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Biomedical and biological research has been transformed from a cottage industry, marked by scarce, expensive data
generated manually, to a large-scale data-rich industry, marked by factory scale sequencing. This is in addition to
vast amounts of biomedical research literature being generated at an increasing rate and available through various
web based sources (e.g., PubMed [3]). Success in the life sciences will hinge critically on the availability of
computational and data management tools to retrieve, fuse, interpret, analyze, classify, compare and manage the
abundance of data. Biomedicine is fast becoming an information-based science with data/information playing a big
role across the “research flow”, e.g., Genomics — Transcriptomics — Proteomics — Metabolomics — Final
Products/Results. The final products may either be drugs and therapies or positive or negative research results in the
field of biomedicine.

Scientific Data Integration has been identified as one of the most daunting challenges at the interface between
computer science and biology [1], and has been seen as restraining rapid progress in biomedical research [2]. The
standard paradigm in biology today is: Data — Hypotheses — Models — Experimentation — Data, and a solution
framework for biomedical data integration should provide support for these artifacts. Biomedical data integration,
poses a unique set of challenges [1,4]:
o Diversity of Information Objects, including Data Types and Queries:
0 Sequences, complex phenotypic and disease-relevant data, graphs, 3D structures, images
o Similarity-based queries (e.g., sequence similarity), classification based queries (e.g., Papers about Gene X),
what-if hypotheses generating queries (what if Gene X was suppressed, will Protein Z exist?)
o Diversity of information based computations and operations:
o0 Experimental Plans and Protocols involving complex repetitive computations involving data retrieval,
fusion and analytics.
o Data Curation and Annotation Tasks.
0 Hypothesis validation across multiple scenarios, Federated search/query processing.
e Semantic Heterogeneity:
o Multiple Controlled VVocabularies and Ontologies: Integration, Interoperation and Composition
0 Semi-automatic creation and verification of Mappings
= Mappings and complex relationships across vocabularies and ontologies
= Mappings, Annotations of data objects to concepts in controlled vocabularies and ontologies
e Dynamic and evolving nature of Biomedical Research
o Evolution of schemas, ontologies and vocabularies and their impact on underlying mappings or annotations.
o Evolution of data objects and their impact on associated mapping and annotations
o0 Uncertainty and inconsistency of data
0 Support for pro-active data mining and hypothesis generation

Semantics-based approaches are being explored for information integration in the context of the Semantic Web [5].
However, “semantics” or “meaning” is not a fixed entity — it emerges from the interaction of people and applications
in the context of performing biomedical research. An emergent semantics-based information infrastructure would be

a pro-active platform where people and applications collaborate for creation of dynamic “semantics” reflecting the

current state of knowledge in biomedical research. Some interesting properties of this infrastructure are:

e Self-description: The infrastructure shall enable self-description of biological data and content. This is currently
the focus of various XML-based markup languages (e.g., BioPAX [6], OWL [17]) and
ontologies/vocabularies (e.g., GeneOntology [7], UMLS® Semantic Network [8]) developed and to enable
data sharing and interoperability.

e Self-genesis: The infrastructure shall proactively analyze data and content flowing through it, to create models,
ontologies and concepts to capture semantics. This enables “bootstrapping” of the meanings prevalent in
biological data and content.



e Auto-emergence: The infrastructure shall monitor interactions between people and applications to capture and
describe new meanings/knowledge that emerge, or existing meanings/knowledge that evolve from these
interactions. This capture and description of new meanings that may be required for new applications and
services. New biomedical hypotheses and experiments are pro-actively suggested bases on the new emerging
knowledge.

e Self-organization: The infrastructure shall (re-)organize itself to perform new tasks, in response to new requests
for information and services; or due to emergence of new meanings (through self-genesis, auto emergence or
otherwise). Two important types of self-organization are:

o0 Self-interoperation/integration: The infrastructure shall integrate existing meanings, or interoperate
between two different meanings in response to new requests for information and services. This may take the
form of annotating data with ontological concepts or mapping concepts across different ontologies.

0 Self-provisioning: The infrastructure shall, monitor the data retrieval and computation operations invoked
and pro-actively create experimental plans, protocols and models.

A strawman architecture for the above infrastructure is illustrated in Figure 1.
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Figure 1: A Strawman Architecture

For realizing this vision, the following obstacles need to be addressed.

Ontology Creation: Knowledge acquisition and representation research has struggled with manual and expensive
approaches for developing ontologies. A bottom-up process of bootstrapping knowledge using clustering and NLP
techniques for initializing a core terminology presented in [9], is a promising approach for enabling self-genesis.
Sociological consensus-derivation processes that capture the notion of people-based interactions [10] can be used to
enrich rough terminologies, establish agreements on ontologies, annotations and inter-ontology articulations show
the potential for supporting auto-emergence. There are a wide variety of communities and user groups on the web,
each with their own information, models, databases schemas and ontologies. Top-down processes of interoperation
across pre-existing and possibly overlapping ontologies [13,14] are candidates for enabling self-integration.
Techniques for enhancing existing knowledge artifacts (e.g., database schemas) to create new ontologies [11] can
also enable auto-emergence.



Metadata Extraction, Annotation and Mapping: The ability to describe web resources using metadata

descriptions constructed from domain ontologies is crucial in for curation and annotation of biomedical data and

content. Some approaches that can help address this obstacle are:

e Association of a vector space generated from a document collection with ontologies [12] for semi-automatic
annotation.

e Use of E-R models to describe and query text information and extraction of metadata from multimedia data [15,
16].

e Machine learning techniques to infer mappings between database schemas, web service descriptions and
ontological concepts.

Integration/Interoperation (I11): With a wide variety of communities and user groups on the web, there is a need
for interoperation across heterogeneous overlapping ontologies (concepts from which might be used for creating
information models and database schemas). Self-integration/interoperation is the key property that we seek to
enable by addressing the 111 obstacle. Metadata annotations and mappings discussed above play a crucial role in this
context. Approaches that use Description Logics to represent ontologies and their inference capabilities to support
inter-ontology integration/interoperation [13,14] can be used to enable self-integration/interoperation. Specialized
techniques for combining repetitive data retrieval and analysis operations/processes are required for enabling self-
provisioning.

An emergent semantics-based platform enunciated above, enables a highly adaptable and flexible information
infrastructure. The evolution of meaning and biomedical knowledge, supported by the underlying infrastructure,
makes it easier to implement new applications for different purposes and requirements, and those that involve
continuously evolving knowledge and information. A multi-disciplinary research agenda involving database and
information systems research complemented with insights from Knowledge Representation, Machine Learning, Data
Mining and NLP is crucial to realizing this vision. There is a need to go beyond traditional information systems and
investigate approaches based on social networks and cultural anthropology to achieve a truly flexible emergent
semantics-based Knowledge Management platform.
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