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Abstract. Here we present CardioSHARE, a unique framework for querying distributed data and performing data analysis using Semantic Web
standards. CardioSHARE’s two main innovations are an enhancement
to a standard SPARQL query engine, which enables the required data to
be retrieved dynamically from web services; and the ability to use this
dynamic data to identify instances of OWL classes. This is accomplished
by mapping RDF predicates onto web services capable of producing data
that satisfy those predicates. Our initial focus has been on integration
with the BioMoby project: a set of 1500+ interoperable bioinformatics
web services. CardioSHARE effectively brings this established pool of
resources into conformance with Semantic Web standards.

1

Introduction

Data integration continues to be a major issue in bioinformatics. On a daily
basis, researchers are required to gather, merge, and query data from multiple
public databases on the web (e.g. PubMed [1], KEGG [2], UniProt [3], Entrez
Gene [4]). This is a highly tedious, inefficient and error-prone process that tends
be done either manually or with custom scripts that “screen scrape” data from
the source websites.
The problem has inspired the development of many software solutions, which
can be broadly classified as either centralized or distributed. Centralized systems,
or data warehouses, collect and merge related databases en masse, so that they
can queried as a single resource. The data must continually be updated from the
original sources, and these sources must be chosen carefully to minimize query
times and curatorial burden. Examples of data warehouse systems include SRS
[5], Bio2RDF [6], the HCLS Knowledge Base [7], and the Pathway Knowledge
Base [8]. Distributed systems, on the other hand, function by breaking a user’s
query into a number of subqueries and issuing those subqueries against independent resources. In order for such a scheme to be feasible, each resource must
implement a web service that serves data according to a common ontology. Examples of distributed systems include BIRN [9] and caCORE [10]. In addition,
lower-level distributed systems such as BioMoby [11], SSWAP [12], and myGrid
[13] also provide web services, but require that the user coordinates these web
services explicitly through the construction of workflows.
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Although these systems have been used successfully within their chosen domains (such as neuromedical imaging or cancer research) there is currently
no widely adopted infrastructure for data integration in bioinformatics. The
CardioSHARE (Cardiovascular Semantic Health and Research Environment)
project, presented here, proposes to provide such a framework by building on
the established standards of the Semantic Web. Although the project’s major
focus will be the analysis of clinical data on heart disease, CardioSHARE has
been designed for use with any type of data. In order to better illustrate CardioSHARE’s generic nature, the submission for this challenge provides semantic
access to the existing bioinformatics web services of the BioMoby project.
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Background: BioMoby

In principle, the use of web services for data integration has numerous advantages over warehousing. Such a system is more reliable, because maintenance of
services is distributed across providers without a central point of failure; more
efficient, because web service execution can be parallelized; and more scalable,
because new services may be added to the system without affecting the performance of existing resources hosted elsewhere. In fact, the distributed approach
to data integration subsumes the centralized approach, as data from warehouses
may be included via services in the same manner as any other resource. Another major advantage of the web service approach is that data generated by
analytical software (tools for sequence alignment, pattern recognition, structure
prediction, etc.) can be incorporated in the same manner as static resources.
However, these theoretical advantages come at the cost of establishing a large
community of interoperable services, and a system for coordinating their execution. In practice, even manual construction of workflows is difficult, because
providers tend to invent their own XML syntaxes for input and output datatypes.
Even in cases where syntaxes are identical, it is impossible to ascertain (in an
automated fashion) whether two input/output objects really represent the same
type of data. It is difficult for a program to determine, for example, whether a
service that inputs and outputs a single string is performing a BLAST search, a
keyword search for database accession numbers, or any number of other operations.
BioMoby is a web service framework that was created to address this issue.
The most important aspect of the system is that all participating services are
required to specify their inputs and outputs as instances of objects in a shared
ontology of datatypes. This ontology incorporates common bioinformatics objects such as amino acid sequences, DNA sequences, SNPs, GO terms, and so
on. The ontology not only specifies the semantic relationships between datatypes,
but also the serialization of each datatype into XML, thus creating a community
of truly interoperable services. Further, users may freely add new datatypes to
the ontology as needed.
In addition to providing a common ontology, BioMoby also provides a large
central registry of services. Programs can query the registry for services that
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consume or generate a given datatype, thus allowing for the semi-automated
construction of workflows. There are currently over 1500 BioMoby web services
which perform a variety of bioinformatics tasks including BLAST searches, retrieval of GO annotations, identification of protein domains, retrieval of database
records, etc. Despite the success of the project, BioMoby has a number of shortcomings: as BioMoby predates the advent of the Semantic Web, it uses a custom
XML format that is incompatible with other data frameworks. Also, even though
BioMoby provides sufficient semantics to establish the input and output type of
a service, it does a poor job of describing the actual operation that a service
performs. This forces users to oversee the construction of their workflows, to
ensure that they perform the desired analysis.
The CardioSHARE project builds on the strengths of BioMoby and addresses
many of its weaknesses by replacing the boutique BioMoby syntax with one based
on Semantic Web ontologies.
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CardioSHARE: Querying Web Services with SPARQL

The key observation behind the CardioSHARE query engine is that when a web
service generates an output, it is in effect generating an RDF triple. The subject
of this triple is the input, the object is the output, and the predicate is the
relationship between the input and output, as determined by the service. For
example, a BLAST service generates triples with the “hasHomolog” predicate,
as depicted in Figure 1. Considered as a whole, the collection of BioMoby services
represents an enormous virtual graph of unrealized triples.

Fig. 1. The key idea underlying the CardioSHARE query engine. When web services
generate output, they are dynamically generating a triple where the subject is the
service input, the object is the service output, and the predicate is the relationship
between the input and output, as determined by the service. In the example shown,
the service runs a BLAST sequence similarity search, and the implicit predicate is
“hasHomolog”.
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The main functionality of CardioSHARE is the ability to issue queries against
this virtual graph, as if it had been computed in its entirety and downloaded into
a local triple store. A CardioSHARE query is resolved according to the following
steps:
1. Each predicate in the query is examined and any matching services are retrieved from the registry.
2. The services are invoked, the results are converted to RDF, and the data is
stored in the local triple store.
3. The query engine is executed as normal against the local triple store.
This approach allows for any locally stored data to be queried in conjunction
with data in the virtual graph.1 In addition, CardioSHARE queries are syntactically identical to ordinary SPARQL queries. An example query is shown in
Figure 2, which asks “What proteins are the subject of PubMed article 14633995,
and what organisms do these proteins belong to?”.
PREFIX up: <http://uniprot/>
SELECT ?protein ?organism
WHERE
{
<http://biomoby.org/PMID/14633995> up:isPaperAboutProtein ?protein .
?protein up:belongsToOrganism ?organism .
}

Fig. 2. An example CardioSHARE query, which asks: “What proteins are discussed
in PubMed article 14633995, and what organisms do these proteins belong to?”. To
resolve this query, the CardioSHARE engine first finds services that are annotated with
“isAboutPaperProtein” and “belongsToOrganism”. Since the first triple has only one
variable, this triple is resolved first, by invoking one or more “isPaperAboutProtein”
services with the input http://biomoby.org/PMID/14633995. The outputs of these
services are subsequently provided (one at a time) as input to “belongsToOrganism”
services, in order to produce the final results. This query may be executed by typing
it into the web form at http://cardioshare.biordf.net/cardioSHARE/query.

As in other web service based architectures, CardioSHARE has numerous
advantages over data warehousing: services can provide uniform access to data
that may have diverse ownership, networks locations, and formats; responsibility
for maintenance of these data sets and services is distributed; query performance
can be optimized by parallel execution of services; and new resources may be
added without the limitations inherent to storing and indexing a monolithic
database. In addition, CardioSHARE is unique in the sense that it does not rely
1

In the current prototype implementation, no data is stored in the triple store prior
to the query, and no data is cached afterwards.
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on a single unifying ontology for integration. Service providers need not scour a
comprehensive ontology such as BIRNLex or NCI Thesaurus in order to add a
service into the system; they can choose the predicates from any ontology they
are familiar with.
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CardioSHARE: The Prototype Interface

An early prototype of the CardioSHARE system is accessible at http://cardioshare.
biordf.net/cardioSHARE/query; this web application provides two paths to access the data: a web form for issuing SPARQL queries, and a browser to explore
the virtual graph. For the purposes of the demonstration, a number of BioMoby
services have been annotated with predicates. These predicates connect UniProt
proteins to related data about publications, GO terms, KEGG genes, and so on.
There is a help page to assist with the construction of queries, which includes
a diagram depicting the relationships between the available predicates and the
URIs they consume/produce. Several sample queries are also provided.
The graph browser offers an alternative way to access the available data.
Starting with a single object (a UniProt protein, a GO term, a KEGG pathway,
etc.), a user can see the available predicates relating to that object. By selecting
a predicate, the user can invoke the appropriate service(s) and add the resulting
output to the graph. This process can be repeated for any of the new output
nodes, allowing the entire network of data relating to the initial object to be
explored.
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