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ABSTRACT

Advances in genome science have created a surge of data. These data critical to sci-

enti�c discovery are made available in thousands of heterogeneous public resources. Each

of these resources provides biological data with a speci�c data organization, format, and

quality, object identi�cation, and a variety of capabiliti es that allow scientists to access, an-

alyze, cluster, visualize and navigate through the datasets. The heterogeneity of biological

resources and their increasing number make it di�cult for scientists to exploit and under-

stand them. Learning the properties of a new resource is a tedious and time-consuming

process, often made more di�cult by the many changes made on the resources (new or

changed information, capabilities) that stress scientists keeping their knowledge up-to-date.

Therefore many scientists master a few resources while ignoring others that may provide

additional data and useful capabilities. The BioNavigation system completes existing data

integration approaches, by allowing users to explore biological resources. The BioNaviga-

tion system provides the scientist with valuable guidance in selecting the most e�ective

evaluation path through the physical resources for his ontological query. It allows the user

to visualize the conceptual level ontology, the physical graph of resources and the map-

pings between the two levels and browse the graphs to obtain more information about the

resources; build queries with the help of the ontology by selecting the desired classes con-

nected by labeled relationships; and obtain all possible physical paths that implement the

query and rank them to optimize certain user selected criteria. BioNavigation could also be

coupled with a data integration tool that would allow users to collect data automatically

after selecting the resources.
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CHAPTER 1

Introduction and Motivation

A scienti�c data collection protocol is always speci�ed in t erms of scienti�c classes

being studied and it need not specify the data sources from which to get the information

about these classes. These protocols are also mostly navigational, i.e. scientists start with

obtaining information about a particular scienti�c object then from there go to another

using the provided links and so on, thus forming a path. Scientists tend to use only a set of

resources which they are familiar with to express their protocols rather than selecting the

best possible resource that matches their needs. Most of thetimes, they do not even know

which is the best resource, or even if they are aware that sucha source exists, they are not

familiar with its features and query interface to e�ectivel y exploit it.

1. Complexity in Biological Resources

With new advances in the biological sciences, the number of available data sources

is increasing dramatically. The key to scienti�c discovery lies in e�ectively exploiting the

wealth of publicly available data, but this is not simple. For example, the current number of

public molecular biology databases according to the 2005 update [Galp 05] in the Database

issue of Nucleic Acids Research, is 719 databases compared to 548 in 2004 and 386 in year
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2003. Not only is the number of sources large and increasing,but the data repositories

themselves are highly heterogeneous. They organize biological data di�erently, they struc-

ture their data in multiple ways (even two resources with the same overall organization use

di�erent schemas) and publish them in various formats (
at � les, relational tables, XML,

etc.). Also, it is not unnatural that there exists an overlap of data in multiple resources.

Each resource o�ers a di�erent level of curation that a�ects data quality. In addition, re-

sources are not always up-to-date; some sources may have more recent information than

others.

Each data source o�ers to the users a set of capabilities thathelp to access, navigate,

visualize, and perform other operations on the datasets. These capabilities are also highly

heterogeneous among di�erent databases. for example, GeneCards [Rebh 97] allows users

to search for genes through a single full text search, while Genew [Gene 05] allows searching

of genes with additional speci�cations such as approved symbol, approved gene name, etc.

Other sources provide analytic (e.g. NCBI BLAST1) or navigational (e.g. PubMed2 links

from OMIM 3 records) capabilities.

It is di�cult to stay at par with the characteristics of each s ource and its capabilities,

and as a consequence, scientists tend to limit themselves toa few that they are familiar

with. They would rather spend their valuable time on research than learning how to access

a new data source; and as a price, miss out on information thatcould signi�cantly a�ect

their research. The public resources evolve signi�cantly over time which adds to the above

complexity. Although these changes allow the data sources to keep up with new data and

improve the support provided to scientists, they contribute to the increasing burden of

1NCBI BLAST - http://www.ncbi.nlm.nih.gov/BLAST/
2PubMed Literature Database - http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?DB=pubmed
3Online Mendelian Inheritance in Man - http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=OMIM
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mastering the biological resources.

2. Problems in Scienti�c Data Collection

Exploiting the complex maze of publicly available Biological resources to implement

scienti�c data collection pipelines poses a multitude of challenges to biologists. Their �rst

challenge is to accurately re
ect the scienti�c question at hand in expressing the query.

Ideally the scientists should not deal with the properties of the data sources intended to

be used while framing this query. The query should be constructed only in terms of the

higher level scienti�c concepts involved while keeping theimplementation details transpar-

ent. Instead, scientists build their queries to adapt to the characteristics and limitations of

the resources that they are familiar with.

Another challenge lies in the availability of multiple resources serving similar pur-

poses. For example, you can get information about a particular `gene' (Which is a higher

level scienti�c concept) from various alternate data sources like NCBI Gene4 or GeneCards5

or OMIM etc. These resources, although they all provide information about genes, are

highly heterogeneous with respect to the data format, number of records, level of curation,

navigational capabilities or links to other resources, etc. Thus, when the query involves

multiple scienti�c concepts, the same higher level query can be translated to various evalu-

ation paths involving a number of di�erent alternate data so urces, links, and applications.

Each of these paths might have di�erent semantic meanings and is bound to provide to the

scientist with a di�erent set of results [Lacr 04a]. Hence, it becomes important for the user

to understand what path is best suited to his purpose to get the best possible set of results

from the query.

4NCBI Gene Database - http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene
5GeneCards gene database -http://www.genecards.org/
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Once the scientist has decided what resources he will use to evaluate his query, then

the challenge lies in e�ectively formulating the query in th e format acceptable to those

resources and collecting and utilizing the data. All resources have di�erent query interfaces

and we can not expect the biologist to be always up to date withthe query language, data

format of all of them. This problem is usually taken care of by many available integrated

database systems and hence we do not deal with this issue. Examples of such systems are

described in the next section.

3. Existing Integration Systems

There are a few systems that address the need of integrated access to multiple data

sources; examples of which are DB2 Information Integrator [Haas 03], TAMBIS [Bake 98],

and SRS [Etzo 03]. The characteristics of these systems are brie
y described below.

� The DB2 Information Integrator system (Now known as WebSphere Information In-

tegrator, and previously known as Discovery Link) allows the integration of non-

relational data sources (
at �le, XML, Web resources) and ot her relational databases

with the DB2 relational database so that they can be queried through a single DB2

query interface. This is done with the help of wrappers that encapsulate query and

search capabilities of the resources into user-de�ned functions. In simpli�ed terms,

the wrapper translates the relational query (written in SQL ) into resource speci�c set

of queries or web requests. The data retrieved from these is then converted into a

relational (tabular) form according to the prede�ned schema for that wrapper. The

system comes with certain built in wrappers for popular bioinformatics resources such

as Entrez, Blast, etc. and also provides toolkits for C and Java languages to develop

custom wrappers for additional resources.
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� The TAMBIS (Transparent Access to Multiple Bioinformatics Information Sources)

system acts as a virtual integrated data source by providingtransparent information

retrieval from various wrapped data sources with the help ofa mediator. The medi-

ator uses an ontology to describe a conceptual model of the data sources and assists

the users in expressing queries against this universal model. The user can thus write

queries in terms of the universal model or ontology while remaining unaware of what

resources will be used to implement it. The mediator then translates these concep-

tual queries to corresponding mapped source queries which are sent to the individual

wrappers for the sources. These wrappers then send the actual queries or calls to each

respective resource, retrieve the data and reformat in accordance with the conceptual

model so that results from di�erent heterogeneous resources are presented in the same

format.

� The SRS (Sequence Retrieval System) provides a single interface to access a large

number of bioinformatics data sources and tools which can bequeried in the same

way regardless of the heterogeneous formats through a simple graphical interface. In

the same manner, the results of the analysis can also be viewed through a single

interface and are presented in a uniform format. SRS also allows users to exploit the

links between various resources allowing for queries that can take the user from one

data source to another and thus are navigational in nature.

The problem with the above and also most other available systems is that they either

expect the user to specify explicitly the resources involved in the data collection process

(e.g., DB2 and SRS), or the system transparently chooses a particular database for the user

(e.g. TAMBIS). There are obviously critical issues with both the approaches that may a�ect

the data collection process, and thus the quality and completeness of the retrieved data. As
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explained previously, we can not expect the user to know all available resources and choose

the most appropriate one to exploit. On the other hand the transparent access does not

allow the user to play an important role in the selection of the particular data sources and

capabilities, so while the scientist is able to avoid this tedious task, the provenance of the

data collected is hidden from the user.

4. The BioNavigation Approach

To summarize the problems discussed above:

� Scientists' data collection protocols may not e�ectively re
ect the scienti�c question

since they limit themselves to familiar resources, becauseof di�culties in learning

about new ones and lack of information about possible alternate resources.

� Multiple resources exist providing same or similar information, but there is high het-

erogeneity with respect to the data format, the number of records, quality of data

etc.

� Data collection protocols, which are navigational in nature, may be evaluated us-

ing many alternative paths through resources; each path bound to provide di�erent

results.

� Which Path is the most suitable?

BioNavigation aims to address these problems by allowing the scientists to identify and

select among all available resources the ones they can use toanswer their queries.

1. It provides him with important metadata information abou t the sources and their

capabilities, and their visualization in an easy to interpret format.
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2. It also assists scientists in looking at their protocols at the higher conceptual level and

building the corresponding queries graphically.

3. BioNavigation then presents the user with various possible implementations of their

query so that the user can choose the best one that suits his purposes.

4. The user then just has to use one his favorite tools (web interfaces, Perl scripts or any

mediation system described above), but this time with the con�dence that all possible

resources were exploited, to get the data.

BioNavigation could also be used as an interface to employ a mediation or integration

system such as the ones described above to evaluate the particular implementation path

that the user selected. The remainder of this Internship report describes the various aspects

of the design and development of this BioNavigation system.



CHAPTER 2

Graph Representation of Resources

Scientists should be able to formulate their queries at the higher conceptual level

of scienti�c classes and their relationships, without the concern of what source would be

used underneath to collect the data. This is the ontology level. Classes in the ontology are

mapped to the data sources which represent them, for e.g. thescienti�c class 'gene' is repre-

sented by many sources such as Entrez Gene, GeneCards, etc. Similarly the relationships in

the ontology are mapped to the physical links between the data sources. These links could

be in the form of navigational links, indices or applications that capture the semantics of

the ontology level relationships.

1. Bi-Level Representation

Most data sources typically represent a particular type of scienti�c class. For ex-

ample, PubMed provides references to published literature, UniProt 1 provides information

about proteins, etc. There can be several data sources for the same scienti�c class. For

example, one can retrieve 'DNA sequences' from either NCBI Nucleotide2 or EMBL 3.

1UniProt - http://www.ebi.ac.uk/uniprot/
2NCBI Nucleotide - http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=nucleotide
3EMBL - http://www.ebi.ac.uk/embl/
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Data sources also provide navigational links connecting a record to other records in

the same data source as well as external data sources in orderto provide comprehensive and

complete information about the scienti�c object they represent. Scientists use these links to

navigate from one source to another and in the process gathering useful information relevant

to the scienti�c question being studied. Each such link represents a meaningful scienti�c

relationship between the two conceptual classes. For example, in NCBI Entrez, a link from

a Gene record to a Nucleotide record containing its sequencerepresents the relationship

`Has DNA Sequence' between the two conceptual classes `Gene' and `Nucleotide sequence'.

The �gure 1 below shows an example of such mapping of physicalresources to

the higher level scienti�c concepts. In the �gure, you can see that there are two kinds

of links between the Gene and PubMed databases. These links have di�erent semantic

meanings although they are identical syntactically. On theother hand the same conceptual

class of `gene' is served by two di�erent databases, OMIM andGene which have di�erent

capabilities. This is a very small example and the real picture is much more complex.

Figure 1. Mapping physical resources to the conceptual level

Bioinformatics tools and applications also represent relationships between various
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scienti�c classes represented by the inputs and outputs of the application. Consider the

example of a BLAST search for �nding similar nucleotide sequences. in simpli�ed terms,

the input and output belong to the scienti�c class `Nucleotide sequence' and the tool itself

implements the relationship `HasSimilar Sequence' between two nucleotide sequences.

As described in the previous chapter, a scienti�c data collection protocol is ideally

designed at the conceptual level, whereas the implementation is at the physical level of the

resources. Thus it becomes important to de�ne formally the two levels of representation

which will be used by the BioNavigation system.

1.1. The Physical Graph. The physical graph represents the resource level. In

the �rst version of the BioNavigation system[Lacr 04b] and the ESearch algorithm[Lacr 04d,

Lacr 04c], the physical graph consisted of data sources and the links between them as nodes

and edges of the graph respectively. A navigational query would then be represented as a

sequence of data sources. There are two major limitations tothis model for the resource

level.

1. There can be more than one type of links between two particular sources with di�erent

semantics. For example, in Figure 1, consider the links to PubMed citations from the

NCBI Gene database. There are two types of links `PubMed Links' and `GeneRIF

Links', which are the same at the physical level since they are links from a Gene

record to a PubMed record. But they have di�erent meanings; the �rst set of links

consists of citations that are related to the gene in generalwhereas the other set of

links represents citations that speci�cally provide a functional annotation for the gene.

The representation of links as simple edges in a graph does not allow for capturing

these di�erences in multiple edges between the same set of nodes.
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2. The graph representation in the �rst version of BioNavigation also does not include

the tools and applications which are often part of a data collection protocol. Although

applications may represent a scienti�c relationship between two classes, they are dif-

ferent from links in that they are not bound to a speci�c data source, but always can

be plugged in between two data sources which match the input and output class types

of the application respectively.

Taking the above limitations into consideration we de�ned t he new graph model

[Lacr 05b] for the physical level where all the resources, i.e., data sources, links and appli-

cations are modeled as di�erent types of nodes. The edges in the graph are used only to

specify the direction of association. The Physical GraphPG = ( VP ; L ) is a directed graph,

where:

� VP is a set of nodes, partitioned into three subsets,S, AP , and QC, such that,

S represents physical data sources,AP represents applications, andQC represents

query capabilities.

� L is a set of directed edgesL � VP � VP that represents the directional associations

between sources and applications or query capabilities. Ifa pair (a; b) belongs to L

then, a is a source andb is an application or query capability, or a is an application

or query capability and b is a source.

1.2. The Logical or Conceptual Graph. The logical graph represents the higher

conceptual level of scienti�c concepts or classes and the relationships or associations between

them. This allows the design of the query to express the scienti�c question accurately while

being transparent with respect to the underlying resources. The Logical Graph LG =

(VL ; E ) is a directed graph, where:
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� VL is a set of nodes, partitioned into two setsC and A, where, C represents logical

classes andA represents logical associations between classes.

� E is a set of directed edgesE � (C � A) [ (A � C) that represents roles played by

logical classes in the associations.

The logical level is actually built as an ontology which in simple terms is a de�nition of

concepts and associations. This is described in detail in the next chapter.

2. The BioMetaDatabase

The BioMetaDatabase materializes the physical graph in theBioNavigation system.

In addition to de�ning the graph structure of the physical re sources, the database is a rich

collection of meta-information about these resources whichserves two major purposes:

1. It aids the user obtain more information about a particular resource which allows him

to make a selection of one resource over another

2. It includes several semantic and statistical metrics about these resources which are

used by the BioNavigation system to rank the alternate pathsgenerated that can be

used to evaluate the query.

Most of the information contained in the BioMetaDatabase was collected as part of the

Computational Bioscience Class project in Spring 2004 [Mudu 04]. The database can be

edited and updated via a web interface atBioMeta. The following two subsections provide

the details about the type of meta information stored in this database for each kind of

resource.
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2.1. Metadata for Data Sources. The following is the list of attributes collected

for each data source in the BioMetaDatabase:

1. ID - internal identi�er for the BioMetaDatabase

2. Name - o�cial name of the data source

3. URL - location of the source on the web

4. Description - A brief text describing the source

5. Species - Speci�es the particular species (if any) which the source holds information

about

6. Schema - schema of the source in XML DDT format

7. Scienti�c class - scienti�c class the source represents.e.g. OMIM belongs to the

scienti�c class of `gene'

8. Source Information URL - location of reference material for the data source on the

web

9. Source Internal Identi�er - The primary internal identi� er for records in the data

source, e.g. PMID for PubMed citations.

Also for each data source two additional attributes are collected which are used for the

ranking algorithm. These are,

1. Cardinality - the number of records in the data source.

2. Attributes - the number of attributes for the records. A gr eater number of attributes

should correspond to a greater amount of information in eachrecord.
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2.2. Metadata for capabilities. Capabilities are mostly links provided by data

sources from a record in one source to a record in another source. These links act as

cross references and hence contribute to the richness of a dataset. Scientists typically do

exploratory data collection where they navigate through di�erent data sources by following

interesting links. Hence collecting information about these links and what they o�er is

very important. Currently the BioMetaDatabase holds the fo llowing attributes for the

capabilities:

1. ID - internal identi�er

2. Input source - source of the input for the capability. In most cases it is the data source

that provides the capability.

3. Input scienti�c class - scienti�c class of the input.

4. Input format - The format of the input information.

5. Output source - target data source of the capability

6. Output scienti�c class - The scienti�c class of the output .

7. Output format - The format of the output information.

8. Name - name of the capability as listed on the source website.

9. URL - web location of the capability.

10. Semantics - textual description of the capability and what it does.

11. Implementation - describes how the capability is implemented (i.e. full text search,

hyperlink, etc)
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12. Type - describes whether the capability is One to Many, Many to Many etc.

13. Properties - lists any characteristic properties of aa particular capability (i.e.

ranked/unranked, duplicates, maximum length of input, maximum entries in output,

any reference that explains the capability)

In addition to the above informational metadata the followi ng is also collected for each

(unidirectional) Link between two data sources:

1. Link cardinality - number of link instances existing between the two data sources (i.e.

number of pairs of connected records)

2. Link participation - number of objects in the start source having at least one outgoing

link to the target source

3. Link image - number of objects in the target source having at least one incoming link

from the start source

These three statistics, in combination with the source cardinalities are used to estimate for

example the number of records that could be expected at the end of a long navigational

path. Such measurements are used to rank the evaluation paths for the queries and are

explained in detail in Chapter 4.



CHAPTER 3

Use of Ontology for Data Integration

As stated in Chapter 2 Section 1.2, the Logical Graph will be represented using

an ontology in the BioNavigation system because it providesa better representation for

knowledge about scienti�c classes and their relationshipsand makes it easy for users to

express their queries in terms of these ontological concepts. Before discussing in detail

the ontology that will be used in BioNavigation, it will be a g ood idea to provide a brief

introduction to ontologies and their applications.

1. What is Ontology?

In computer science, an ontology is an `explicit speci�cation of a conceptualization',

where:

� Conceptualization is the de�nition of the properties of important concepts and their

relationships

� Explicit speci�cation is the model speci�ed in an unambiguous language, machine and

human readable

Originally, in philosophy, ontology meant the study of being or existence as well as the basic

categories thereof. All mentions of ontology in this report refer to the Computer Science
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de�nition of ontology. An ontology is made up of four type of elements [Stev 00]. They are:

1. Concept - A concept is a set or class of entities or things within a domain

2. Relation - Relations describe the interactions between concepts

3. Instance - Instances are things represented by concepts. Theoretically instances are

not part of ontology but the distinction between concept and instance is not clear

4. Axiom - An axiom is a general rule and is used to constrain the valuesof concepts or

instances

The relations are the most important part of an ontology since they give it meaning

by connecting the various concepts. A relation can belong toone of two categories:

1. Taxonomies provide the hierarchical tree structure to concepts. These are mainly the

two relations, `isA' and `isPartOf'. `IsA' describes the `subclass-superclass' relation

between concepts whereas `partOf' deals with the `subset-superset' relation. Examples

are, `Man isA Animal' or `Leaf isPartOf Tree'.

2. Associations are relationships which are not 'sub-super'type relations. Examples of

these type of relations are `Person isAuthorOf Book' or `Child isO�springOf Parent'.

Like classes, relations can also be organized as taxonomies. Thus, the relation `isFatherOf'

is a subtype of the relation `isParentOf' which is a subtype of `isAncestorOf' and so on.

Each relation has certain properties which give further meaning to the relationship between

the involved classes. Some of the common properties are listed below:

1. Domain and Range of relations restricts the concepts the relation can apply to. The

Domain is the set of concepts that can be on the left hand side of a relation while the



18

Range is the set of concepts which can be on the right hand side. Thus, the domain of

`isFatherOf' will belong to the class of `Male' and so will bethe range of `hasFather'

2. Cardinality speci�es the restriction on the number of concepts on each side of the

relation. Examples are one-to-one, one-to-many etc.

3. Transitivity (if A ! B and B ! C then A ! C). For example the relation `isAnces-

torOf' is obviously transitive, some other relations may not be transitive.

Ontologies themselves are broadly classi�ed into two types. A Generic Ontology

is one captures all common high level concepts. It is also called upper ontology or core

ontology. These have applications in Arti�cial Intelligen ce where a generic ontology can be

used as a Knowledge Base. A highly ambitious generic ontology, Cyc aims to include all

commonsense knowledge1. A true generic ontology is highly impractical if not impossible.

A Domain Ontology is a more specialized ontology for speci�c applications. Commonly

used ontologies are mostly domain speci�c and are usually knowledge bases for specialized

applications like Expert Systems etc.

1.1. Applications. Ontologies have been widely used in the �eld of computer sci-

ence for various purposes. They were �rst used in the �eldArti�cial Intelligence for Knowl-

edge Representation. They formed the basis of many knowledge based or expert systems.

A more recent use of ontologies has been in the development ofthe Semantic Web

[Hend 02]. The goal of the Semantic Web project is to create a universal medium for

exchange of data. It aims to overcome the limitations of the present Web by providing

semantic meaning to Web resources. This will allow all the data shared on the web to be

processed by automated tools in addition to people. Ontologies form a very important layer

1Cyc Project - http://www.cyc.com/
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in the Semantic Web framework since they are used to assign the machine interpretable

meaning to the Web resources.

Another application of ontologies is in Ontology-based Query Processing[Mena 01]

An Ontology can be used to provide semantic descriptions of data repositories. The use of an

ontology for querying heterogeneous distributed data sources allows the user to form queries

at higher levels while making the the aspects related to syntax, location, structure, data

repositories transparent. The ontology uses semantic metadata to capture the information

content of the data repositories and their capabilities andprovides independence from the

underlying data structure. The ontology can then be exploited in two ways:

1. Navigation or Browsing of the ontology to view the concepts and their relationships

2. Building the query from the ontology by selecting interesting concepts and relations,

which is then sent to the query processor

The query processor can access data with the help of mapping information that translates

the user query into queries for the underlying repositories. Results from these queries can

then be combined and presented to the user who is unaware of the inner details.

2. Need for Ontologies in Biological Data Management

Biological data sources present huge volumes of structured, semi-structured and un-

structured data. There is a huge problem of object identity (ambiguity of names), di�erent

data sources provide information about the same concepts using di�erent names and iden-

ti�ers which poses a great challenge to integrated access. For example, the problem of the

diversity of names and identi�ers assigned to genes is well known and is being tackled to

some extent by the HUGO [Gene 05]. There are innumerable applicable algorithms and



20

implemented components or applications publicly available, but it is di�cult to search for,

identify and use these resources. There is continuous and dynamic growth at the data in-

stance level as well as meta-levels (new facts, concepts, properties, data formats etc. are

being introduced daily). High heterogeneity exists at both the syntactic and semantic levels

of representation between di�erent data sources and even among the data bases belonging

to the same organization [Lacr 04a]. Uncertainty and inconsistency is always an issue, due

to missing or misrepresented information un-coordinated and uneven propagation of change.

There is also incompatibility of context or logic during the integration of data elements or

computational methods.

Use of ontologies solves several of these problems as follows:

� An ontology speci�cation can be used as acommon vocabulary for the purpose of

annotation

� Shared ontologies allow forneutral authoring and reuse of scienti�c knowledge

� Ontology basedquery processingallows common access to heterogeneous information

and forming queries over multiple databases

� Ontologies are also used for automated annotation andunderstanding of technical

literature using Natural language processing

The BioNavigation system handles the issues dealing with accessing heterogeneous resources

by allowing the user to visualize the conceptual level described in chapter 2, section 1.2, and

framing their queries at that level. Using an ontology to represent this conceptual level graph

is the most logical solution. It can capture the necessary scienti�c knowledge necessary for

the system to be able to capture the scienti�c question beingasked most accurately and

thus get the user what he is exactly looking for. The system thus requires an ontology
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that can represents the complex relationships between di�erent scienti�c concepts and also

explain the relationships that exist between the various resources that map to these scienti�c

concepts and relationships.

There are several ontologies being currently used in the �eld of Biology and hence we

looked at a few of them to identify the candidate ontology for our system. Gene Ontology

(GO) [Cons 00], the most commonly used biological ontology explains the biological roles

of genes and gene product. It has been very successfully usedfor the purpose of annotation

of genes. The MGED (Microarray Gene Expression Data) Ontology deals with concepts,

de�nitions, terms, and resources for standardized description of a microarray experiment

[Jr 02]. The BioCyc Ontology 2 is a collection of pathway and genome information for vari-

ous organisms. Only one ontology, the one used in TAMBIS (Transparent Access to Multiple

Bioinformatics Information Sources) [Bake 98], was close to our requirements for the BioN-

avigation system. The TAMBIS Ontology, TaO, describes a wide range of bioinformatics

tasks and resources to enable biologists to ask questions over multiple external databases

using a common query interface. But, the TAMBIS system does not allow the users to

visualize the mapping between these scienti�c concepts andthe underlying resources. It

also does not capture the complexity of the biological data sources and their links to provide

the user with the information about the possible alternate resources that could be used to

evaluate his query, hence the need for developing a new ontology or adapting existing ones

to meets these speci�c requirements of the BioNavigation system. The following sections

describe the language and tools used for building and editing the ontology.

2BioCyc Database Collection - http://biocyc.org/
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3. OWL: The Web Ontology Language

OWL is the Ontology language standard developed by the WorldWide Web Con-

sortium (W3C) for the ontology layer of the Semantic Web Framework [McGu 04]. It is

being accepted as the standard language for building ontologies and hence we used it for the

development of the ontology for the BioNavigation system. OWL is an improvement over

the earlier ontology languages, RDF (Resource DescriptionFramework) and RDF Schema,

and provides greater machine interpretability. The OWL speci�cation provides three levels

of expressiveness with increasing complexity:

1. OWL Lite supports classi�cation hierarchies and only simple constraints on relations.

It is easy to process but not very expressive

2. OWL DL is based on Description Logics and hence is more expressive while retaining

computational completeness

3. OWL Full provides maximum expressiveness, but provides no computational guaran-

tees.

Based on our requirements for expressing rich relationships we selected OWL DL as the

language to represent the conceptual level of the BioNavigation system.

4. Prot�eg�e Ontology Editor

Prot�eg�e is tool which allows the user to construct a domain ontology, customize

data entry forms, and enter data or instances belonging to that ontology. Prot�eg�e can

also be extended with graphical widgets for tables, diagrams, animation components to

access other knowledge-based systems embedded applications and also provides a library
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which other applications can use to access and display knowledge bases. Prot�eg�e has almost

become a standard for ontology building and editing and alsohas a plugin for development

of OWL ontologies. The Prot�eg�e OWL Plugin enables: 5

1. Loading and Saving of OWL and RDF ontologies

2. Editing and Visualizing OWL classes and their properties

3. De�ning logical class characteristics as OWL expressions

4. Execute OWL individuals for Semantic Web markup

In general, Prot�eg�e is a very useful tool for ontology design, development and manipulation,

and is used in the BioNavigation project for that purpose.

5. The BioNavigation Ontology

According to the previous discussion, the ontology used to represent the logical graph

in BioNavigation needs to satisfy at least the following requirements:

� Represent scienti�c knowledge to enable to scientists to express queries.

� Map all available resources to ontological concepts and relationships.

A couple of existing ontologies such as the TAMBIS ontology and the myGrid ontology

[Stev 03] do satisfy but only parts of these requirements. Our intension is to use, as much

as possible, existing ontologies, and if necessary integrate a few of them to get a better

result, the reason being that ontology development itself requires a lot of e�ort and it is

wasteful to spend time reinventing the wheel. We currently have a sample ontology for

prototype development and it serves the purpose well in demonstrating the usefulness of
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Figure 2. An Example Ontology of Concepts and Associations

the system. This example for a conceptual ontology is shown in Figure 2 above and involves

the scienti�c classes, disease, gene, citation, and protein, and their labeled associations or

relationships. Consider a scientist interested to`retrieve citations related to a particular

disease'. An evaluation path for this query could consist of initiati ng the retrieval process

from a particular source that provides information on diseases and then through the links it

o�ers, obtain related citations. One such path could be exploiting the NCBI PubMed Link

from OMIM to PubMed. Hence, at the conceptual level the path would be `d in c' formed

from the class `disease' or `d', the class `citation' or `c',and the association `discussedin'

or `in'. The user might also want to include in his path any possible intermediate nodes in

addition to the direct path which we took care of by introduci ng the special "̀ ' symbols in

the query language discussed in chapter 4, section 1.



CHAPTER 4

Querying Integrated Biology Data Sources - Esearch

Algorithm

A query is represented as a regular expression made up of the sequence of scienti�c

classes and relationships to be followed. The user can also specify a wildcard character

within a regular expression to indicate that any possible resource can be used in its place.

The ESearch algorithm performs an extensive breadth-�rst search on the physical graph

to search for paths that match the users query expression. The algorithm uses metadata

information about the data sources to estimate the relativeranks of these paths with respect

to the ranking criteria selected by the user. For example theuser can chose the path to

return the maximum number of entries, and the list of paths will be sorted according to the

target cardinality measure calculated by ESearch.

1. Query Language

We now formally de�ne the language that will be used to express the queries over

the logical concepts in setVL . We use the following notations:

� v is either a class or a logical association inVL i.e., v 2 VL
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� v < AnnotList > is an annotated class or association where< AnnotList > is a list

of expressions of the form: OP < PhysicalImpName > where OP is either 6= or

=, and < PhysicalImpName > corresponds to a data source, application or query

capability in VP such that < PhysicalImpName > belongs to � (v).

� " c is a term representing any possible class inC, similarly, "a represents any possible

association inA, and " represents the path"a " c.

The query languageL(RE ) over the logical concepts inVL is de�ned by the regular expres-

sion,

L (RE ) = X (" + Y X ) �

where,

� X = " c j c j c < AnnotList >

� Y = "a j a j a < AnnotList >

Thus any conceptual level query starts with a logical concept and ends with a logical

concept. Two concepts are always connected through a logical association. The term "

allows users to express queries such as `c1 " � "a c2', which means that the path between

classesc1 and c2 could be of any length and consist of any possible intermediate class and

association. A BNF grammar generating the regular expressions is shown in Figure 3.

Given the regular expressionRE , our optimization algorithm will identify the set of

physical paths in PG that corresponds to the physical implementations of expressions of

the language induced by RE,L(RE ). The following de�nition formalizes the paths that are

physical implementations of an expression inL(RE ).
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<RE>:= <cTerm><Y>
<cTerm>:= <EpsilonC> | <ClassName><SourceAnnotation>
<Y>:= <Epsilon><Y> | <aTerm><cTerm><Y> | empty
<aTerm>:= <EpsilonA> | <AssociationName><LinkAnnotatio n>
<SourceAnnotation>:= empty | "[" <SourceList>"]"
<SourceList>:=<AnnotatedSource> | <AnnotatedSource> ", " <SourceList>
<AnnotatedSource>:=<OP><SourceName>
<LinkAnnotation>:= empty | "[" <LinksList>"]"
<LinkList>:=<AnnotatedLink> | <AnnotatedLink> "," <Link List>
<AnnotatedLink>:=<OP><LinkName>
<LinkName>:= <ApplicationName> | <QueryCapName>
<OP>:="!=" | "="

Figure 3. BNF grammar of regular expressions

2. ESearch Algorithm

A path p = ( s1; a1; s2; : : : ; sn� 1; an� 1; sn ) in PG is de�ned as a list of sourcessi and

applications ai 2 VP . A regular expressionr over the alphabet VL expresses a retrieval

query Qr . The result of Qr is the set of paths p in PG that interpret r , i.e., the set of

paths in PG that correspond to physical implementations of the paths inLG that respect

the regular expressionQr . � is a one-to-many mapping from an expressione 2 L(RE ) into

a set of paths in PG corresponding to the physical implementation ofe.

� If e is " c, then � (e) = S.

� If e is "a, then � (e) = AP [ QC.

� If e is a logical conceptl 2 VL , then � (e)= � (l ).

� If e = l < AnnotList > , where l 2 VL and < AnnotList > is partitioned into

< AnnotListInc > and < AnnotListExc > , where the former corresponds to the

list of sources that must be considered and the latter sources that must be excluded,

then, � (e) = � (l )\ < AnnotListInc > � < AnnotListExc >
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� If e = e1e2 then,

� (e1e2) = f w1w2jw1 2 � (e1); w2 2 � (e2); edge(last(w1); f irst (w2)) 2 Lg,

where last and �rst are functions that respectively map a path with its last and � rst

elements andL is the set of edges inPG (de�nition 1.1).

A naive method for evaluating a query Qr is to traverse all paths in PG, and to determine

if they interpret r . The time complexity of the naive evaluation is exponential in the size

of PG becausePG has an exponential number of paths. A similar problem was addressed

in [Mend 89] where it was shown that for (any) graph and regular expression, determining

whether a particular edge occurs in a path that satis�es the regular expression and is in the

answer is NP complete. TheESearchalgorithm is based on an annotated deterministic �nite

state automaton (DFA) that recognizes a regular expressionor query Qr and the physical

implementations that must be excluded from the �nal result. The algorithm performs an

exhaustive breadth-�rst search of all paths in PG that respect the regular expression.

3. Ranking Criteria

The result of a query Qr is a list of paths that represents the di�erent ways in

which the user can navigate through the data sources in orderto evaluate Qr . It becomes

important to assign ranks to these paths so that the user can easily select the most suitable

one. We use three metrics for ranking the paths:

1. Path Cardinality - is the number of instances of paths of the result. For a path of

length 1 between two sources S1 and S2, it is the number of pairs (e1, e2) of entries

e1 of S1 linked to an entry e2 of S2.
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2. Target Object Cardinality - is the number of distinct objects retrieved from the �nal

data source.

3. Evaluation Cost - is the cost of the evaluation plan, which involves both the local

processing cost and remote network access delays.

These three metrics are meaningful to the scientists as the path cardinality computes the

probability there exists a path between two sources, the target object cardinality estimates

the number of retrieved entries, whereas the evaluation cost guides the scientists to the

selection of an e�cient evaluation path. These metrics for each path are estimated based

on the properties of the links, described in chapter 2, section 2.2 that exist between the

data sources inS using the methods introduced in [Lacr 04d] and [Lacr 04c].



CHAPTER 5

The BioNavigation Interface

Design and development of the user interface for the BioNavigation system was

the major task of the internship project. Following are the important features that were

originally desired of the BioNavigation user interface.

1. Visualize the conceptual and the physical levels and the mappings between the two

levels.

2. Browse the physical graph to obtain more information about the resources, e.g. their

URL, data formats, schema, etc.

3. Build queries at the conceptual level by selecting the desired classes and relationships.

4. Interface with the ESearch algorithm and present the results to the user.

5. Integrate with a data integration tool that can implement the evaluation path selected

by the user.

1. Interface Requirements

As with any software development project, it is very important to draw up the

formal requirements of the system beforehand. The featuresdesired above lead to speci�c
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requirements that can be classi�ed into the following three categories which re
ect the

di�erent stages of a navigation process.

1.1. Browsing. The browsing functionality of the interface allows the scientist to

explore the scienti�c concepts and relationships, the biological resources integrated as well

as the mapping between them, and access the metadata of each available biological resource.

Step by step, the scientist may explore the logical graph by �rst selecting a concept, and

then exploring all concepts related to it, using the incoming and outgoing relations. Each

concept and each relationship between concepts may be selected to display their physical

implementation using the mapping. From the physical graph,the browsing mode allows the

user to search for a particular data source by name. Similar to browsing the logical graph, a

node of the physical graph can be selected to display the incoming and outgoing links to and

from other sources. Finally, the user may display the metadata for each biological resource,

node and edge of the physical graph. To achieve these features, the interface includes the

following capabilities:

� A Graph visualization component to display the two levels where scienti�c classes

and data sources will be represented as labeled nodes and therelationships between

classes and the links between data sources will be represented as labeled edges in the

conceptual and physical graphs respectively. We have used the Graph Visualization

Framework (GVF) package [Mars 01] in the �rst version of the BioNavigation proto-

type for this purpose. The framework in addition to drawing graphs provides facilities

such as easy zooming and panning, di�erent alternative graph layouts, etc.

� A Graph representation of the two levels in a format compatible with the visual-

ization system. For this purpose the two graphs were translated to the GraphXML
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[Herm 00] format used by GVF. Thus all information stored in t he BioMetaDatabase

was converted to this XML format.

� Selection of nodes and edges using mouse clicks to let the users obtain the meta

information about the resources and concepts. A right clickon a particular node and

edge should display a context menu depending on the node and edge type and allow

the user to display the metadata from the BioMetaDatabase.

The next version of the BioNavigation system will use an evenbetter graph visualization

system which is known as the JUNG (Java Universal Network andGraph) Framework

[OMad] which draws much more pleasant looking graphs, highly customizable and has a

well documented API. This will be very useful when the next version will incorporate the

more expressive ontology based representation for the logical level.

1.2. Querying. The query mode allows the user to express a query through scien-

ti�c concepts, generates a regular expression input (de�ned in chapter 4) for ESearch, and

then returns the paths. To express a query, the user selects the start and destination nodes

and intermediate nodes if desired. The selection results ina regular expression built from

the symbols for each node. The regular expression can be at either the logical level or a

combination of logical and physical levels for example, onecan use or avoid a particular

physical source in part of the regular expression while the remaining part is more general or

is at the logical level. The generated regular expression isavailable for editing for advanced

users who may want to tweak it manually. The BioNavigation interface thus has to support

the following user operations:

� Selection of nodes and edges from the logical graph as in the browsing mode and add

them sequentially to the regular expression query.
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� Annotation of selected scienti�c objects from the logical graph with speci�c physical

resources to restrict the algorithm to generate paths with or without the particular

source. The user should be able to select such physical source constraints graphically

� Specify if the navigation path should include intermediate nodes and if yes, specify

the number of intermediate nodes.

� Display the generated regular expression from the above selections so that the user

can verify and edit the query if necessary

� Set ESearch speci�c preferences such as the ranking criteria.

� Submit or clear the regular expression query built thus far.

� Maintain a history of previously submitted regular expressions so that a repeat query

with di�erent preferences will not require repeat selection of nodes and edges manually.

The user should be able to select a past regular expression and then change the

ESearch preferences and rerun the query with new settings.

The above requirements led to the creation of a form type interface with necessary buttons,

text boxes and pull down menus for the user to build, modify and execute such navigational

queries. The details of the interface are covered in the section .

1.3. Interpreting Results. The ESearch algorithm was implemented in Java by

our collaborators at the University of Maryland, College-Park, MD and the Universidad

Simon Bolivar, Caracas, Venezuela. The regular expressionbuilt using the query interface

described above is sent to this implementation of ESearch which is part of the BioNavigation

system. It then processes the regular expression and generates a result graph of paths that

satisfy the regular expression, as well as a list of ranked paths. These returned paths are at
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the physical level and indicate the corresponding data sources and the physical links. The

requirements for this are:

� Format the ESearch results to present them to the user. Currently this is just a list

of paths and will be displayed using and text window.

� Save the results generated along with the query asked and theranking criteria used

for future reference. This is done by saving the results in a text �le.

� Allow the user to select a desired path from the results and highlight it on the physical

level graph. This capability has not been implemented in the�rst version and will be

included in the next one.

� Use a data integration or mediation system to take the users selected path and send

queries to the respective resources to execute the data collection protocol. This feature

is also not available in the current interface but will be added soon.

2. Using the BioNavigation System

The BioNavigation interface and the ESearch algorithm are developed in Java and

hence is platform independent. Although BioNavigation utilizes external packages for

purposes like graph visualization, these are available through open source licenses and

are included within he BioNavigation system itself and hence no separate installation

is required. The system needs to have the Java Runtime Environment JRE v1.4.2 or

greater to be pre-installed on the user's machine. The BioNavigation system is avail-

able freely for academic and research purposes and it can be obtained from our website

http://bioinformatics.eas.asu.edu/BioNavigation.htm l . The system is easy to in-

stall and use and includes an installation guide and user manual . The utility of the
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Figure 4. The BioNavigation Interface

BioNavigation system can be best explained using an exampleof a user's action from the

start of the exploratory browsing process to the interpretation of the ESearch results. The

following use cases and screen shots will provide a better description of what the BioNavi-

gation system does for the user. Figure 4 shows the BioNavigation interface that displays

to the user a graph representing the resources that can be queried. This graph is divided

in two parts representing the logical and the physical:

1. the top part (red ovals and blue edges) displays the scienti�c objects (e.g., a Gene, a

Citation) that can be queried

2. the bottom part (blue cylinders and grey edges) displays the physical resources that

map the logical resources (e.g., GeneCards or Genew both provide information about

the class gene).
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Figure 5. Genecards Properties Window

Right-clicking a node in the physical graph and selecting the\Properties" option in

the contextual menu leads to a window displaying propertiesof this node, such as its main

URL, its description, or the scienti�c class it describes (see Figure 5). These properties are

basically the details obtained from the BioMetaDatabase. Similarly, right-clicking an edge

and selecting the \Properties" option in the contextual menu leads to a window displaying

properties of the capability (i.e, link between two resources) described, such as its input

type or its implementation (see Figure 6).

The \Build Query" tab of the BioNavigation tool allows to exp ress logical queries

and submit them. The output is a list of paths that can be followed to implement these

queries, according to the preferences that were speci�ed. The basic mechanism to query

this graph of resources is to specify a regular expression byselecting nodes and adding

them by clicking on the \Add selected" button. For example, F igure 7 displays the query
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Figure 6. Properties Window for the OMIM to CGAP Link

`disease-protein' and its output. The corresponding regular expression is̀d p', and there is

only one path on the current physical graph that implements this query: navigating from

the OMIM to the NCBI Protein resource (shown in the result win dow).

One can also specify the number of intermediate resources that can be used by select-

ing one of the three options from the drop-down menu of the \Intermediate nodes" frame,

and clicking on the \Add" button. For example, Figure 8 displ ays a path query between a

disease and a citation resource specifying that there must be three intermediate resources.

The output o�ers two solutions: going from OMIM to PubMed by l inking successively either

through DBSNP, NCBI Nucleotide and NCBI Protein, or DBSNP, N CBI Protein and NCBI

Nucleotide. Figure 9 displays a query retrieving proteins using a disease as an input and

exploiting one intermediate resource. The two solutions proposed go from NCBI OMIM to

NCBI Protein, either by linking through NCBI Nucleotide or D BSNP. Figure 10 displays

a similar query but specifying any number of intermediate nodes. The output o�ers four
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Figure 7. Output for the `disease-protein' Query

di�erent solutions.

The di�erent paths proposed by the tool when submitting a query can be ranked

according to di�erent criteria. For instance, Figure 11 displays two di�erent rankings of

the output of a query specifying a path between a Gene and a Citation resource, with any

number of intermediate resources. The two di�erent ranking criteria selected are:

1. On the left of the screen, the output is ranked with respectto target object cardinality

(i.e., the number of entries of the target resource referenced through the path).

2. On the right side of the screen, the output is ranked with respect to the path cardi-

nality (i.e., the number of links existing between the source and the target resource).

This example shows that depending on the ranking criterion used, di�erent paths will be

ranked higher according to the estimates for cardinalities, cost etc. as described in the

chapter 4.
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Figure 8. Disease to Citation with 3 Intermediate Nodes

Figure 9. Disease to Protein with one Intermediate Node
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Figure 10. Usingany number of Intermediate Nodes

Figure 11. Gene-Citation query with 0 or more intermediates 2output s for target object
and path cardinality ranking



CHAPTER 6

Future Work and Conclusions

BioNavigation can enhance existing mediation approaches by providing scientists

with the ability to browse through available integrated resources and to access their proper-

ties. It acts as a very helpful guidance system for scientists in designing their data collection

protocols and queries. Certain innovative features make the BioNavigation approach better

than existing systems. These are:

� The use of an ontology to graphically build navigational queries and the ability to

specify a wildcard " � allows users to identify alternate paths that may be exploited

to evaluate the queries.

� The annotations can be used by advanced users to specify resources they may require

to be used (or not be used) in the process.

� The ESearch algorithm designed and implemented for BioNavigation allows e�cient

search in the space of all possible evaluation paths.

� Moreover three scienti�cally meaningful metrics provide scientists a way to identify

the paths that best meet their needs.

But the BioNavigation interface still has room for a lot of im provements and innovations

which will be part of Future work for this project.
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The current version of the BioNavigation interface has somelimitations which will

be overcome in the next version. These are:

1. Top ranked paths could be highlighted in the physical graph using di�erent colors for

each top ranked path so that the user can browse the result graph in a similar manner

to the physical graph.

2. The rationale behind the path rankings can be explained tothe user so that he can bet-

ter select the best measure. Also the current three metrics are very limited measures

and we need to identify more semantically meaningful measures that the users can

relate to for example, the level of curation in a source (dataquality), trustworthiness

(provenance) of the data, user's preference, etc.

3. Currently the results only point the user to the actual data sources that can be used

to implement the scienti�c pipeline which they have to do manually or using some

other system. In the future, a scientist should be able to select a desired path and

make the system query the resources to get the correspondingdata.

These are just some of the few ideas we have in mind for the improvement of the BioNav-

igation system. The software is made freely available for distribution so that people can

evaluate the utility and provide important feedback that ca n help in further improvements.

Another major future goal for BioNavigation is its ultimate integration with the

SemanticBio system, a scienti�c work
ow system which uses web services for data collection

[Lacr 05a]. The integration of the two systems will allow scientists to select one of the result

paths and collect data on that path. This system is also underdevelopment at the Scienti�c

Data Management Lab.
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