-based mechanism for linking these
metadata with other relevant data sources together with a case study that describes
possible linking scenarios for three representative OAI-PMH data providers. Finally,
we discuss certain quality criteria that OAI-PMH metadata must meet in order to
benefit from data exposed by other Linked Data sources.
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Introduction

In parallel, the W3C’s Linking Open Data (LOD) Ini-

tiative! has started to expose structured data originat-
ing from public-interest sources on the Web. The most

The Open Archives Protocol for Metadata Harvesting
(OAI-PMH) (Lagoze and van de Sompel, 2002) is currently
implemented by more than 1,700 digital library reposi-
tories world-wide and enables the exchange of metadata
via HT'TP. Using this protocol, an application can contact
any OAI-PMH data provider and request the bibliographic
metadata description of a certain digital or non-digital
item. It can, for instance, retrieve metadata describing
a historical book archived in the Library of Congress and
further process the information that is expressed in the re-
turned metadata description, such as the title, the subject,
and the geographic locations described by the book.

prominent example of a linked, open data source is DBpe-
dia (Auer et al., 2007), the structured version of the well-
known online encyclopaedia Wikipedia, which provides a
collection of the world’s knowledge from a variety of do-
mains. One of the main characteristics of this initiative
is its focus on linking, so that exposed datasets contain
references to other related and exposed resources. An im-
age published on Flickr, for instance, can be linked to a

Thttp://linkeddata.org
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Figure 1: Conceptual differences between OAI-PMH and LOD: OAI-PMH uses the Web infrastructure to transport
item descriptions; LOD considers items as parts of the Web itself.

related DBpedia resource representing a Wikipedia article
that provides a textual description as well as GIS coordi-
nates of the location where the image was taken.

Interweaving OAI-PMH data sources with the continu-
ously evolving Linked Data can bring the following bene-
fits:

e Metadata that can currently only be harvested by
OAI-PMH clients become accessible for a various
clients and can easily be integrated in various appli-
cation scenarios.

e Semantic search engines and crawlers such as
Sindice (Oren et al., 2008) can index exposed meta-
data, which in turn increases the visibility of the con-
tents they describe and the institution that provides
the data.

e Clients can follow links to other datasets and combine
information that would not be related otherwise.

The current version of OAI-PMH does not allow for such
a direct integration. Although it uses Web technologies—
in particular HTTP, XML, and URIs—for exchanging
metadata, these have mainly the role of a transport layer
between repositories. LOD, in contrast, follows the idea
of the Web as being “an information space in which the
items of interest (resources) are identified by global identi-
fiers (URI) and which allows embedded references to other
URIs” (Jacobs and Walsh, 2004). Figure 1 illustrates and
explains the conceptual differences between the OAI-PMH
and the LOD approach.

As a consequence, LOD requires that metadata are not
only exchanged via the Web but ezposed on the Web so
that each described digital or non-digital item is accessible
by a unique dereferencable URI, independent of any OAI-
PMH specifics. In a second step, the exposed metadata
originating from OAI-PMH data sources must be linked
with related data from other sources so that applications
can combine these different datasets.

The work reported in this paper, which is an extended
and improved version of our previous work (Haslhofer and
Schandl, 2008), makes three important contributions: first,

after discussing relevant background w.r.t. OAI-PMH and
LOD (Section 2), we propose the OAI2LOD Server (Sec-
tion 3) as a solution that wraps existing OAI-PMH data
sources and exposes the available items and metadata on
the Web according to the Linked Data requirements. Sec-
ond, we propose a simple rule-based linking approach for
enriching the exposed metadata with links to resources in
other related data sources based on string similarity met-
rics. Finally we present the results of the experimental
study we have carried out on a representative set of OAI-
PMH datasets in Section 4.

2 Background

In this section, we briefly introduce the Open Archives Ini-
tiative Protocol for Metadata Harvesting (OAI-PMH) and
the Linking Open Data project. Thereafter, we analyse
the conceptual differences between these two approaches.

2.1 The OAI-PMH Protocol

The Open Archives Initiatives Protocol for Metadata Har-
vesting (OAI-PMH) has its origins in the e-print commu-
nity, where a need for a low-barrier interoperability solu-
tion to access distributed and heterogeneous repositories
has been identified. Today the protocol is widely used in
the digital libraries domain for the exchange and sharing
of metadata among repositories. Many popular digital li-
brary systems such as the open-source systems Fedora?,
DSpace?, and EPrints* implement the OAI-PMH proto-
col by default. Client applications can use it to harvest
metadata from data providers using open standards such
as URI, HTTP, and XML.

2.1.1 Technical Details

The main conceptual entities in the OAI-PMH specifica-
tion are Item, Record, and MetadataFormat. An item

2http://www.fedora.info
Shttp://www.dspace.org
“http://www.eprints.org
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Figure 2: The main conceptual entities of OAI-PMH.

represents a digital or non-digital resource and is uniquely
identified by a URI. It can be described by an arbi-
trary number of metadata records, each of which is bound
to a certain metadata format. A record is identified
by the combination of the described item’s URI and a
metadataPrefix identifying the metadata format of the
record (e.g., "oai_dc" for Dublin Core). OAI-PMH fur-
ther provides the concept of a Set for grouping related
items and their associated metadata. A set is identified by
a setSpec parameter (e.g., "setA") and may be part of a
set hierarchy, which is indicated by a colon-separated list
in the setSpec parameter. The sequence "setA:setB", for
instance, means that setB is a subset of setA. The class
diagram in Figure 2 summarises these basic OAI-PMH con-
cepts and their relationships.

OAI-PMH is implemented on top of HTTP. Each OAI-
PMH request is actually an HT'TP GET request, which
contains one of the following verbs that specify what kind
of information is to be retrieved:

e Identify retrieves administrative metadata (e.g.,
name, owner) about a repository.

e GetRecord is used to fetch an individual record for a
certain item in a given format.

e ListRecords is batch request that harvests all meta-
data for the entire set of available items in a defined
metadata format.

e ListIdentifiers returns the identifiers (URIs) of all
available items.

e ListMetadataFormats enumerates the formats in
which the data provider exposes metadata records.

e ListSets returns the sets that are available in an
OAI-PMH repository.

Figure 3 shows a sample GetRecord request for a Dublin
Core metadata record available in the Library of Congress
and Figure 4 the received response. The request URI con-
tains the address of the repository, the GetRecord verb,
the required parameters such as the item’s URI identi-
fier (oai:lcoal.loc.gov:loc.gdc/gefr.0101), and the

GET /cgi-bin/oai2_07verb=GetRecord&
metadataPrefix=oai_dc&identifier=oai:
lcoal.loc.gov:loc.gdc/gcfr.0101 HTTP
/1.1

Host: memory.loc.gov

Accept: x/x

Figure 3: Sample OAI-PMH request.

<OAI-PMH xmlns="http://www.openarchives.org/OAI/2.0/">
<GetRecord>

<record>
<header>
<identifier>

oai:lcoal.loc.gov:loc.gdc/gcfr.0101</identifier>
<setSpec>ascfrbib</setSpec>
</header>
<metadata>
<oai_dc:dc ...>
<dc:title>Voyage dans les solitudes américaines.
Voyage au Minnesota,</dc:title>
<dc:creator>Domenech, Emmanuel, 1826-1903.</dc:creator>
<dc:subject>Indians of North America.</dc:subject>
<dc:subject>Minnesota--Description and travel.</dc:subject>
<dc:description>The principal part of the book is devoted
to a general account of the Indians of North America,
following a brief description of Minnesota.
</dc:description>
<dc:identifier>
http://hdl.loc.gov/loc.gdc/gcfr.0101</dc:identifier>
<dc:language>fre</dc:language>
<dc:coverage>Minnesota</dc:coverage>

</oai_dc:dc>
</metadata>

</record>
</GetRecord>
</OAI-PMH>

Figure 4: Sample OAI-PMH response.

metadata prefix identifying the desired metadata format
(oai_dc). The response to an OAI-PMH request is al-
ways an XML document. In our example, it consists of a
<header> section, which contains the item’s URI, and a
<metadata> section encapsulating the metadata record.

2.1.2 Usage of OAI-PMH

There exist a number of OAI Data Provider Registries®
from which we know that currently at least 1765 insti-
tutions worldwide maintain OAI-PMH repositories. Re-
garding their application domain, we can observe that the
protocol has been implemented in a variety of institutions,
ranging from small research facilities to national libraries
that have integrated this protocol with their catalogue sys-
tems. Examples are the Institute of Biology of the South-
ern Seas®, exposing 403 records, and the U.S. National
Library of Medicine’s Digital Archive”, exposing 1,272,585
records.

In order to estimate the amount of metadata one can re-

S5e.g., http://www.openarchives.org/Register/BrowseSites or
http://gita.grainger.uiuc.edu/registry/

Shttp://repository.ibss.org.ua/dspace/

"http://www.pubmedcentral.nih.gov/
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Figure 5: Size of OAI-PMH repositories.

trieve via OAI-PMH, we have carried out an analysis on the
915 registered repositories that delivered valid responses.
Figure 5 illustrates the size of these repositories using a
logarithmic scale on the Y-axis. The results show that 843
(or 92%) of all repositories expose metadata for less than
20,000 items. With 14,303 being the average number of
items, the total number of 13,087,842 items is made up of
a large number of smaller OAI-PMH repositories.

We expect the number of institutions that expose meta-
data via OAI-PMH to grow even further. Major attempts
of building union catalogues (e.g., the The Furopean Li-
brary (TEL) project®) rely on this protocol for indexing
metadata originating from remote sources. Currently, this
initiative integrates 47 national libraries and gives access
to approximately 150 millions of metadata records. Since
the OAI-PMH endpoints of these libraries are currently
not listed in the OAI Data Providers Registries mentioned
before, we could not consider them in our analysis.

2.1.3 Applied Metadata Formats

In principle, OAI-PMH data providers have the freedom
to expose metadata in any format. In order to guarantee a
minimum level of interoperability, all data providers must
at least support the unqualified Dublin Core format (DC,
2006). It is however also recommended to expose metadata
in other, semantically richer formats than Dublin Core.

The 915 repositories we have analysed expose meta-
data in 161 different formats. Besides the mandatory un-
qualified Dublin Core format?, RFC1807 (12%), MARC
(11.8%) and MARC-21 (10.3%), MODS (7.5%), and
METS (5.7%) are the most frequently used formats!®. The
large gap between Dublin Core and the other metadata
formats reveals that most data providers do not follow the
OAI-PMH standard’s suggestion of exposing metadata in a
semantically richer format rather than unqualified Dublin
Core. Figure 6 summarises these results.

Shttp://www.theeuropeanlibrary.org

915 of the 915 repositories do not implement the mandatory
Dublin Core format and are therefore not OAI-PMH compliant.

0Further information about these standards: http://www.loc.
gov/standards and http://rfc.net/rfc1807.html

Unqualified Dublin Core 900
RFC1807

OAI MARC

MARC21 Slim
MODS

METS

ETDMS

UKETDDC (Qual. DC)

MPEG-21 DIDL

0 300

600

900

Figure 6: Top 10 Metadata Standards.

2.2 The Linking Open Data Project

Linked Open Data (LOD) denotes a specific style of infor-
mation publishing on the Web. This style has been pro-
posed by a W3C community project whose main goal is
to increase the value and applicability of public informa-
tion by (a) exposing them using standardised formats and
protocols, (b) expressing them using defined, shared vo-
cabularies, and (¢) interlinking information from different
sources in order to provide a global, machine-interpretable
information graph.

The value of Linked Open Data is made obvious by com-
paring it with the World Wide Web, which consists of nu-
merous web pages that are intended to be readable for
humans: they are linked so that a user can navigate from
one page to another. The World Wide Web works because
there exist standardised identifier formats and protocols
(URI/URL, HTTP), a globally accepted vocabulary for
information representation (HTML), and hyperlinks be-
tween pages. With one of these components missing, the
Web would not be as usable and useful as it is.

In Linked Open Data, these building blocks are applied
to the domain of publicly available, machine-interpretable
data. LOD emerged from the observation that many insti-
tutions, which offer their data to the public, do neither pro-
vide unified access mechanisms nor links to other relevant
data sources. Because of these conditions, many institu-
tions’ datasets remain to be isolated and require specialised
client applications to make use of the data. A generic
LOD client, however, is able to retrieve and integrate data
from arbitrary institutions, which has significant advan-
tages both for the client and for the data provider.

2.2.1 LOD Principles

LOD requires a data publisher to follow four simple rules,
as defined by Berners-Lee (2006) and further elaborated by
Bizer et al. (2007). These rules ensure that the main build-
ing blocks of LOD, as described above, are maintained. In
the following we give a short discussion of these four rules.



1. Use URIs as names for things. LOD heavily relies
on the concept of URIs (Berners-Lee et al., 2005) for
the identification of “things”, i.e., objects or resources
that are described by the exposed data. To facilitate
interlinking between different datasets, it is important
to define a permanent, globally unique URI for each
item under consideration.

2. Use HTTP URIs so that people can look up these
names. LOD proposes to use URIs not only for iden-
tification, but also for physical access to information
representation. The HTTP protocol (Fielding et al.,
1999) is a well-established means for transporting data
from a server to a client, and it provides several fea-
tures that make it well suitable for the needs of LOD.
One important feature is content negotiation'', which
makes it possible to serve different representations of
a resource under the same URI. Applications request-
ing a resource can specify the representation to be re-
turned by using the HTTP Accept header field. Hence
it is recommended to use dereferenceable HI'TP URIs
as identifiers, and hence make LOD resources part of
the World Wide Web.

3. When someone looks up a URI, provide useful infor-
mation. While this rule may seem obvious at the first
sight, it turns out that it is not straightforward to
define what wuseful means. On the Web, usefulness
refers to both the syntactical as well as the semantic
layer of information: a HTML page in Latin language
may be useless to somebody not aware of Latin, al-
though it will be properly rendered by the browser.
In terms of syntax, the common representation for-
mat is RDF (Klyne and Carroll, 2004); and it is con-
sidered good practice to use terms from existing vo-
cabularies and ontologies (cf. Bizer et al. (2007), Sec-
tion 4). It is, however, also recommended to provide
a human-readable representation of items so that a
client that retrieves data can select the appropriate
representation through HTTP content negotiation (cf.
Bizer et al. (2007), Section 2.1). Again, content nego-
tiation allows the client to specify which formats it is
able to interpret.

4. Include links to other URIs, so that clients can dis-
cover more things. The true power of Linked Open
Data lies in the possibility to define links between
resources, which is a fundamental principle in Web-
based design. When a data provider publishes in-
formation as LOD, not only internal links (i.e., links
within the published dataset), but also external links
(links that refer to items from other datasets) should
be set where appropriate. Similar to the World Wide
Web, this ensures that a client can make use not only
of one publisher’s data, but is also enabled to follow
the links and combine data from different sources.

HFor a more detailed explanation we refer to Section 12 of the
HTTP/1.1 specification (Fielding et al., 1999).

Additionally it is recommended for LOD data providers
to offer a SPARQL endpoint (Prud’hommeaux and
Seaborne, 2008; Clark et al., 2008). Using this RDF query
language, clients can access Linked Data in a more selec-
tive manner and retrieve exactly the data they need. For
instance, SPARQL can be used for selective batch retrieval:
it is possible to ask for item descriptions based on meta-
data criteria, to limit the number of results, or to transform
data according to the client’s needs.

With these four rules in place, information providers can
open their datasets to the wide public and provide the
premises to participate in a global network of interlinked
information, the so-called Web of Data'?. This, in con-
sequence, enables them to actively benefit from a large
number of applications, some of which we describe in the
following section.

2.2.2 Possible Applications

The range of applications that can benefit from data pub-
lished as LOD is as wide as the range of applications that
the World Wide Web provides. One possible application
field is information search and retrieval. There already
exist a number of search engines for Linked Data; one of
the most prominent ones is Sindice (Oren et al., 2008).
While current Web search engines only provide search
results based on full-text indices and structural metrics
(like the number of links that refer to a Web page), a
semantic search engine operates on structured, machine-
interpretable data and hence is able to also take into ac-
count the applied vocabularies and ontologies, in order to
provide more fine-grained and expressive search facilities.

The fact that LOD uses structured vocabularies to de-
scribe data is also utilised by a number of generic LOD data
browsers; e.g., Tabulator (Berners-Lee, 2006). In contrast
to web browsers, whose functionalities are limited to the
pure rendering of content, LOD browsers can make use of
the data-inherent structures and, if well-known vocabular-
ies are used to describe resources, of their semantics, in
order to improve information rendering. For instance, the
Humboldt LOD browser allows users to explore data in a
way that is customised to the current situation and con-
text by the combination of browsing with faceted filtering
(Kobilarov and Dickinson, 2008).

Of course, Linked Open Data can be viewed not only
through generic browsers: the usage of application- and
provider-independent vocabularies allows LOD data to be
integrated into existing portals and applications. For in-
stance, in the cultural heritage domain it is common for
institutions to offer access to their datasets via Web portals
that visually represent the described items. If an institu-
tion applies the LOD guidelines to its data and interlinks
them with external data sources, the portal can be dynam-
ically enriched with additional information.

2http://waw.w3.org/2001/sw
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Figure 7: The Linked Open Data Cloud (Jentzsch, 2009).

2.2.3 Available LOD Data Sources

A fair number of datasets are already available in the form
of Linked Open Data (an overview is given in Figure 7),
and their number is growing continuously'®. One of the
most important datasets is DBpedia (Auer et al., 2007), a
LOD representation of Wikipedia articles. The DBpedia
service defines a unique URI for each Wikipedia article,
converts semi-structured information (e.g., from Wikipedia
info-boxes) into a structured RDF representation, and al-
lows clients to access and query descriptions. Since it is not
restricted to a specific domain, DBpedia data can be of use
for many different applications, and because of its high de-
gree of interlinkage it acts as a hub for different datasets.
Other relevant datasets, which are relevant for the digital
libraries and archives domain, include the recently pub-
lished set of Library of Congress Subject Headings (LCSH)
(Summers et al., 2008) and the Swedish Union Catalogue
(Malmsten, 2008).

LOD does not define how published data is persisted.
For data that is already available in a (semi-)structured
format, a number of wrappers have been proposed, which
are able to expose data as LOD with very limited config-
uration overhead. A number of such wrappers are already
available, e.g., D2RQ for relational data bases (Bizer and
Seaborne, 2004), or OpenLink Virtuoso Sponger'* which

BLOD Datasets: http://esw.w3.org/topic/TaskForces/
CommunityProjects/LinkingOpenData/DataSets
Mhttp://docs.openlinksw.com/virtuoso/virtuososponger.

is an extensible framework for the transformation of a va-
riety of data formats to RDF. In Section 3 we present the
OAI2LOD server, a wrapper component that is able to
expose OAI-PMH endpoints as Linked Data.

2.3 The Conceptual Gap between OAI-PMH and
LOD

OAI-PMH has been designed for transferring large
amounts of metadata from a server to a client via the Web.
From that perspective, it provides a reasonable solution for
clients that need to aggregate or index metadata from re-
mote repositories. The goal of the LOD initiative, however,
is a different one: it aims at exposing metadata on the Web
as machine and human-readable data that describe certain
resources, which in turn are identified via dereferencable
URIs. An additional goal is provide structured query ac-
cess to these data via SPARQL, which is both an RDF
query language and a Web-based query protocol.

We have identified the following conceptual differences
between OAI-PMH and LOD:

e Both protocols use URIs for the identification of re-
sources (items in the case of OAI-PMH); in OAI-
PMH, however, these URIs serve solely for identifi-
cation purposes whereas in LOD, URIs take the role
of dereferencable identities.

html



e OAI-PMH introduces protocol specific verbs (e.g.,
GetRecord) and a set of adjacent parameters. Clients
must be aware of these verbs and parameters in order
to be able to retrieve metadata from a remote repos-
itory. LOD, in contrast, builds on the functionality
provided by existing Web technologies; e.g., standard
HTTP methods. As a result, LOD data are accessible
for any client that is aware of HT'TP, URI, and HTML
or RDF, respectively.

e LOD relies on the built-in HTTP content negotiation
features in order to deliver data in various represen-
tations; OAI-PMH is restricted to XML as the only
valid representation format.

e OAI-PMH provides batch retrieval functionality,
which enables the transfer of a large amount of meta-
data descriptions within a single HT'TP transaction.
In LOD, such functionality is provided indirectly by
the SPARQL query language and protocol. SPARQL
allows the formulation of complex selection criteria
and provides LIMIT and OFFSET clauses to return
metadata that match certain criteria (e.g., “all records
describing items created by X”) or even just a subset
of the available metadata values (e.g., “all authors of
all books in a library”).

e OAI-PMH can return metadata records for one and
the same item in several metadata formats. When
following the LOD design principles without tailoring
them to OAI-PMH specific needs, one cannot request
specific metadata formats from a LOD endpoint. It is
however possible to describe a resource with different
vocabularies and to use the SPARQL query language
to return metadata in certain formats only.

e OAI-PMH supports a kind of version control and al-
lows clients to retrieve only those metadata records
that were created or modified in a given date-
range, specified by from and until attributes in the
ListRecords and ListIdentifiers requests. One
possible approach in the context of LOD is to keep
so called linked data update logs, as described in Auer
et al. (2009). Another simple, straightforward solution
is to introduce OAI-PMH specific vocabulary terms
and use SPARQL to query for date ranges in order to
retrieve the resource that have been created or modi-
fied within a specific date range.

Regarding these conceptual differences, we can observe
that the LOD approach already subsumes a large fraction
of the functionality provided by OAI-PMH, even though in
a slightly different way. This implies that if existing OAI-
PMH data providers publish their metadata on the Web
by following the LOD principles, any client can fetch and
process these metadata by simply crawling and resolving
the exposed, dereferencable URIs in a certain URI domain
space.

3 The OAI2LOD Server

As a possible solution for bridging the conceptual dif-
ferences between OAI-PMH and LOD we propose the
OAI2LOD Server, a wrapper component that can expose
OAI-PMH compliant data sources as Linked Data on the
Web. It allows institutions to interweave their metadata
with the Linked Data cloud by instantiating the OAI2LOD
Server as a gateway between their existing OAI-PMH end-
point and the Web of Data. In the following we describe
how the OAI2LOD Server bridges the conceptual gap be-
tween OAI-PMH protocol specifics and the LOD princi-
ples.

3.1 Dereferencable Item and Set Identifiers

According to the first Linked Data rule, things should have
URISs (cf. Section 2.2.1). If we regard the OAI-PMH proto-
col concepts, the entities Item, Set, and MetadataFormat
are such things. In Table 1, we depict an example mapping
between OAI-PMH identifiers and corresponding LOD
URIs. For items, the OAI-PMH specification already de-
mands that each item must be identified by a URI; this
is not the case for sets: they are identified by arbitrary
strings consisting of any valid unreserved characters, which
may form a colon-separated list if sets are arranged in a
hierarchy. Such strings, however, are no valid URIs be-
cause they do not define a mandatory scheme component
(Berners-Lee et al., 2005). Also metadata formats are not
directly addressed by their URIs but by their metadata
prefixes (e.g., oai_dc). But, since a metadata prefix al-
ways resolves to an XML namespace URI that serves as
global identifier for a format, we can regard metadata for-
mats as things that are identified by URIs, although these
are not necessarily dereferencable HTTP URIs. We further
discuss vocabulary related issues in Section 3.2.

The second Linked Data rule demands that URIs that
identify things should be resolvable HTTP URIs, i.e.,
URLs that return some information when being deref-
erenced with an HTTP request. As mentioned before,
OAI-PMH uses non-resolvable URIs, i.e., URNs, to iden-
tify items and metadata formats, and non-URI strings to
identify sets. For items and sets we can bridge that gap
by wrapping the item and set identifiers with resolvable
HTTP URLs using the pattern described in Figure 8. Fol-
lowing the generic URI syntax, the element <authority>
denotes the naming authority that is in charge of the name
space or domain that is defined as part of the URI (e.g.,
the Library of Congress: memory.loc.gov). The elements
<identifier> and <setSpec> refer to the item and set
identifiers as defined in the OAI-PMH specification (cf.
Section 2.1). The resulting URIs are depicted in Table 1.

Following the third Linked Data rule, one should deliver
useful information whenever a URI is dereferenced. Hence,
we should deliver metadata records in a format that can
be processed by a variety of applications. Currently, the
OAI-PMH protocol delivers metadata for clients that are
aware of the OAI-PMH protocol specifics, know the under-



Resource Type OAI-PMH Identifier

LOD URI

Item oai:lcoal.loc.gov:loc.gdc/gecfr. http://memory.loc.gov/resources/
0101 item/oai:1lcoal.loc.gov:loc.gdc/

gcfr.0101

Set ascfrbib http://memory.loc.gov/resources/
set/ascfrbib

Item Metadata Record n/a http://memory.loc.gov/rdf/item/
oai:lcoal.loc.gov:loc.gdc/gcfr.
0101

Set Metadata Record  n/a http://memory.loc.gov/xhtml/set/

ascfrbib

Metadata Format
2.0/o0ai_dc/

http://www.openarchives.org/0AL/

http://purl.org/dc/elements/1.1/

Table 1: Example mappings of OAI-PMH Identifiers to LOD URIs.

http://<authority>/resource/item/
<identifier >

http://<authority>/resource/set/<setSpec>

Figure 8: Wrapping pattern for item and set identifiers.

http://<authority >/<format>/<oai—pmh—
concept>/<identifier >

Figure 9: Pattern for naming various resource representa-
tions.

lying XML Schema definition'®, and are able to parse the
returned XML responses; so it returns metadata that is
useful for OAI-PMH clients only. In order to deliver useful
information also for other clients, such as Web browsers
or Web crawlers that build up the indexes for (semantic)
search engines, the OAI2LOD Server exposes information
in various representations using content negotiation as ex-
plained in Section 2.2.1. At the moment, XHTML, JSON,
and RDF serialisation formats, i.e., RDF/XML and N3,
are supported. While Web browsers can process the for-
mer and display the exposed information to humans, the
latter formats can be processed by machines. Since for
LOD it is recommended that also the various representa-
tions of a resource have unique URI identifiers, we propose
the pattern described in Figure 9 for naming the various
representations. The element <format> refers to represen-
tation format (e.g., XHTML or RDF), and the element
<oai-pmh-concept> denotes the exposed OAI-PMH con-
cept, i.e., item or set.

I5,0AI-PMH schema:
oai_dc.xsd

http://www.openarchives.org/0AI/2.0/

3.2 Vocabularies

The first three LOD rules also apply to vocabularies and
demand that the definitions of the metadata elements
that are returned as part of an HTTP response (e.g.,
dc:creator) are dereferencable URI resources. We can
achieve that by exposing metadata vocabularies in various
representations on the Web, in a similar manner as this
has been done for the Dublin Core definition (e.g., http:
//purl.org/dc/elements/1.1/creator). Again, HTTP
content negotiation allows clients to retrieve a schema def-
inition either in XHTML or RDF Schema. If institutions
would like to expose their metadata in different formats
than Dublin Core, they must assure that these formats are
expressed in RDFS and/or OWL and published as deref-
erencable vocabularies on the Web. Detailed instructions
on how to publish vocabularies on the Web have been dis-
cussed by Berrueta and Phipps (2008).

For resembling OAI-PMH semantics when exposing
metadata on the Web, we have introduced an OAI-PMH
specific vocabulary that defines the main protocol concepts
in RDFS and expose them as dereferencable URIs on the
Web. In particular, we have currently published the vocab-
ulary within the dereferencable namespace http://www.
mediaspaces.info/vocab/oai-pmh.rdf. The main con-
cepts defined therein are the classes Item and Set, as well
as properties like setName and setDescription.

3.3 Linking OAI-PMH with LOD Sources

The fourth Linked Data rule proposes to include links to
other URIs, so that machines can discover more things.
In the context of the OAI2LOD Server this means that
the metadata records describing the exposed items should
contain links to resources in other, related data sources.
Example linking possibilities include

e links between equal items that are described by differ-
ent providers (e.g., a book may be present in several
libraries); and



e links to items in external LOD sources such as
Wikipedia, the Library of Congress Subject Headings
(LCSH), or any other data source that provides addi-
tional, relevant information about a certain item (cf.
Section 2.2.2). A Wikipedia article, for instance, could
provide information such as an author’s biography, a
link to an image depicting the author, and many other
information that is not explicitly available in an item’s
metadata record. A reference to a LCSH term could
be exploited in order to take broader and narrower
terms into account, which can be useful for search and
discovery purposes.

A precondition for enriching metadata records with links
is that the related data sources expose their data accord-
ing to the LOD principles as well and that they provide
a SPARQL query interface. The OAI2LOD Server pro-
vides an automated linking job that compares the resource
descriptions provided by a certain OAI-PMH endpoint
(source records) with resource descriptions in a defined re-
mote data source (target records). The linking job is freely
configurable and takes a set of linking rules as input. A
linking rule defines which metadata elements in the source
records should be compared with which elements in the
target records. The linking job translates the linking rule
into a SPARQL query, uses that query to fetch the required
data from the specified remote data source, and compares
the elements (properties) and their lexical values with each
other. For each linking rule, the administrator can decide
which string comparison heuristics to apply and define a
similarity threshold 0 < e < 1 above which two strings are
considered to match each other. Also, the administrator
can define what type of link (1inkingProperty) should be
added to a source record if there is match with a certain
target record. This of course depends on the semantics of
the elements that are considered in the linking job. Possi-
ble linking properties that are already provided by common
Semantic Web ontology languages are

e rdfs:seeAlso, which specifies a resource that might
provide additional information about the subject re-
source; and

e owl:sameAs, which indicates that two URI references
actually refer to the same real-world thing.

Figure 10 shows an excerpt of an OAI2LOD Server
configuration file, which defines a single mapping rule
for creating links with resources defined in DBpedia.
In particular, the rule compares the Dublin Core prop-
erty dc:coverage of all oai:items in the OAI2LOD
Server instance with all rdfs:labels of all resources
in DBpedia that are classified as YAGO category
yago:StatesOfTheUnitedStates!®. For comparing the
values of the elements in the source and target records,
it uses the Levenshtein'” string similarity metrics and

I6For further details on the YAGO ontology, we refer to Suchanek
et al. (2007).
17see (Levenshtein, 1966)

<lrulel> a oai2lod:LinkingRule;
oai2lod:sourceType oai:Item;
oai2lod:sourceProperty dc:coverage
oai2lod:targetType yago:
StatesO0fTheUnitedStates;
oai2lod:targetProperty rdfs:label;
oai2lod:linkingProperty rdfs:seelAlso;
oai2lod:similarityMetrics <http://
dbpedia.org/resource/
Levenshtein_distance >;
oai2lod:minSimilarity "0.98"""xsd:
float

Figure 10: Sample OAI2LOD linking rule.

adds a link of type rdfs:seeAlso to a source record if the
similarity threshold € > 0.98.

Although the OAI2LOD linking mechanism integrates
the whole spectrum of string similarity metrics that is part
of the SimMetrics library'® provided by the University of
Sheffield, determining matches between distinct resources
is a non-trivial task that requires careful administration to
avoid the addition of semantically incorrect links. For cer-
tain elements (e.g., textual descriptions), comparing the
instance values is unsuitable because determining a match
between two syntactically different but semantically cor-
responding descriptions is a hard task for machines. For
other fields with a well-defined, precise syntax and seman-
tics (e.g., data elements using a specified encoding schema
such as ISO 8601 country codes (ISO TC 154, 2004)) auto-
mated linking is possible in a precise and semantically cor-
rect way. For domain specific string metrics, the OAI2LLOD
Server provides the possibility to include domain-tailored
string similarity algorithms.

Figure 12 shows the RDF /XML representation of our ex-
ample metadata record as it is returned by the OAI2LOD
Server as a response to the request depicted in Figure 1117,
It contains the same information as the record in Figure 4
but represents the metadata according to the Linked Data
principles. The record also includes a rdfs:seeAlso link
to a DBpedia resource representing an article about Min-
nesota, i.e., additional information about the location the
described book is about. As a possible application sce-
nario, an RDF-aware application could then follow that
link, extract the GIS location from the structured DBpe-
dia resource description, and place the book on a virtual
map.

3.4 Batch Harvesting

With its ListIdentifiers, ListRecords, and ListSets
verbs, the OAI-PMH protocol provides the necessary func-
tionality for retrieving item identifiers, metadata records,
or set descriptions in a batch-manner, i.e., to retrieve,

18SimMetrics Similarity Metric Library:
net/projects/simmetrics/

19Since the domain memory.loc.gov is not under the author’s con-
trol, this is a fictitious example

http://sourceforge.



GET /resources/item/oai:lcoal.loc.gov:loc.
gdc/gcfr.0101 HTTP/1.1

Host: memory.loc.gov

Accept: application/rdf+xml

Figure 11: Sample OAI2LOD Server request.

<rdf :RDF
xmlns:oai="http://www.mediaspaces.info/vocab/oai-pmh.rdf#">

<oai:Item
rdf:about="http://memory.loc.gov/resource/item/
oai:lcoal.loc.gov:loc.gdc/gcfr.0101">

<dc:title>Voyage dans les solitudes américaines.
Voyage au Minnesota,</dc:title>
<dc:creator>Domenech, Emmanuel, 1826-1903.</dc:creator>
<dc:subject>Indians of North America.</dc:subject>
<dc:subject>Minnesota--Description and travel.</dc:subject>
<dc:description>The principal part of the book is devoted
to a general account of the Indians of North America,
following a brief description of Minnesota.
</dc:description>
<dc:identifier
rdf:resource="http://hdl.loc.gov/loc.gdc/gcfr.0101"/>
<dc:language>fre</dc:language>
<dc:cov