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a b s t r a c t

Members of the W3C Health Care and Life Sciences Interest Group (HCLS IG) have published a variety of
genomic and drug-related data sets as Resource Description Framework (RDF) triples. This experience has
helped the interest group define a general data workflow for mapping health care and life science (HCLS)
data to RDF and linking it with other Linked Data sources. This paper presents the workflow along with
four case studies that demonstrate the workflow and addresses many of the challenges that may be faced
when creating new Linked Data resources. The first case study describes the creation of linked RDF data
from microarray data sets while the second discusses a linked RDF data set created from a knowledge
base of drug therapies and drug targets. The third case study describes the creation of an RDF index of
biomedical concepts present in unstructured clinical reports and how this index was linked to a drug
side-effect knowledge base. The final case study describes the initial development of a linked data set
from a knowledge base of small molecules.

This paper also provides a detailed set of recommended practices for creating and publishing Linked
Data sources in the HCLS domain in such a way that they are discoverable and usable by people, software
agents, and applications. These practices are based on the cumulative experience of the Linked Open Drug
Data (LODD) task force of the HCLS IG. While no single set of recommendations can address all of the
heterogeneous information needs that exist within the HCLS domains, practitioners wishing to create
Linked Data should find the recommendations useful for identifying the tools, techniques, and practices
employed by earlier developers. In addition to clarifying availablemethods for producing Linked Data, the
recommendations for metadata should also make the discovery and consumption of Linked Data easier.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

Data integration is challenging because it requires sufficient
domain expertise to understand the meaning of the data which
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is often undocumented or implicit in human-readable labels.
Linked Data is an approach to data integration that employs
ontologies, terminologies, Uniform Resource Identifiers (URIs) and
the Resource Description Framework (RDF) to connect pieces
of data, information and knowledge on the Semantic Web [1].
RDF makes it possible to use terms and other resources from
remote locations together with one’s own local data and terms. In
effect, the ability to create assertions that mix local and remote
namespaces makes it possible to publish and access knowledge
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distributed over the Web using common vocabularies. Expressing
information as Linked Data shifts some of the integration burden
from data consumers to publishers, which has the advantage that
data publishers tend to bemore knowledgeable about the intended
semantics.

The benefits of Linked Data are particularly relevant in the
life sciences, where there is often no agreement on a unique
representation of a given entity. As a result, many life science
entities are referred to by multiple labels, and some labels refer to
multiple entities. For example, a query for Homo sapiens gene label
‘‘Alg2’’ in EntrezGene (http://www.ncbi.nlm.nih.gov/gene) returns
multiple results. Among them is one gene located on chromosome
5 (Entrez ID: 85365) and the other on chromosome 9 (Entrez ID:
313231), each with multiple aliases. While a geneticist might refer
to ‘Alg2’ without confusion among her lab colleagues, doing so in
published data would present a barrier to future data integration
as a correct interpretation would require the context in which
these two genes are identified (e.g., the chromosome). If instead
a Linked Data approach is taken to ensure that these two labels are
semantically precise a priori (i.e., during data publication), then the
burden of integration would be reduced.

There are several motivations to publishing Linked Data sets as
indicated by the following potential use cases:

• Shareability: A data provider or publisher would like to make
some existing data more openly accessible, through standard,
programmatic interfaces such as SPARQL or resolvable URIs. A
scientist wants to provide early access to data (pre-publication)
to her research network.

• Integration: A developer desires to create and maintain a list
of links between different RDF data sets so that she can easily
query across these data sets.

• Semantic normalization: A computer science researcher is
interested in indexing an existing RDF data set using a set of
common ontologies, so that the data set can be queried using
ontological terms.

• Discoverability: A bench biologist would like to be able to
discover what is available in the Semantic Web related to a set
of proteins, genes or chemical components, either as published
results, raw data, or tissue libraries.

• Federation: A pharmaceutical company desires to retrieve data
from sources distributed across its enterprise using SPARQL.

Participants of the World Wide Web Consortium, Health Care
and Life Sciences Interest Group (HCLS IG) have been making
health care and life sciences data available as Linked Data for
several years. In 2009, members of the interest group published
collectively more than 8.4 million RDF triples for a range of
genomic and drug-related data sets and made them available as
Linked Data [2]. More recently, members have begun enriching
the LODD data sets with data spanning discovery research and
drugdevelopment [3]. The interest grouphas found that publishing
HCLS data sets as Linked Data is particularly challenging due to
(1) highly heterogeneous and distributed data sets; (2) difficulty
in assessing the quality of the data; (3) privacy concerns that force
data publishers to de-identify portions of their data sets (e.g., from
clinical research) [4]. Another challenge is to make it possible
for the data consumer to discover, evaluate, and query the data.
Would-be consumers of data from the Linked Open Data (LOD)
cloud are confronted with these uncertainties and often resort to
traditional data warehousing because of them.

This collective experience of publishing a wide range of HCLS
data sets has led to the identification of a general data workflow
for mapping HCLS data to RDF and linking it with other Linked
Data sources (see Fig. 1). Briefly stated, the workflow includes the
following steps for both structured and unstructured data sets:
1. Select the data sources or portions thereof to be published as
RDF

2. Identify persistent URLs (PURLs) for concepts in existing
ontologies and create a mapping from the structured data into
an RDF view that can be used to transform data for SPARQL
queries

3. Customize the mapping manually if necessary
4. Link concepts in the new RDF mapping to concepts in other

RDF data sources relying as much as possible on URIs from
ontologies

5. Publish the RDF data through a SPARQL endpoint or as Linked
Data

6. Alternatively, if data is in a relational format, apply a Semantic
Web toolkit such as SWObjects [5] that enables SPARQL queries
over the relational schema

7. Create Semantic Web applications using the published data.

HCLS Linked Data developers may face many challenges when
creating new Linked Data resources using the above general
workflow. As such, the identification of practices for addressing
such challenges is a necessary step to enable integration of health
care and life sciences data sets. The questions listed in Table 1
summarize many of these challenges. The purpose of this paper is
to provide practices that address these questions.

Before presenting the recommendations, we present real world
case studies intended to demonstrate both the data flow shown
in Fig. 1 and how some of the questions in Table 1 have been
addressed by HCLS IG participants. The first case study describes
the creation of linked RDF data frommicroarray data sets while the
second discusses a linked RDF data set created from a knowledge
base of drug therapies and drug targets [6]. The third case study
describes the creation of an RDF index of biomedical concepts
present in unstructured clinical reports and how this index was
linked to a drug side-effect knowledge base. The final case study
describes the initial development of a linked data set from a
knowledge base of small molecules [7].

2. Mapping case studies1

2.1. Creating a representation of neurosciences microarray experi-
ment results as RDF

Experimental biomedical results are often made available
in semi-structured formats that can be used to assemble RDF
representations. For example, microarray experiments typically
include both the context in which the experiment was performed,
including the anatomical location from which samples were
collected, and the software used to extract and analyze the data as
well as information regarding the list of genes that were deemed
to be significant for the hypothesis under consideration.

As was reported at a recent conference [8], the results
from three different microarray experiments, previously available
only in spreadsheets, were represented in RDF format. The
BioRDF task force of the interest group identified a set of
concepts and relationships important to the description of
a microarray experiment, including the list of differentially
expressed genes (usually determined by statistical analysis and
discussed in publications about the microarray experiment), as
well as provenance items regarding institution, experimental
context, significance analysis and data set description. Challenges
were addressed in the following manner:
1. Three relevant neuroscience publications were identified from

which microarray experimental data were to be extracted.

1 Throughout the case studies, the approach taken to address any of the 14
questions shown in Table 1 is noted with a bold Q and the number of the question.

http://www.ncbi.nlm.nih.gov/gene
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Fig. 1. Data flow depicting the ontology-driven mapping of structured and unstructured data into RDF format and the subsequent use of that data by a Semantic Web
application via a SPARQL endpoint. See Section 1 for a description of the numbered elements.
Table 1
Fourteen questions that a Linked Data creator might have when creating an RDF Linked Data set following the workflow in Fig. 1.

Q1:What are the tools and approaches for mapping relational databases (RDBs)
to RDF?

Q8: How should metadata and provenance be handled?

Q2: Are some relational schemas easier to map to RDF than others and is a direct
equivalence mapping better than a transformation?

Q9: Under which license should I make the data available?

Q3: How should the RDF representation be mapped to global ontologies or
reference terminologies?

Q10: Does data always need to be provided as Linked Data, or is a SPARQL
endpoint enough?

Q4: How to interlink instances to other existing data sources? Q11: How can I make it easier for people and programs to find and use my
published RDF?

Q5: Does all data need to be mapped to the same ontologies in order to achieve
interoperability?

Q12: What tools make use of the Linked Data once it is available?

Q6: How should the URIs and namespaces be determined? Q13: How to convert non-relational information to RDF?
Q7:What should be done if there are gaps in the current ontology landscape? Q14: Can I use automated reasoning with Linked Data?
From the supplementary material, spreadsheets containing the
experimental results after statistical analysis were collected.

2. Contextual descriptors that were deemed relevant for rep-
resenting the provenance of microarray experiments were
extracted from the publications and the resulting list was man-
ually mapped to URIs available through services at BioPortal [9]
from the National Center for Biomedical Ontology (NCBO).
Thesewere identifiedmanually because the NCBO SPARQL end-
point was not yet available. To ensure interoperability with
other LODD data sets, the following domain ontologies were
selected using NCBO’s BioPortal: NIFSTD [10], MAGE-TAB [11],
and DOID [12]. The complete list of these descriptors is avail-
able at http://biordfmicroarray.googlecode.com/hg/biordf.rdf#
(Q3).

3. URIs for entities such as genes and diseases were reused from
existing data sets such as Entrez Gene (made available as
RDF through the Bio2RDF project), which provides information
about the chromosomal position of the gene, its presence in
multiple taxonomic groups and publications where the gene is
mentioned, and the Human Disease Ontology, available from
BioPortal. The criteria for this selection were based on the
availability ofmetadata for suchURIs, eitherwhendereferenced
or exposed as SPARQL endpoints (Q4).

4. Microarray experiment results depend substantially on experi-
mental context, making it important to link the data not only to
the institution where the experiment was performed, but also
to the experimental conditions and, for example, the statistical
package used to analyze the results as well as the version of the
RDF documents produced. The vocabulary of interlinked data
sets (VoID [13]) and the Provenance Vocabulary [14] were used
for creating those assertions (Q8).

5. Because there is a gap in the ontology landscape regarding
statistical methodologies and workflows (Q7), only some of
the analytical and statistical details of how each gene list was
produced could be located in the associated literature and
linked to known ontologies. To address this challenge, the HCLS
BioRDF task force engaged with stakeholders, such as with
members of the Functional Genomics Data Society (FGED) and
the ArrayExpress team at the European Bioinformatics Institute
(EBI). The software typically used for microarray analysis (R
Bioconductor packages [15]) was found to provide an easy
method to report results linked to gene ontology annotations.
Incorporating an RDF output option intowidely-used tools such
as Bioconductor would further benefit Linked Data efforts by
incorporating the desired semantics into the output of the
microarray analysis.
The representation of microarray experiment results in RDF

enabled the assembly of queries that test hypotheses about
drugs potentially useful for the treatment of Alzheimer’s Dis-
ease, for example by looking up drugs in DrugBank related
to genes that have been differentially expressed in a microar-
ray experiment. Example queries that demonstrate the above
data integration as well as query federation are available at:
(http://purl.org/net/biordfmicroarray/demo).

2.2. DrugBank as RDF

DrugBank [16] is a repository for FDA-approved drugs that
contains information about a drug’s chemical and pharmacological

http://biordfmicroarray.googlecode.com/hg/biordf.rdf
http://purl.org/net/biordfmicroarray/demo
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properties aswell as sequence, structure, and pathway information
on each of the drug’s known biochemical targets. DrugBank’s
source data is accessible as either an XML data dump or Drug
Cards, a structured flat file format used to describe information
about drugs. DrugBank has been mapped to the RDF format as
part of the LODD task force activities [2] RDF DrugBank has
been interlinked with many other drug-related data sets that
are part of the LODD task force including DailyMed [17], which
provides complementary information about marketed drugs, and
LinkedCT [18], which publishes clinical trial information about
drugs.

In brief, the source data in Drug Cards format was downloaded
and loaded into a relational database. This relational database was
then published in RDF using the D2R server [19]. D2R enabled
the task force to both publish a SPARQL endpoint on top of the
relational database [20] and make the RDF data available as a
physical data dump [21] (Q10).

The D2R server requires a mapping file so that it can
convert SPARQL queries into SQL. Members of the LODD task
force defined the D2R mapping file based on DrugBank’s XML
data schema. The concepts and properties used to describe the
RDF representation of DrugBank were all defined under a local
namespace (http://www4.wiwiss.fu-berlin.de/drugbank/) (Q6).

There are two areas for improvement of the initial release of
RDF DrugBank. Firstly, no upper ontology was used to describe
DrugBank’s drug-related concepts (Q3). The recent proposal of the
Translational Medicine Ontology (TMO) [3] published by the W3C
HCLS TMO task force provides an ideal solution. Another drawback
is that the LODD task force’s linking of DrugBank to other drug-
related Linked Data resources, was based solely on the string labels
of the drugs (Q4). However, the RxNorm ontology [22] provides
a mapping between drug names (both branded and generic) and
product codes, which could provide important guidance on this
relatively crudemapping. Using the TMO to describeDrugBank and
making use of RxNorm to improve our data interlinking are part of
the future release plan of RDF DrugBank.

2.3. Creating a Linked Data semantic index of concepts present in de-
identified and unstructured clinical data

Unstructured ‘‘free text’’ data is a prevalent form of biomedical
data that is sometimes quite useful for research. For example, the
written protocol for a pre-market drug trial contains information
that can indicate if the study qualifies for inclusion in a systematic
review or meta-analysis of a drug’s efficacy or safety. In the post-
market research context, the notes taken by a clinician during a
patient encounter might contain evidence of a drug’s beneficial
effects that could complement other sources of pharmacovigilance
data such as prescription claims data. In this use case, we
demonstrate how the Linked Data workflow can be used in
conjunction with NLP tools to construct a Linked Data semantic
index (LDSI) of unstructured clinical notes that may enable
researchers to identify clinical notes that might be of use in their
research.

The University of Pittsburgh’s NLP repository (Pitt Reposi-
tory) [23] is a collection of clinical data that may be shared with
other qualified researchers after they go through an approval pro-
cess and sign a data sharing agreement.2 The repository contains
more than 100,000 reports from over 20,000 patient encounters
that occurred in 2007 at the University of Pittsburgh Medical
Center. Several different types of reports exist in the system in-
cluding radiology (RAD), cardiology, consultation, operative and

2 An Institutional Review Board (IRB) approved the use of de-identified data for
the purposes of this research (IRB# PRO11010367).
emergency department reports (ER), in addition to progress notes,
history and physical exams (HP), and discharge summaries (DS).
The ‘free text’ for each note has been embedded in simple XML
(Fig. 2) that includes other tags indicating the report type, sub-
type, date of creation, unique ID, and ICD-9 triage or discharge di-
agnoses assigned during a patient visit. Currently, researchers are
able to request specific reports by limiting type and/or constraining
the search to particular ICD-9 diagnoses but are unable to know in
advance how many reports mention certain medications or pro-
cedures as free text. Also, because ICD-9 diagnoses are used for
billing, they can be an inaccurate representation of the current or
historical conditions experienced by a given patient.

It is possible to create an RDF-formatted LDSI into the Pitt
Repository that can be posted publicly for interested researchers
to explore using concepts mentioned in the free text that
are present in other Linked Data sources. The identification of
BioPortal concepts [9] present in specific reports can be done
automatically using the freely available NCBO Annotator [24]. The
NCBO Annotator takes as input unstructured text and outputs the
string location within the text of concepts from any of more than
200 biomedical ontologies. The system can be run from a browser,
by submitting unstructured text to a REST Web Service or by
running a pre-configured virtual machine [25]. For this use case,
the annotator was run over 1960 notes (498 RAD, 482 HP, 491 ER,
and 489 DS). The code used to generate this example is available
at [26]. The resulting semantic index contains 116,855 triples and
is accessible as a SPARQL endpoint [27].

The following decisions were made during the creation of this
data set:
1. XML output was requested from the NCBO Annotator so that

the program’s annotations could be more easily integrated into
the RDF semantic index (see Fig. 3).

2. The RxNorm [22] drug ontology was selected so that the NCBO
Annotator would identify drug concepts that could be linked
with the SIDER node of the LODD (Q3). This decision was made
after manually determining that most drug terms in the clinical
notes would be identified by the Annotator using RxNorm and
that many of the RxNorm concepts were exact string matches
to SIDER terms.

3. The URIs for concepts present in the reports were provided by
the NCBO Annotator and links to a definition for each concept
was created using rdfs:isDefinedBy and the NCBO RDF
term service [28] (Q6).

4. Resources in the resulting semantic index were linked to
resources in the Linked Data version of SIDER [29] by
configuring the SILK program [30] to create owl:sameAs
mappings for exact string matches between rdfs:label
attributes for the two resources (Q4).

5. Where possible, the guidelines of the Banff Manifesto [31] and
recommendations of the W3C BioRDF task force [32] were
followed. For example, the resulting index contains descriptive
meta-data (e.g., Dublin Core Terms ‘‘title’’, ‘‘creator’’, ‘‘date’’,
‘‘publisher’’, ‘‘license’’), no blank nodes, and only open source
tools (Python [33] and RDFLib [34]) were used throughout the
process to create the LDSI (Q8, Q9).
Fig. 4 shows a sample extracted from the final LDSI by querying

for all clinical notes containing drugs associated with the side
effect hyperkalemia in the SIDER knowledge base. While the new
LinkedData setmakes it easier for interested researchers to know if
free text clinical reports available for secondary research mention
specific biomedical concepts of interest, there are some limitations
to the current version. The data set is explicitly linked to only one
node in the LODD data cloud and the graph provides metadata
on its source and license but not about the software used for its
creation (Q8), nor is it registered in such a way as to facilitate
discovery (Q11). Finally, the precision and recall of the index has
been estimated (data not shown) but is not made explicit within
the graph. We plan to address these issues in future work.

http://www4.wiwiss.fu-berlin.de/drugbank/
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Fig. 2. A fictional report from the University of Pittsburgh NLP repository. The NCBO Annotator and other open source tools were used to create Linked Data semantic index
(LDSI) of biomedical concepts present in the report text and link it to the SIDER.
Fig. 3. A sample of the results returned from the NCBO Annotator. The Annotator
provided Persistent URLs (PURLs) to each biomedical concept it recognized in the
report text. These were both used in the RDF semantic index and mapped to SIDER
‘drug’ and ‘side effect’ entities.

2.4. ChEMBL as RDF

ChEMBL is a Creative Commons-licensed database of bioactive
drug-like small molecules [7,35]. Within the context of pharma-
ceutical bioinformatics, ChEMBLwas converted into RDF andmade
available as a SPARQL endpoint and a Linked Data resource [36].
The data has since been used for general data analysis [37] as well
as the development of predictive models for certain biochemi-
cal properties [38]. In this latter study, a platform was developed
to enable the user to interactively select data from the ChEMBL
database. A set of SPARQL queries is used to create lists or protein
targets for selection by the user. Other SPARQL queries are used
to retrieve drugs and drug-like molecules that target the selected
proteins.

The mapping of the relational database content of ChEMBL to
RDF is a project in progress, and illustrates the choices that need to
be made in addressing several of the questions in Table 1.

Since the data can be downloaded as SQL statements [39], a
conversion to structured data was unnecessary. To create RDF for
the ChEMBL data, SQL was used to first populate a local mySQL
database. Then, custom scripts, written in PHP [40], were used to
create RDF statements, making use of existing PHP code that was
available for generating HTML pages (Q1). The script was mod-
ified to generate simple N-Triples to make it easier to upload
the large ChEMBL RDF graph by uploading it in parts. The script
source code uses a customized mapping of tables and relations
to classes and predicates. For the classes and predicates where
no existing ontology was used, a namespace was created using
a domain under control of the person conducting the conversion
(http://rdf.farmbio.uu.se/chembl/onto/#) (Q6) Adoption of estab-
lished ontologies is in progress (Q5).
Fig. 4. A sample of the LDSI extracted by querying for all clinical notes containing drugs associated with the side effect hyperkalemia in the SIDER knowledge base. The top
portion of this example shows the RDFmetadata for the entire LDSI. Then follows an RDF description for each report declaring its type, subtype, date of creation, and all drug
entities found by the Annotator in the report text. The complete definition for each drug entity is available from the resource assigned to the rdfs:isDefinedBy attribute
in the entity’s description. An owl:sameAs tag is present in the description if the annotated entity was mapped to a SIDER drug.

http://rdf.farmbio.uu.se/chembl/onto/
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In ChEMBL, compounds are often molecules with an exact
chemical structure, and there are many cases where a drug
compound is in fact a mixture of chemical structures [41].
Therefore, strongly typing compound instances would have led to
inconsistencies. The use of an existing ontology, like CHEMINF [42]
or the Drug Ontology [43], is in progress, but the database does
not contain all necessary information to decide the correct type
of the entries in the compounds table. At the time of writing,
this ambiguity is being discussed with other members of the
open chemical community (Q7) and existing ontologies may be
extended to capture the complexity of the drug concept accurately
(Q2).

The dataweremade available via a SPARQL endpoint at [44], but
themain access point for querying the endpoint is awebpage using
an interface called SNORQL (Q12) [45]. This web page serves two
purposes: first, the SPARQL endpoint is aweb front-end that comes
with the Virtuoso software (http://virtuoso.openlinksw.com/), and
we chose not to program using the Virtuoso APIs in order to sim-
plify software upgrades; secondly, the SNORQL endpoint provides
a simplified user interface [46] with direct links to query all classes
and properties. The SNORQL endpoint is customized, links to the
data source, and lists the license under which the data is available
(CC-SA Unported [35]) (Q9).

ChEMBLdatawere alsomade available as LinkedOpenData [47]
enabling individual resources to be dereferenced (Q10). This allows
other RDF resources to link to entries in the ChEMBL-RDF data set.
The hosted data is available as RDF in various serialization formats
and also as HTML making it more discoverable (Q11).

3. Emerging practices for handling issues that a Linked Data
publisher may encounter

The variety of goals and issues presented in the four case studies
suggest that no single set of rules would be able to address all of
the heterogeneous information needs that exist within the HCLS
domain. However, discussion within the HCLS IG has led to the
following set of recommendations that address each of the 14
questions listed in Table 1.
Q1. What are the tools and approaches for mapping relational
databases to RDF?

Relational databases (RDBs) are the mainstay of data manage-
ment and a prevalent source of data. A popular expression in the
Semantic Web community is ‘leave the data where it lives’ and cre-
ate an RDF view—resulting in synchronized and always up-to-date
access to the source data. Many Semantic Web practitioners, in-
cluding some in the pharmaceutical industry and in the HCLS IG,
prefer to operate from an RDB foundation. In fact, some prefer to
create a schema and import unstructured data sources into an RDB
before working on the RDF rendering of that data. For this reason,
key technology will be found in the area of mapping RDB to RDF
(RDB2RDF).

The survey by the RDB2RDF Incubator Group [48] provides
a review of the state-of-the-art for mapping between RDB and
RDF. Mapping the content of a relational database into RDF is
an active area of research that has led to the development of
new tools and approaches such as SWObjects [49]. Entities in life
science DBs often have complex relationships. The semantics of
these entities and their relationships can often be expressed using
existing life science ontologies. This not only promotes the reuse of
existing knowledge resources but also has the potential to enhance
the interoperability between different RDF data sets. Hence, for
mapping life science data to RDF, one of themost important aspects
is the capability of representing the domain semantics that is not
explicitly defined in the relational algebra of RDBs.

The tools for RDB2RDF must be able to support customized
mapping definitions. Of nine tools reviewed by Sahoo et al. [48],
three of them (Virtuoso [50], D2R [19] and Triplify [50]) support
manual definition of the mappings, enabling users to use domain-
semantics in the mapping configuration. Practical experiences
have shown that the automatic mappings generated by tools like
D2R provide a welcome starting point for customization [51].
Apart fromcustomizablemapping definitions, the tools should also
support the use of existing bio-ontologies in the mapping process,
using services such as those hosted at NCBO’s BioPortal [9,52].

An important feature of RDB2RDF tools is the ability to create
a ‘virtual view’, or a semantic view of the contents of a (non-
RDF) source database. For example, in addition to creating an RDF
version of database contents using its mappings, D2R can provide
a SPARQL endpoint and a Linked Data interface directly on top of
the source non-RDF database, creating a virtual ‘view’ of databases.
Such a ‘semantic view’ will guarantee up-to-date access to the
source data, which is particularly important when the data is
frequently updated with new information.

SWObjects creates semantic views by rewriting queries, from
SPARQL to SQL, as well as from one RDF vocabulary to another.
One of the advantages of using the relatively new SWObjects,
is that the mappings used to create RDF views of RDB’s are
expressed using the SPARQL CONSTRUCT standard rather than
a specialized, non-standardized language. In SWObjects, SPARQL
CONSTRUCT statements form rules that can be chained together.
This also makes it possible to pass constraints through a chain
of CONSTRUCT statements that effectively rewrite a query to
be more efficient and reduce the computational cost of query
execution. A challenge of using SWObjects is that all queries and
desired types of informationmust be anticipated in order to create
the RDF views. Configuring such RDF views therefore requires
knowledge of SPARQL, SQL, and of how the anticipated queries
would translate into SQL. Ideally, this activity would be supported
by an ‘‘SWObjects map editor tool’’.

The user experience in terms of performance depends on many
architectural and design factors, including the optimization of the
back-end RDB, size and structure of the data, and the specific
queries required by the application. For example, in a federation,
there are potentially invisible costs such as support for entailment
regimes (materialized or on-the-fly), etc. However, query rewriting
alone is a linear exercise that should not add any unexpected
algorithmic overhead.

Developer costs in terms of maintenance, on the other hand,
are more straightforward. Generating and storing RDF will require
synchronization whenever either: the source data model, or the
target RDF model, or the mapping logic between them changes.
Therefore, query rewriting will generally lower developer costs
that would otherwise be devoted to synchronization of code, data,
and GUI. The main cost is the time of the developer to become
familiarwith configuring a query rewriting tool such as SWObjects.
Q2. Are some relational schemas easier tomap to RDF than others, and
is a direct mapping better than a transformation?

An RDB schema can vary in complexity from a single table to
hundreds of tables with supporting reference tables. Many HCLS
databases, such the UCSC Genome Browser [53], are complex
and organized specifically for research and discovery. Tools that
map RDB into RDF, like D2R or Virtuoso, provide an automated
process to generate a mapping file [48], which converts every
table into a class. For tables with a large number of columns
this strategy can translate into a significant reduction of the
initial time investment required for converting the contents of
a database. In practice, a completely automated process is a
convenient first step in publishing Linked Data, however it does
not enable the fine-grained control that is needed to create RDF
representations that align well with existing ontologies or related
data sets. Also, it is often unnecessary to convert every table
into a class and can create scaling problems. Domain-specific

http://virtuoso.openlinksw.com/
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enhancements during the mapping process create a much more
accurate representation of the meaning and interrelatedness of
statements within and across databases. Furthermore, they have
the potential to drastically reduce the size and complexity of the
resulting RDF data set [54].

RDB schemas can vary in their level of normalization as
quantified by normalized forms [55]. The normalization process
seeks to reduce the occurrence of functional dependencies
within tables by breaking apart tables with many columns into
component interlinked tables. The component tables often do not
directly reflect the underlying ‘‘real world’’ objects which would
be desired for an RDF representation. In practice, many databases
are not normalized because the overhead of working with the
schema is not worth the extra consistency and space savings that
may result. For Online Analytical Processing (OLAP) applications
in particular, highly normalized RDB schema designs can increase
the complexity of SQL to such an extent that analysis becomes
impractical.

In dimensional modeling [56], a logical design technique for
data warehouses and OLAP, data are grouped into coherent
categories that are easier to understand. This makes the mapping
from dimensional representations to RDF, RDF Schema, or Web
Ontology Language (OWL) classes more straightforward, and
enables the default automated mapping process to yield better
results. Furthermore, hierarchies in the dimension tables may help
to indicate RDF classes and their relationships providing a richer
data set.

How much data restructuring is needed depends on the
underlying RDB schema structure and data contained, as well
as the intended application of the interlinked data. These issues
have also been faced by designers of traditional data warehouses
and their data extract, transfer, and load (ETL) processes. In this
context, linked data publishers can learn from recommended
practices for building and populating data warehouses [57]. We
recommend that the data publisher become as versed as possible
in the underlying RDB schema, data content, and ‘‘business rules’’
that generated the stored data so as to best understand how the
data should be structured in a Linked Data representation.
Q3. How should the RDF representation be mapped to global
ontologies or reference terminologies?

NCBO’s BioPortal is a convenient tool which can be used
to identify public ontologies that best map to the entities in
biomedical and clinical data sets. BioPortal contains URIs for
concepts frommore than 200 biomedical ontologies and reference
terminologies including SNOMED CT and NCI Thesaurus. Selected
terms from these ontologies can be collected in a common
resource ontology (CRO) to avoid repeating class definitions
for every data source [58]. For classes available in public
ontologies, it is recommended that the CRO be built as a
comprehensive representation of a domain by importing a
standard set of orthogonal ontologies using the guidelines
described in MIREOT [59].

Using a CRO offers some advantages:

• Scientists may have strong preferences for particular ontolo-
gies.When there is no general agreement aboutwhich ontology
to use, one can use the definition of a proxy class in the CRO.
The proxy can be linked to a number of public ontologies using
URI aliases. Another advantage of the proxy approach is that in
depth knowledge of the ontologies to reference by proxy is not
necessary for the selection of terms for use in the RDF.

• Building a SPARQL query requires knowledge about the
ontology or ontologies used during the mapping process. This
information can be retrieved from the CRO.

• Using semanticwikis such as SemanticMediaWiki [60], the CRO
can be maintained or extended by the scientists themselves.
• Semantic MediaWiki can store its data in RDF if the ‘‘triple store
connector’’ plug-in is installed, enabling its use as a metadata
repository for data source discovery. While at the time of
this writing SPARQL is not integrated, Semantic MediaWiki
extensions like RDFIO can be used to make the RDF data
available as SPARQL [61].

• Custom definitions can be included within the CRO; this is an
important step as it may happen that some class definitions
required for mapping the RDB schema to RDF will not be
available as public ontologies.

A challenge in making data available as Linked Data is the high
level of expertise necessary to understand ontologies and dialects
of description logic employed byOWL. For example, understanding
and using the full potential of OWL 2 can be challenging, evenwith
ontology tools like Protégé [62]. Fortunately, creating RDF (or an
RDF view) that makes use of global ontologies does not always
require comprehensive knowledge about OWL and ontologies. In
the life sciences, tools such as the NCBOAnnotator [24] can be used
to automatically identify relevant concepts in existing ontologies.
Q4. How to interlink instances to other existing data sources?

A challenge that becomes increasingly relevant as linked data
grows is the comprehensive review and identification of the data
sources that may contain instances which can be linked to a
converted RDF data set. This is a necessary step for making the
data ‘‘5-star’’ as per Berners-Lee’s definition (i.e., available on the
Web in a machine-readable, non-proprietary format and linked
to other RDF data sources) [63]. Creating interlinks between data
often requires extensive research work on deciding and choosing
a target linked data set. Once a target data source is identified
for linking, connections established between the two data sets
will enrich both. Ways to achieve this include constructing links
using a scripting language that performs string processing, using
a SPARQL CONSTRUCT query if both data sets are loaded into a
single triple store, or using more specialized frameworks such
as Silk [64]. Domain knowledge can provide more appropriate
guidance on how links between data sets should be established
and, in our practical experience [51], has been found to be
effective for correcting automatically-created interlinks such as
gene synonyms and genome locations. Structure descriptors, such
as SMILES strings and InChI identifiers may be used to establish
links between data sets containing drugs and small molecules.
Q5. Does all data need to be mapped to the same ontologies in order
to achieve interoperability?

Themore entities and predicates there are in common between
two data sets, the easier those two data sets can be integrated
(‘joined’ in a query), without loss of information or gain in noise.
This is demonstrated in the example in Q10. The use of any
ontology when mapping data is already an improvement over tags
or unstructured text which often force integration to rely simply
on lexical or ‘string’ similarity. Indeed, if the same ontologies or
URIs are used in different data sets, the level of effort required
is much less than if the ontologies are different. In case different
ontologies have been used in each data set, it is sometimes possible
to use alignment information between the two ontologies in order
to translate to a single mapping.
Q6. How should the URIs and namespaces be determined?

Before transforming data into RDF (Fig. 1, step 5) or creating an
RDF view of the source data (Fig. 1, step 6) one must decide on the
URIs and namespaces to be used. Berners-Lee has clearly outlined
good practices for Linked Data [65] and more information can be
found in the LinkedData Tutorial [66]. Here are some of the general
guidelines:

• Reusing existingURIs improves the connectivity of your data set
with other data sets.
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• Creating links that resolve to URIs published by others is
highly recommended and necessary if the data source will be
published as Linked Data.

• NewURIs should be coined only if no existingURIs can be found.
Use BioPortal for matching entities and their URIs (including
ontologies from Open Biomedical Ontology Foundry [67]). Use
http://identifiers.org/ to findURIs for information artifacts, such
as a database records and gene accession numbers.

• If you create new URIs, be sure to have control over the
namespace.

• Use PURLs (Persistent URLs) where possible. PURLs are meant
to address changes of ownership and finance by redirecting the
persistent URL to point to the current hosts and domains.

A number of projects can potentially supply URIs for the
biomedical domain. The intention of Shared Names project [69] is
to supply a common set of names or URIs for entities described in
bioinformatics data records. SharedNames is based on a federation
of PURL servers that create a vendor neutral and stable namespace
for common URIs. Bio2RDF [68] is already widely used and serves
URIs for many of the most common biomedical identifiers. An
identifier system calledMIRIAM from the European Bioinformatics
Institute (EBI) has recently announced its adoption of URIs. A
related consortium http://identifiers.org/ is developing URIs for
the HCLS domains in cooperation with prominent members of the
Semantic Web community, including Bio2RDF. We recommend
using URIs for information records, such as, for example, a gene
accession number.

We do not attempt here to describe all the technicalities of
creating proper data URIs. Further information can be found in
existing best practice documents [66,70].
Q7. What should be done if there are gaps in the current ontology
landscape?

The life sciences domain is very dynamic and evolving. When
a particular phenomenon cannot be described in enough detail
with existing ontologies, it is good practice to contact the
authors of the most relevant ontology to alert them of the
gap. When coverage of existing ontologies does not supply the
necessary detail, the creation of a specialized ontology might
be unavoidable. This has been done, for example, with the
Experimental Factor Ontology (EFO) [71] when the Ontology of
Biomedical Investigation (OBI) [72] could not yet supply the
needed terms. Of course, when such an ontology is used, it should
also be available in the public domain for those who would access
the published RDF.

When using an ontology, a common concern is to identify
which entities should be classes and which should be instances.
In general, most data should be described as an instance of an
ontological classwhere possible. Classesmight be used as a value in
the metadata for a graph, for example, to indicate that a particular
class of data is being provided in the data set.
Q8. How should metadata and provenance be handled?

Before making data accessible either via a Linked Data
interface or a SPARQL endpoint, we must consider a number of
augmentations to the data in order to make it more discoverable
and trustworthy. Provenance is an important type of metadata
because it describes the origins and processes that led to the
data set. The nature of experimental data is determined by
the experimental design and conditions at the time of the
experiment. Such information can be important for the analysis
and interpretation of the data. In a biomedical data set, laboratory
protocols, instrumentation and handling conditions can all be
relevant to particular types of analysis. This information can be
thought of as equivalent to the Materials and Methods section of a
biomedical article, which ismeant tomake it possible to reproduce
the results discussed in the article. The best way to express this
type of information in ontological terms is an area of ongoing
investigation [8].

In the context of RDF publishing, another type of metadata de-
scribes the RDF itself, including provenance information describing
the processes used to produce the serialization, the versions of any
ontologies used to describe the data, and an unambiguous refer-
ence to the original data. The purpose of this metadata is to supply
essential information about the RDF tomake it discoverable on the
Web. A list of essential information about the RDF would include:
label of the data set, creator(s), original publishing date, date of last
issue, frequency of updates, data source, version, license, vocabu-
laries used, and the software used in the transformation. Ideally, it
would be possible to reproduce the RDF using the original data and
the processes and parameters described in the provenance for the
RDF. For this reason, it is preferable to use and refer to the open
source software that was used in the process. Other good practices
would be to refer to the SPARQL endpoint that serves the graph
and provide a representative query. Many of these practices are al-
ready possible with the VoID vocabulary [13] and the Provenance
Vocabulary [14]. Also, the PROV Ontology (PROV) is in the process
of being standardized by the W3C Provenance-Work Group with
strong input from the HCLS community [73].

The ability to name a graph with a URI enables the storage of
metadata statements about the graph in RDF. We recommend that
such data be stored in each graph and that such information be
aggregated for all graphs at the SPARQL endpoint. A promising
approach from the W3C standards track is SPARQL 1.1 Service
Description [74]. Most triple stores currently supply some form
of named graph (quad store) functionality and, although it has not
yet been standardized by the W3C, this seems to be on track for
standardization [75,76].
Q9. Under which license should I make the data available?

We think that it is very important to annotate relevant
information on the copyright and redistribution/modification
rights of any LinkedData set. Such information should be presented
in the location where users are expected to interact with the data,
such as on individual web pages for resource, or on the SPARQL
endpoint page.Without such statements it is unclear how data can
be reused ormodified.We think it preferable that a true Open Data
license is used, such as proposed by the Panton Principles [77] and
the Open Knowledge Foundation [78], the CC0 waiver [79], or the
PDDL [80]. Data that is in the public domain (that has no copyright
owner), should be labeled with the creator of that data set, as well
as a clear notice about the public domain nature. For example, the
Creative Common’s Public Domain Mark 1.0 can be used [81].

In many cases the type of license is determined by the original
data source. If this information is not clear, the original source
should be asked to provide such information. Regardless of which
license is chosen, we suggest including an RDF triple with the
predicate <http://www.w3.org/TR/void/#license>, the URI of the
published RDF graph as the subject and, ideally, the URI to a license
ontology as the object. The HSLS IG is currently investigating
whether an appropriate license ontology can be made available in
order to complement VoID’s effort.
Q10. Does data always need to be provided as Linked Data, or is a
SPARQL endpoint enough?

Although a Linked Data interface (such as that provided by
D2R) is preferable because itmakes resource URIs dereferenceable,
not everyone has the means to create one. The advantage of
resolvableURIs is thatwhen SPARQL endpoints donot use the same
ontologies or link to each other, the RDF supplied by a resolved URI
can sometimes make it possible to dynamically discover relevant
remote data. Fortunately, a Linked Data interface can always
be added to the URIs, which are accessible through a SPARQL
endpoint, at a later time and can still serve to interconnect data
sets, as long as ontological identifiers and common URIs are used.

http://identifiers.org/
http://identifiers.org/
http://www.w3.org/TR/void/#license
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Fig. 5. A federated SPARQL connecting an Amoxicillin Capsule identified by the NDC code 055887-∗993-50 to different language representations of the active ingredient.
The screenshot from TopBraid Composer Free Edition (Versions 3.5.0) which utilizes Jena’s ARQ show the results of running the federated SPARQL query. Note this query
can be executed anywhere in the world where the three SPARQL endpoints can be accessed without installing any data locally on the client. Top: DrugBank provides more
detailed chemical data on the active ingredient shown in the dereferencing of the URI. Different language labels are obtained from rdfs:label in DbPedia. Bottom left:
source of the federated query. Bottom right: result set of executing the query. The RDF standard allows literals to be encoded in Unicode.
Fig. 5 illustrates this point using the example of a distributed
(federated) SPARQL query for the string name, in multiple
languages, of a drug product that is represented by an NDC code.
The query is first applied to an SPARQL endpoint hosting an
RDF version of the RxNorm ‘‘Rich Release Format’’. This resource
includes, in addition to RxNorm, the names and attributes from
additional drug ontologies. Because RDF RxNorm drug ingredients
are linked to DrugBank through the CAS registry number of its
active ingredients, and DrugBank is linked to DBPedia, the query
can request all language renderings of the drug product present
in DBPedia (see [82] for further details). While it is not expected
that the average user would write a distributed query such as that
shown in Fig. 5, software agents acting on a user’s behalf could do
so.
Q11.How can I make it easier for people and programs to find and use
my published RDF?

An important part of improving the utility of theWeb is by doc-
umenting the reliability and performance of information services.
In the area of biomedical information services, BioCatalogue [83]
describes and tracks the features and performance of thousands of
bioinformatics services. The CKAN Data Hub registry makes it pos-
sible to ‘‘find, share and reuse open content and data, especially in
ways that are machine automatable’’ [84]. The Data Hub registry
has its own SPARQL endpoint for machine discovery. A SPARQL
Endpoints Status page has been recently initiated by an indepen-
dent source [85] that makes use of the Data Hub to provide an
overview of reliability for the SPARQL endpoints in the Data Hub.
Complementing this effort with descriptions of concepts, proper-
ties, and links to third party data sources may help users more eas-
ily query a new SPARQL endpoint.
Q12.What tools make use of the Linked Data once it is available?
There are a number of Linked Data browsers that enable

browsing of Linked Data such as Disco [86], Tabulator [87], and
Openlink Browser [87]. An overview of these types of browsers is
available at [88]. There are also RDF crawlers such as Sindice [89],
SWSE [90] and Swoogle [91]. While generic Linked Data browsers
are useful for getting an overview of the raw data available on the
web, they may not be practical for all end-users because the user
interfaces are generally not very user-friendly and ‘‘on-the-fly’’
aggregation of distributed data is often slow. Fortunately, custom
applications can be built that utilize SPARQL endpoints in a Service-
Oriented Architecture (SOA) based on distributed vocabulary
resources and Linked Data. In our experience, applications built
using this approach are generally faster than applications that rely
on URI/PURL resolution. Moreover, this approach generally makes
it possible to create both web applications, such as those based on
AJAX libraries [51], and stand-alone applications based on the same
architecture and relying on the same API (SPARQL).
Q13. How to convert non-relational information to RDF?

Even though the ideal situation is to create an RDF view or
directly map information from an RDB to Linked Data, there
may be a situation in which information in other formats (CSV,
XML, etc.) should be transformed into RDF. The xCurator project
offers an end-to-end framework to transform a semi-structured
(XML) source into high-quality Linked Data [92]. Also for XML,
Gloze [93], which is part of Jena, uses the information available
in the XML schema to convert bi-directionally between XML and
RDF. CSV4RDFLOD [94] can be used to transform CSV (Comma
Separated Values) flat files into RDF. Google Refine [95] is a general
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data ‘‘Cleansing’’ tool that works with a plethora of formats: CSV,
Excel, XML, etc. The Google Refine RDF extension [96] can be used
to export a Google Refine project as RDF.
Q14. Can I use automated reasoning with Linked Data?

Automated reasoning is the process by which the axioms
implicit in an ontology are made explicit by a program called
reasoner. The reasoner infers the axioms that are implied by the
assertions made in an ontology. For example, if A is a subclass of B
and B is a subclass of C , the reasoner will infer that A is a subclass
of C , since ‘‘sub class of’’ is a transitive relationship. Automated
reasoning can be used to infer the class hierarchy of an ontology,
check its consistency, perform queries against the ontology, or
determine to which class an entity with certain features belongs.

Even though OWL automated reasoning is not yet efficient for
large knowledge bases, algorithms are improving continuously. For
example, OWL 2 now presents three profiles (QL, RL and EL) that
optimize different kinds of reasoning. Automated Reasoning can
be used in a data set to materialize (or ‘‘insert’’) inferred triples
exploiting the axioms of the ontology [97]. Reasoning can also be
used to check the compliance of the data against the ontology,
especially with tools like Pellet ICV [98]. Finally, some triple stores
offer the possibility of exploiting OWL semantics. For example,
in Virtuoso, transitivity can be used in SPARQL queries using the
TRANSITIVE keyword. Moreover, OWLIM offers the possibility of
exploiting fragments of OWL semantics by approximating such
semantics with rule sets [99].

In order to support automated reasoning, it is important that
linked data creators consider carefully which entities they model
as classes and instances. The discussion of what is best modeled
as a class vs an instance is outside the scope of this paper but is
covered in resources such as [100]. Typical practice by linked data
developers has tended to describemost data as an instance of some
ontological class and to use classes as values in the metadata for a
graph; for example to indicate that a particular class of data is being
provided in the data set.

4. Recommendations

We have proposed a set of practices that authors publishing
HCLS data sets as Linked Data may find useful. Here, we highlight
some of the most important points:

Create RDF views that anyone can use

• Use amapping language to create an RDF view of the data when
possible, rather data conversion and migration.

• When possible, use vocabularies that are openly available from
an authoritative server like that provided by OBO and the NCBO
for HCLS data.

• When faced with uncertainty about the proper term from an
authoritative domain ontology, use a CRO that can redirect
references to proper terms until they are replaced.

• Use rdfs:label and rdfs:comment generously to provide infor-
mation to user interfaces.

Publish RDF so that it can be discovered

• Publish open access data whenever possible, as well as any
associated software.

• Publish a URL to the software and mappings that you used to
create the RDF.

• Register your data in the CKAN Data Hub. If it is a biomedical
SPARQL endpoint, register it in BioCatalogue.

• Assign a graph URI to the RDF graph and add provenance and
metadata about the graph URI to the graph itself. This practice
makes it possible for visitors and crawlers to find out what is in
the graph using SPARQL.
5. Conclusions

We have supplied four case studies of creating and publishing
RDF for life sciences data sets and proposed recommended
practices. Although our suggestions to the questions thatmay arise
during Linked Data creation (Table 1) are oriented towards the
HCLS domain, there is no reason why such practices could not be
applied in other domains. For example, efforts are underway for
a general source of ontologies and terminologies called the Open
Ontology Repository [101] that would be much like BioPortal, but
useful for scientists and researchers outside of the HCLS domain.

Finally, the principles and practices identified in this report
have emerged from community practice and agreement rather
than from a top-down approach. These principles and practices are
being incorporated into aW3CHealth Care and Life Sciences (HCLS)
Interest Group Note [102]. However, they necessarily reflect the
state of the art in the field and some of our practices may shift as
new tools and resources are made available to the community.
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