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Abstract

This project addresses the need for an increased expressivity and robustness of ontologies already supporting BACIIS and SIBIOS, two systems for data and service integration in the life sciences.  The previous ontology solutions as global schema and facilitator of service discovery sustained the purposes for which they were built to provide, but were in need of updating in order to keep up with more recent standards in ontology descriptions and utilization as well as increase the breadth of the domain and expressivity of the content.  Thus, several tasks were undertaken to increase the worth of the system ontologies.  These include an upgrade to a more recent ontology language standard, increased domain coverage, and increased expressivity via additions of relationships and hierarchies within the ontology as well as increased ease of maintenance by a distributed design.

1. INTRODUCTION

1.1.   BIOLOGICAL DOMAIN

Biology is a complex and diverse science that is ever evolving.  One aspect of the complexity of Biology is the complexity of the living systems themselves that are studied and represented.  One example of a process that occurs within a living system is the transcription of DNA and translation of that DNA into a protein that performs a particular function.  There are many steps to this process, and many entities involved in the process that produces the outcome of a specific protein function.  As depicted in Figure 1, a simple concept of “protein function” evolves from a very complex system.  These complex systems must therefore be clearly defined in database systems in order to have precise querying of information of interest. Also, definitions (i.e. constraints and relationships) need to be included in a well-defined knowledge base from which to build queries.  
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Figure 1.1.  A Schematic Drawing of the Process of Protein functions and origin.

Not only are biological systems and processes complex, but also the terms that represent such entities.  With the onset of advanced technology, data has been produced from biological research at an exponential rate.  This huge speed at which information can be obtained also leads to many scientists discovering novel genes simultaneously and granting different names for the same biological entity.  Also, not only do particular biological entities have different names, but also several different descriptions of the same term can be found to define a biological entity.  For example, a gene could be defined as “an acronym for a genetically engineered organism,” “the fundamental unit of hereditary,” or “the coding region of DNA.” [2] For these reasons, a biological ontology is a necessary foundation for a biological database.

Thus, with continual advancements in biology, there is a necessity of tools used to work with this data.  The development of these tools has lead to the development of a new field of study, bioinformatics.

1.2  BIOINFORMATICS DOMAIN

The field of Bioinformatics has grown from the ever increasing technological advancements in Biology.  With the onset of high throughput technologies, it is very important to store and analyze large amounts of biological data. Thus, many biological databases such as those hosted by NCBI [29] and EBI [28] have sprung into existence on the web. Not only is it important to store this data, but also to analyze the data. Many algorithms and programs such as BLAST [46] and CLUSTALW [33] have been initiated to analyze the seemingly endless amount of available biological data.

With the ever increasing amount of resources available today, it takes an expert in the field to understand and utilize the various programs necessary to complete the multi-step process of biological data analysis [3]. In effort to create a more efficient process for the average biologist, service integration is necessary.  The challenges encountered when providing a ‘one-stop-shop’ for bioinformatics data and services are many.  At the heart of the challenges is providing an explicit description of the data and services in order to automatically interoperate among them.  Take, for example, the case where a biologist wants to perform sequence alignments on a number of sequences that he or she is studying.  Unless the set of sequence alignment services are clearly classified and defined, the biologist would have to spend valuable time to determine which service best serves their needs when the scientist’s time could be better spent in another task. It is noted that explicit descriptions of the biological domain and the services that accompany it would provide a much needed knowledge base which would aid in increasing efficiency in biological research [3].

Given the above complexities of the Biological and Bioinformatics Domains, we conclude that a knowledge base that can define and constrain biological data is necessary.  Thus, a Biological and Bioinformatics Ontology that provides a comprehensive description of the biological domain and bioinformatics tools that accompany that domain has been proposed.  

1.3. PROPOSED THESIS WORK.

With the growing demands of biology research and bioinformatics, it is necessary to capture semantics in web accessible data in order to provide an efficient means of biological research.  Therefore, a proposal to create a semantically rich biological and bioinformatics ontology which can be queried to gain knowledge for biology and service discovery has been conceived.  This ontology is captured in the OWL DL language and supported by the current ontology editors, validators, and reasoners. The domains represented in the ontology include the biological domain, the bioinformatics domain, and sample databases and services supported by BACIIS [3] and SIBIOS [17]. The current implementations of BACIIS [17] and SIBIOS [3] contain ontology knowledge bases, however, both system ontologies lack extensive biological domain coverage.  The intent is not to provide the extensive coverage found in ontologies such as the Gene Ontology [27], but it is necessary to provide terms to describe the basic entities supported by the systems in question and allow for easy updates and extensions which may include more detailed terms such as those found in GO [27].  In addition, the languages for both ontologies are not current with the W3C recommendation and therefore need to be upgraded to the current standard.  Additional reorganization is also necessary in order to provide more robust reasoning and inference capabilities.  With the intended revisions and integrating the two ontologies into one broad knowledge base, the hypothesis set forth is to build a biological and bioinformatics ontology that could independently act as a knowledge resource and a central support for an integrated architecture.

1.4.  INTRODUCTION TO ONTOLOGY
The concept of ontology is not a new concept.  Philosophers have been studying the theory of objects and their ties for centuries [4]. However, ontologies, as we know them today have become more formalized conceptual models utilized in computer science, database integration, and artificial intelligence [4]. Ontology, according to Gruber, is “the specification of conceptualizations, used to help programs and humans share knowledge.” [2, 4] An ontology, thus, provides a simplified and well defined view of a specific area of interest or domain. In the particular application of a knowledge base for data integration and artificial intelligence, the knowledge contained within the ontology must be human and machine-readable in order to provide greater semantic capabilities of the World Wide Web as well as for users within specific domains.  Formal languages have been developed for the encoding of this ontology knowledge.  These knowledge representation languages fall into three broad cateories: vocabularies of natural languages, object based, and description logics [59]. Natural language based ontology vocabularies are loosely structured hierarchies of terms similar to the structure of GO [27,59].  Object based, or otherwise called frame-based ontology languages, are rigidly structured with each frame (concept) described by a collection of slots (attributes) [59]. Description Logics (DL) languages are based on concepts and relations that are employed to automatically classify taxonomies[14].  The signature characteristic of DL ontologies is the method of describing a domain via the roles and relationships that the concepts of the domain impart [59].  A description logics ontology based language has been employed here due to its expressivity and flexibility as a language base for the representation of the complexities of the biological and bioinformatics domains.

Description Logics ontologies contain classes, individuals, properties, and restrictions. Classes represent concepts in a domain. For example, in the biological domain, a nucleic acid would be represented as a class.  Classes can have a hierarchical structure whereby subclasses are defined.  Gene would be an example of a subclass of nucleic acid because it can be stated as a kind-of nucleic acid.  Classes can be classified as primitive or defined [59].  Primitive classes are those that only contain necessary conditions that provide a unidirectional relationship between entities [59].  Basic hierarchical relationships are primitive.  For example, a protein that undergoes alternative initiation has been post-translationally modified, but not every protein that has been post-translationally modified has been modified by alternative initiation and therefore this is a unidirectional relationship that does elicit a correct subsumption for every case in the opposite direction.  Defined classes have necessary and sufficient conditions that allow bi-directional querying capabilities. An implementation example of defined classes includes the definition of attributes of bioinformatics services.  For example, Blastn is an alignment tool that has an input of a union of entities, one of which is nucleic acid sequence.  It is necessary in service integration to be able to query Blastn to find that it necessarily needs an input of nucleic acid sequence and also to query nucleic acid sequence to infer that it is the input of Blastn, among other services; therefore, this relationship is defined.  Further specifications of concepts could be used to define individuals, such as the braC gene for amino acid ABC transport.  Note the difference between classes and individuals is that the latter are explicit members of the conceptualization of a class.  Not only are concepts and individuals defined in an ontology, but also properties that define the relationships among them, or restrictions.  The two types of relationships existing in an ontology include basic taxonomy relationships that build the hierarchical ‘is-a’ and ‘part-of’ structure of the ontology and associative relationships that relate concepts across hierarchical structures.  Associative properties can also be defined by a domain and range that specify limitations to the responses for a particular restriction. For example, an ontology could contain the property ‘encodes’ which has a domain of ‘Gene’ and a range of ‘Protein’.  The restriction that then expresses the class relationship would be ‘Gene’ ‘encodes’ ‘Protein’ [6].

Ontologies are designed for the domain and application that they are intended to support.  Since the domains in question here are complex, a increasingly expressive language is necessary to depict the nature of the domain.  However, with increase expression, there is also the tradeoff of increased computational effort necessary to employ such a ontology which will be discussed in later sections concerning challenges.  Additionally, one cannot expect to clearly define an entire domain, but only to define the terms specific to the task in which you would like to represent in a specific domain [2, 6].  Therefore, the design of the ontology will be guided by the system tasks to be performed by the ontology.  Here our task is to provide an ontology for the integration and discovery of bioinformatics tools and data sources; therefore, our design is driven by that task. One aspect of that design is the choice of ontology language implemented to represent a particular domain.  Here we chose OWL, a description logics based language recommended by the Semantic Web Consortium [5].

1.4.1. OWL INTRODUCTION
Many languages have been developed in order to promote knowledge sharing and data integration in conjunction with the Semantic Web Activity [15]. However, we will only briefly discuss two such languages here specifically developed for the development of ontologies. Both ontology languages are based on RDF triples and support reasoning capabilities that are both key aspects of the recommendations set forth by the Semantic Web [54].  The two ontology languages in question include the previous W3C recommendation, DAML + OIL, and the current ontology language of choice, OWL [5, 7].

Darpa Agent Markup Language (DAML) is an ontology language that was developed by the RDF Core Working Group in order to represent ontological representations more explicitly than XML, RDF, and RDF Schema. [7, 8, 9]  DAML+OIL is the extension of DAML, which was later developed.  DAML+OIL, the previous W3C standard in ontology language combines DAML and the Ontology Inference Layer (OIL). [8] DAML+OIL consists of class elements, property elements, and instances.  DAML+OIL can use an imports statement to reference another DAML+OIL ontology. DAML+OIL also divides the domain into datatypes and objects. [8]  This ontology language supported the field at the time it was recommending, but could not keep up with the growing need for more expressive ontologies because of the limited restriction and concept support.  Thus, OWL took the place of DAML + OIL as the  semantic web standard.

The Ontology Web Language (OWL) was developed from the concepts behind DAML+OIL and is the current W3C standard for ontology languages and has been extended to provide more explicit description logics. [10] OWL also provides three increasing levels of expressivity in OWL Lite, OWL DL, and OWL Full respectively.  This allows users to define their own needs for expressivity and chose a language version that best supports their needs.  The OWL syntax employs URIs for naming and implements the description framework for the Web provided by RDF to add the following capabilities to ontologies: the ability to be distributed across many systems, scalability to Web needs, compatibility with Web standards for accessibility and internationalization, and openness and extensibility. [10]  

Changes from DAML+OIL to OWL include various updates to RDF and RDF Schema from the RDF Core Working group [10], DAML+OIL restrictions were removed, and various properties and classes were renamed in OWL syntax.  Examples of some of the differences in syntax can be viewed in the sequence_analysis class definition examples in Figures 1.2 and 1.3 below.  Note the difference in RDF tags and labels.  In addition, Owl:SymmetricProperty was added and DAML+OIL synonyms for RDF and RDF Schema classes and properties were removed, as well as added properties and classes to support versioning and unique names assumptions. The Ontology Web Language employs the most recent version of RDF Semantics, which thus replaces some semantic terms identified in DAML+OIL. RDF and RDF Schema updates include: allowing cyclic subclasses, handling multiple domain and range properties as intersections, changing namespaces, and implementing XML Schema datatypes and new syntax for list functions [10]. Overall, the changes and updates that have been implemented from DAML+OIL to OWL have made the Web Ontology Language a more expressive ontology language standard.

- <daml:Class rdf:about="file:/E:/serviceClassification.daml#sequence+analysis%2C+Misc">
  <rdfs:label>sequence analysis, Misc</rdfs:label> 

- <rdfs:comment>
- <![CDATA[ 
  ]]> [image: image2.png]



  </rdfs:comment>
- <oiled:creationDate>
- <![CDATA[ 


2002-10-25T01:43:13Z

  ]]> [image: image3.png]



  </oiled:creationDate>
- <oiled:creator>
- <![CDATA[ 


ngao

  ]]> [image: image4.png]



  </oiled:creator>
- <rdfs:subClassOf>
  <daml:Class rdf:about="file:/E:/serviceClassification.daml#sequence+analysis" /> 

  </rdfs:subClassOf>
  </daml:Class>

Figure 1.2. Class Definition in DAML + OIL

- <owl:Class rdf:about="#SEQUENCE_ANALYSIS">
- <rdfs:subClassOf>
  <owl:Class rdf:about="#ANALYSIS" /> 

  </rdfs:subClassOf>
  </owl:Class>

Figure 1.3. Class Definition in OWL.

OWL also supports the construction of distributed ontologies, which is beneficial in many ways.  The Semantic Web initiative has invoked the creation and sharing of many ontologies which are distributed across the web [12]. When creating an ontology for a given use, it is most efficient and effective to rely on the expertise of others and previous models in order to provide a more robust representation of a domain.  Thus, the integration of distributed ontologies becomes an important design implication [12]. Also, as the breadth and depth of the individual ontology increases, the ability to manage the information contained within the knowledge base also increases. Thus, the support of a distributed ontology system where specialized ontologies can be maintained as separate entities becomes an attractive option [11]. One advantage of a distributed ontology is that it can be collaboratively created and easily maintained over time.  Specialists in their field of expertise can gain access to a particular part of the ontology in order to update and revise it as they see appropriate without interrupting the integrity of the top-level system ontology [11].  The ability to collaborate with many different professionals adds to the depth and breadth of any ontology and will result in better reasoning and query capabilities.

Not only does OWL provide better expressivity and support for distributed ontology systems, but stable programs have also been developed to provide editing, reasoning, and inferencing capabilities for the Ontology Web Language.  One such editor is Protégé, which provides a user interface that presents the ontology hierarchy as well as defined relations and restrictions [13].  Within Protégé are also built in plugins for reasoning capability.  This program works with the RACER reasoner to provide inferred information found within the ontology [14].  Both applications will be discussed in further detail in section 3. 

The above discussion clearly outlines the expressivity and support of OWL compared to DAML+OIL.  The new World Wide Web Consortium standard is clearly the choice for the biological and bioinformatics ontology proposed here.  However, reasoning systems must support an ontology knowledge base.  Reasoners drive the queries and reasoning that allow ontologies to have such expressive power as domain knowledge bases.

1.4.2.  REASONING

The expressive representation of an ontology is only as good as the tools available to infer information from them.  Many available reasoners today exploit the capabilities of Description Logics.  According to Lambrix, description logics are knowledge representation languages tailored for expressing knowledge about concepts and concept hierarchies [49].  Ontology reasoning is performed at two levels.  On one level, a reasoner provides the basic core usability of ontology by testing for concept satisfiability, class subsumption by concept hierarchy, class consistency, and instance checking [48].  Reasoners also support first order logic whereby users can create rules and query expressions in order to deduce answers from the knowledge base.  The first order logic reasoning in description logics is based on concepts, roles, and, individuals.  Concepts relate to classes in ontology language, roles are equivalent to relationships, and individuals are found in both cases.  As described, reasoners allow the information contained within an ontology to be utilized to its fullest potential to maintain and infer information.  RacerPro is the description logics reasoner employed in this project to ensure concept satisfiability and as a tool for advanced query formulation and inference implementation [53].  

Section 1 has introduced the need for ontology in the Life Sciences.  Section 2 outlines the background knowledge of ontologies and integration systems.  The materials used to direct this work to a final project is described in Section 3. Section 4 describes the process and design specifications adopted throughout this research.  Related research is discussed in Section 5.  The conclusions of this work are presented in Section 6 and further discussion is addressed in Section 7. 

2. DATA AND SERVICE INTEGRATION SYSTEMS FOR BIOINFORMATICS
2.1 BACIIS

The Biological and Chemical Information Integration System is a tightly coupled federated database system intended for the integration of biological web databases [16,17].  With the increasing number of web databases available, the importance of efficiently retrieving the most available amount of data for a given query is apparent.  BACIIS provides a seamless integration of several life science web databases in order to provide this service.  A decentralized architecture allows BACIIS to provide users with transparent access to distributed life science databases [17].  This architecture includes a Query Planner and Execution Module, a Domain Ontology, Wrappers, and a Results Presentation module as depicted in Figure 2.  The Query Planner and Execution Module uses the user created query and transforms it into a machine understandable queries for each remote source according to the source schema. The core of this architecture consists of a mediator-wrapper and an ontology knowledge base.  The ontology is used to guide query building in the user interface and to provide a controlled vocabulary mapping of ontology terms to remote sources view source schemas in order to facilitate the integration of biological web databases [19].  Take for example, the case where a user queries for the gene sequence and protein structure corresponding to the Cholera Toxin. Within the BACIIS interface, the ontology terms are used to guide the creation of the user query.  The user would enter Protein-Name: Cholera Toxin and Organism: Vibrio cholerae as input parameters, and would select Nucleic Acid Sequence Info and Protein 3D Structure Info for output. The source wrappers then extract queried data from the distributed sources while the mediator utilizes the knowledge contained within the ontology to transform that data into a centralized format.  Finally, the Results Presentation Module presents the retrieved data to the user [17].  

[image: image1]
Figure 2.1. BACIIS Architecture.

The BAO knowledge base at the heart of the BACIIS ontology was the basis of the biological domain presented in this thesis.  This ontology was created in effort to aid in data integration by resolving incompatibilities in data formats, query formulation, data representations, and data source schema [18].  BAO (BACIIS ontology) was developed to facilitate the interoperability of biological web databases.  Specifications had been outlined for the design and development of this ontology.  These criteria include consistent granularity, abstraction, independence, and isolation [60].  Granularity here refers to the level of specialization of terms.  This criterion offers rules for design and reuse of ontology entities.  Abstraction involves the notion of identifying concepts rather than instances in the ontology in order to define more universal terms and relationships.  Independence guarantees that the content of the ontology is reusable regardless of data format or storage format.  Isolation ensures the ease of maintenance by classifying entities in such a way that leads to minimal changes to the ontology as updates occur.  These criteria outline the rules that enable BAO to provide semantic knowledge to allow other components of BACIIS accomplish integration [60].  The flexible and extensible design of BAO is necessary in a quickly evolving field like biology.  BAO, developed using Description Logics in Powerloom, contains three top classes, Object, Relation and Property [20]. The Object and Property classes are organized into hierarchical trees according to the relation is-a-subset-of.  These hierarchical structures are then related to each other through the Relation has-property.  A high-level representation of this design can be viewed in Figure 3.  Object classes are depicted as names, Properties as enclosed ellipses, and relationships as bold lines connecting specified entities.  This design of the ontology enforces isolation that ensures that a change to one part of the ontology would have minimum impact on other hierarchies of the ontology. Another key aspect to the BAO design is that each concept is represented as a class rather than an individual in order to ease updates and changes as well as to provide broad query utilization by defining the concepts of the domain and not individuals. [18, 19]
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Figure 2.2.  A Partial Structure of BAO [18].

The BACIIS ontology served as a sufficient knowledge base for the system.  However, with the growing interest in overcoming the limitations of semantic heterogeneity has posed the challenge of making the ontology more robust.  Five key characteristics of this ontology were addressed for improvements.  These include, implementing the most standard semantic web ontology language, defining of terms, enhance organization, additions of key relationships, and separating database specific entities from biological terms.
2.2 SIBIOS

SIBIOS, System for the Integration of Bioinformatics Services, takes the task of integration of web based biological sources one step further by integrating data sources as well as tools, for example, sequence alignment algorithms such as BLAST [35, 36].  For the remainder of this thesis we will use services  to reference both bioinformatics resources and tools.  With the ever technologically evolving field of biology, bioinformatics, and increased availability of supporting tools, it is necessary to 1) retrieve and store data and 2) analyze that data via methods derived for biological analysis purposes.  Thus, it is very important that the time expending task of finding the correct data and the accompanying services for knowledge discovery in biology and bioinformatics is decreased by employing automated integration of data through dynamic workflows provided by; user defined inputs and parameters, automatic classification of services, and allowed user intervention throughout the process [50]. For example, a user may be interested in a particular gene such as BRAC1 Human Gene [52].  The user would search a public nucleotide sequence repository such as GENBANK [29] to retrieve the gene sequence.  Then BLAST [46] may be used to find additional genes with similar conserved regions.  In another step the gene sequence may be translated into the 6 frame reading frames by TRANSEQ [55] to find proteins of interest.  Finally, the structure and functional motifs of the protein need may be studied via services such as PRINTS [34] and FINGERPRINTSCAN [34] in order to find additional information related to the effects of mutations in the BRAC1 gene [52].  This process takes time and expertise to understand and navigate through the necessary services; therefore, there is a great value in automating the process of service integration and allowing users to save previously performed execution plans within system workflows.  SIBIOS operates in a distributed client-server environment in order to facilitate service discovery and dynamic execution of workflows [35, 50].  The architecture that provides this integration consists of a Workflow Builder which assists users in specifying the workflow to use, a Task Engine which executes the workflows in company with the source schemas and wrappers, and the Result Manager which facilitates the organization of results from one step in the workflow to another. The architecture of the SIBIOS System can be viewed in Figure 2.3. 
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Figure 2.3. SIBIOS Architecture.

SIBIOS also addresses semantic integration by providing an ontology that serves as a common data model for searching and for describing capabilities of services as well as a mapping model to support service composition [35].  The SIBIOS Service Discovery Ontology provides descriptions of services at two levels.  A high level abstract description is provided in order to classify services and detailed parameters of the above mentioned characteristics supply supporting parameters of each service which are depicted in the service schema.  The specifications provided by the SIBIOS ontology aid in clearly defining services and their associated properties.  Rules for properties are stated as follows; 1) a property should be common to a large class of services, and 2) a property range should be hierarchical to enhance service search capabilities. The SIBIOS ontology, implemented in DAML + OIL [8], provides a mechanism for common semantics by describing each service according to its input, output, task performed, service function, and resources used [36].  These design criteria allow the SIBIOS system to dynamically classify services based on user input.  For example, if a user wishes to perform protein_sequence_analysis but inputs sequence_analysis as the service function the ontology design allows the reasoning system, in this case CORBA-FaCT to infer that protein_sequence_analysis is a possible solution to perform the given task.  Not only does the SIBIOS ontology clearly represent the relationships among entities, but also nicely organizes the classes contained within the ontology into three domains; Application Domain, Biological Domain, and Bioinformatics Domain which allows for the additional hierarchical inference capabilities necessary to provide sufficient service discovery [36].  This ontology and Service Discovery Engine are drivers for the SIBIOS system.  However, there is room to improve the process by implementing a more expressive ontology, adding terms to describe individual services and the biological and bioinformatics domain as a whole, and implementing an improved inference system that would allow SIBIOS to actively discover services in a more efficient manner.

The BACIIS and SIBIOS integration systems and their respective ontologies are the basis for the work presented here.  The proposed project was to enhance the domain coverage and usage of the available ontologies in order to provide more robust systems for integration and service discovery.  In order to complete this task, many additional integration systems and corresponding ontologies were studied and critiqued as discussed next. 

3. MATERIALS AND INSTRUMENTS

Three instruments were utilized in the development of the biological and bioinformatics ontology presented here.  These instruments include the Protégé Ontology Editor [42], RACER reasoner [41], and the WonderWeb OWL Ontology Validator [47].

3.1. PROTEGE

The ontology editor chosen for this project is the Protégé ontology editor and acquisition system [42]. Protégé provides an intuitive interface for developing ontologies by supporting multiple design panes for hierarchical design, property design, restriction construction, comment and definition development, and disjoint function construction. Protégé supports a number of ontology languages, including OWL [42, 6].  The Protégé OWL plugin allows for a supported development of OWL ontologies through its use of the rules and syntax of the OWL language as well as support for reasoning [43].  The ontology interface, depicted in Figure 6, includes OWL Classes, Properties, Forms, Individuals, and Metadata tabs.  The OWL Classes tab shown in Figure 6 provides the basic ontology development interface.  This interface includes an Asserted Hierarchy toolbox for creating hierarchies, a Comment box to include additional descriptions of entities, Asserted Conditions hierarchy which displays the restrictions of each class, Annotations which include additional annotation development, Properties which display the properties that are defined in the Properties tab, and Disjoints toolbox which aids in defining classes as disjoint.  This robust and intuitive interface provides an outstanding tool for creation of ontologies while the backend ontology language rule and syntax control mechanisms allow for easy development and checking of not only the design of an ontology, but also the syntax necessary for the ontology to communicate its knowledge with other systems.
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Figure 3.1. The Protégé OWL Plugin Interface.

3.2. RACERPro

A reasoner is important in ontology development due to its ability to infer logic from existing entities with consistency checking and classification for subsumptions [43].  RACERPro is an SHIQ description logic reasoner [44].  The RACERPro reasoner supports the OWL ontology language and can also be easily integrated with Protégé and thus was a good solution for a reasoner.  This reasoner supports Abox and Tbox reasoning over classes and individuals respectively.  In our case, T box reasoning is an important feature since the proposed ontology contains high level concepts, or classes, to describe the domain.  RacerPro is able to provide the high level reasoning capabilities by testing for concept satisfiability and class consistency while also allows for low level querying [53].  The queries are composed of a head and a body and allow for advanced query formulation.  The ability to query the ontology in this robust approach increases the value of the reasoner and decreases the need for supporting engines to drive services such as service discovery.  Therefore, reasoning and inferencing necessary to provide a solid basis for bioinformatics service discovery.  

Protégé and RacerPro provide a sound basis for design and inferring ontologies.  However, each tool was utilized while also being developed; therefore, occasional bugs in the systems would cause the need for additional tools to check syntax and validity of the ontology.

3.3. WONDERWEB OWL ONTOLOGY VALIDATOR

The WonderWeb OWL Ontology Validator was the tool of choice to check the syntax and validity of the ontology developed here.  The WonderWeb OWL Ontology Validator was created in effort to provide classification of OWL ontologies into OWL Lite, OWL DL, or OWL Full.  Not only was the validator utilized for those purposes of classification, but the detailed responses to the validation were also utilized as a method to analyze and recover from errors in the ontology syntax.  This was a valuable addition to the tool set already available because in many cases, when errors occurred within Protégé or RACER, then they could be resolved with the help from the validator.  For example, throughout the development of Protégé to support the design and development of distributed ontologies, many ontology language errors were invoked, such as additional anonymous classes that caused the ontology to err from the standard language definitions and therefore could not be classified via the reasoner.  In cases such as these, the detailed response of the WonderWeb validator was used to distinguish the cause of and correct the errors.

The three tools employed for the development of the biological and bioinformatics ontology presented here provided sufficient support while initiating problem solving techniques used to ensure correct usage of the OWL syntax throughout development of the supporting tools.

4.  ONTOLOGY DESIGN – ADVANCEMENTS OF PREVIOUS WORK

An overwhelming amount of information concerning biology and the supporting bioinformatics services is available.  Therefore, it was very important to outline a set of requirements for the ontology based on the requirements of the previous supporting ontologies for SIBIOS and BACIIS as well as the ontology design criteria discussed in [2, 6, 10, 12, 18, 36, 40, 48].  Requirement 1 states that the ontology must be semantically correct for biological and bioinformatics use.  This includes a hierarchical representation and relationships that deduces pertinent information when inferred via a reasoning system. The vast array of information contained within the biological and bioinformatics domains has been considered and it is understood that depicting every entity from each domain would reach beyond the scope of the systems provided and the project presented here.  Therefore, one key feature of the supporting ontology system lies in the syntactic and conceptual definition of the entities contained within.  It is understood that not every individual biological item could be described; therefore the design decision to define entities in the ontology as concept, or classes has been made.  This allows for sufficient reasoning and inferencing while also providing for a flexible and extendable ontology design.  Requirement 2 captures the fact that the ontology must be well organized in order to properly supply information for Service Discovery in SIBIOS.  This too must be reflected in the queries submitted to RacerPro.  Thus, requirement 3 states that the ontology must be correctly designed in order to provide ease in reasoning and inferring information from it.  Requirement 4 states that the ontology must be designed in a manner that can be easily understood when viewed as a hierarchy structure for SIBIOS users via a graphical user interface.
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Figure 4.1.  Ontology Domain representation.
In order to provide an expressive ontology for the bioinformatics and biological domain that conforms to the above requirements, the high level design of separate domains for applications, biology, and bioinformatics terms was adopted from the original SIBIOS design [36].  A design discussion for each domain follows in the next sections. 

4.1.  BIOLOGICAL DOMAIN

The continuing advancement of the biological domain builds upon the strengths of the original ontology created to facilitate integration of heterogeneous database sources in BACIIS.  The foundation of the BAO is a great starting point for the development of a highly expressive and semantically rich ontology.  The next 3 sections will discuss the advancements made to the original design of the BAO in order to provide a more expressive ontology.  These advancements include an ontology language update from PowerLoom to DAML+OIL then subsequently to OWL DL, adding additional knowledge to the domain by providing term definitions as well additional relationships among entities, and reorganizing and adding concept hierarchies in order to best infer knowledge from the system via a reasoner.

The first step in the evolution of the BAO to a more expressive biological domain ontology for data integration involved transferring the concepts and relations from the PowerLoom ontology language to the more expressive and W3C standard OWL ontology language [10].  Each class and relationship description was translated from PowerLoom into DAML+OIL then OWL by hand in an iterative process where the syntax was checked often by an ontology validator.  In addition to updating the ontology to the latest in Semantic web standard notation, each term was further defined.  

The next step in revising the current BAO was to add meaning to the current terms.  Adding meaning to these terms includes adding a definition in text and also adding constraints in order to make this ontology a rich information resource [11].  Textual definitions of the biological terms were found using many resources including the Biotech Life Science Dictionary [21], Dictionary.com [22], the BACIIS user manual, SWISS-PROT [23], BRENDA [24], and other online biological information resources.  Not only were textual definitions gathered, but also the relationships of any particular term with another. For example, the relationship has_keyword was created in order to provide the BACIIS system with additional terms from which to find syntactical references for data source schema creation by describing concepts such as Update-Date ( has_keyword (  dt.  This functionality of the ontology is employed by the BACIIS Wrapper Induction System where wrappers are automatically created by parsing source pages and labeling them with ontology terms.  Additional relations that further describe the biological domain, such as inverses of the current relation encodes.  It is important to note that a bi-directional relationship is best described by inverse relationships [6]. Further discussion regarding the reasoning and memory limitations when implementing inverse relationships are presented in 4.6.  A graphical depiction of the top level of the ontology and some of the relationships can be viewed in Figure 4.3.  Note that the inverse relationships are not represented here due to spatial limitations. By adding these additional terms and relationships and definitions of the underlying meaning of the ontological terms, this ontology will not only serve as a descriptive knowledge base for users well versed in the Biological domain, but also for novice users who wish to gain more knowledge about the domain in question.

Not only was the language updated and terms defined, but additional design features were implemented in order to enhance the robust reasoning capacity of the system. With the implementation of OWL, distributed ontology environments could be supported.

Creating the biological domain in a distributed fashion was advantageous for several reasons.  By defining ontologies as small, well-defined subunits of knowledge, we can more easily rely on the expertise of users within a smaller domain to provide the information necessary for the specific ontology [26].  Also, with the functions provided in OWL to utilize the reuse of ontologies, we could extend the current domain with ontologies created by others by linking terms with OWL:equivalentClass [26]. For example, if we wished to provide an broad coverage of biological functions, we could include the Gene Ontology function ontology by importing it into our dataset by defining BiologicalProcess as OWL:equivalentClass  to GO:BiologicalProccess [27].  Also, by providing distributed ontology sources, management of the ontologies and their consistencies becomes easier since each ontology can itself be tested for consistency and reasonability. 

The distributed biological domain consists of a top level ontology and 17 smaller discrete ontologies that are imported into the top level ontology.  A representation of this model can be viewed in Figure 4.2.  In the figure, top level classes are represented as rectangles while an imported ontology is represented as an oval.  As can bee seen, not all upper level ontology classes support a distributed ontology.  This design allows for additions and enhancements for additional information.  The distributed design makes the model more like a three dimensional set of ontology files, entities, and the relationships among them.  This distributed design allows for easier identification of inconsistent classes and will provide an easy portal for future enhancements of each specific ontology domain file.
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Figure 4.2: The top level figure of the distributed ontology domain.
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Figure 4.3. A representation of a few of the restrictions applied to the top level of the Biological Domain.
By further defining each biological entity according to its part in a system, we add richness and depth to the Biological Ontology.  In order to do this, a more discrete grouping of entities is necessary.  As terms are more clearly classified in groups, their definition becomes more explicit.  For example, in Figure 4.4, a wide variety of entities were vaguely defined within Enzyme Classification.  These entities provide a basis for building searches, but they do not in effect provide sufficient knowledge about the domain with such a loose classification of a broad range of concepts.  In order to more clearly define the meaning and function of these Enzyme Classification entities, further subgroups, such as Isolation/Preparation, Reaction and Specificity, and Enzyme Structure were added as in Figure 4.5.

[image: image27.emf]Graph

List of Relate

Enzymes

Graph

List of Relate

Enzymes

Protein-

Classification

Enzyme

Classification

Enzyme Classification

Info

Catalyzed

Reaction

Crystallization

EC NO

Inhibitors

KM

Metal Ions Salts

Molecular weight

PH

Product

Purification

Stability

Renatured

Runover Number

Specific Activity

Substrate

Substrate

Spectrum and

Products

Subunit

Temperature


Figure 4.4.  The initial representation of the hierarchical grouping for Enzyme Classification.
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Figure 4.5.  The reorganization of Enzyme Classification Info in order to better represent the entities within this property.

Not only does an ontology need clearly defined entities within hierarchies, but updating of biological terminology is also necessary.  The increase in biotechnology has expanded our knowledge of biological systems, so this ontology will need to be continually updated as new biological breakthroughs arise.  For example, the introduction of the innumerable amount of ‘omics’ terms that sprung from the growing trend in Systems Biology in the 90s such as genomics, proteomics, and metabolomics need to be represented within the scope of a ontology for the integration of biological data sources [25].  These breakthroughs in biology may lead to an alternate grouping of a particular term or addition of more terms as systems become more explicitly defined.  

Also, keywords need to be defined.  By providing synonyms / keywords of common biological terms the ontology can be used as a tool for semantic integration of key terms from remote sources and systems.  The use of synonyms is explicitly useful in the BACIIS system where an automated Wrapper Induction System has been created in order to overcome the time cost of creating and maintaining wrappers.  Here the synonym ontology is used to find delimiters in remotes source files in order to create database source schemas for each service supported by BACIIS [57].

Not only do terms need to be explicitly defined by their hierarchical and relational characterization, but also the relationships themselves add to the quality and fidelity of the ontology.

In order to better represent the ontology property and component classes, several things had to be taken into consideration.  It was found that relationships could be inherited in the hierarchical tree; therefore, if a superclass has a particular relationship, then every one of its subclass members will also have that relationship.  For example, there were several relations stated in the component classes to the component class Reference.  Instead of explicitly defining this relationship among all component classes, Reference had a relationship with the super component class so that each sub member would also inherit that relationship.  

Not only did the inheritance need to be determined, but it was also necessary to add constraints to relationships themselves in order to enhance the semantics of the relationships among subclasses.  For example, in Figure 4.6, the Protein and Protein Classification Component classes are presented.  In this case, the Component class Normal Protein had a relationship “part of” with Protein Classification.  This relationship is necessary; however, it is inefficient in representing the “part of” relationship between Enzyme and Enzyme Classification.  So to solve this ambiguity, an additional relationship was placed between Enzyme and Enzyme classification as is depicted in Figure 4.6.  
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Figure 4.6.  This figure depicts the hierarchical relationship of the component classes Protein and Protein Classification.  

In summary of the final design and implementation of the biological ontology, it was found that this design provides a flexible and extensible mode of ontology use and development.  The distributed design allows for domain experts to increase the depth of knowledge present while also allows for increase in domain breadth by allowing additional distributed source ontologies to be integrated within the system.  In addition, reasoning tests, discussed in 4.4., have shown that this ontology has great capacity to infer knowledge and support the integration of biological data.

4.2. BIOINFORMATICS DOMAIN
Extensive work was put forth to create a sound design for the SIBIOS bioinformatics ontology which clearly represents terms that describe the bioinformatics data supported within the applications provided by SIBIOS [35, 36, 50].  These specifications of the ontology design are presented below.

Initially meaning was added to terms via definitions provided by service web pages and manuals.  Additionally, semantic relationships among bioinformatics entities such as has_id, or has_function are implemented in restrictions such as Genbank has_id gi_number.  By adding term definitions and additional semantic relationships, the wealth of the bioinformatics ontology increases by providing a more detailed picture of the domain at hand.

The overall structure of the Bioinformatics ontology must clearly present the entities contained in the ontology in an organized manner.  Thus, it has been decided to present this information as six subclasses that contain unique areas of interest in bioinformatics applications.  The organization of this domain into the subclasses here allows for broader service classification capabilities by enabling users to classify a service in multiple ways.  It has been found that this provides a good solution for the general population of users who have different needs and different understanding of the underlying services available as well as the scientific domain of biology and bioinformatics.  The classes that have been chosen to represent the distinct organization of the domain include BioinformaticsResourcesClassificaiton, FormatClassification, ServiceAlgorithmClassification, BioinformaticsTermsClassification, ServiceProcessClassification, and ServiceToolClassification as can be pictured in Figure 4.7. along with some of their subsequent subclasses.  This structure appears to provide a sound design basis for the bioinformatics ontology; however, the ontology structure, as received, did not match that described in [35, 36, and 50].  The ontology received did contain the six branch hierarchical structure as described, but contained a much broader high level list of entities that were not organized according to the design parameters.  Therefore, additional energy had to be expended in order to organize the SIBIOS ontology into the intended design before further design modifications could be implemented.  The following discussion will provide the information needed to understand the design advances that were implemented in order to create more expressive bioinformatics domain ontology via enhanced organization of terms that can be validated by the RacerPro reasoner.  Each of the six subtrees of the bioinformatics domain will be critiqued separately in order to provide a broad understanding of the design specifications and challenges.
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Figure 4.7.  The overall structure of the Bioinformatics domain hierarchy.
4.2.1. SERVICE PROCESS CLASSIFICATION
The original design included ServiceTaskClassification and ServiceProcessClassification as separate trees in the list of high level classifications.  The concepts within the two trees were closely related and therefore, these classes have been combined.  Since the task classification contained more detailed classification of the processes, the process classification and could thus be easily integrated into the entities in the process classification hierarchy.  The current ServiceProcessClassification contains terms describing the simple unique process that are performed in the bioinformatics domain.  Examples include aligning, viewing, calculating, searching, and many more.  It is important to define these processes within the ontology in order to fulfill the classification necessary to provide a service with a particular function.

4.2.2. BIOINFORMATICS RESOURCE CLASSIFICATION
The BioinformaticsResourceClassification subtree contains generic bioinformatics resources.  The next level of classification within BioinformaticsResourceClassification includes general Bioinformatics_service_providers such as EBI [28], and NCBI [29] in order to further classify the available services by resources that provide each service.  These resources are organizations that support development and distribution of biological data and bioinformatics applications.  Additionally, the previous implementation of the ontology classification also contains Bioinformatics_presenting_media which includes the types of background coding and support media that supports bioinformatics service applications, for example, Java_applet_interactive_representation. SIBIOS currently does not support a function that directly uses this presenting media data, but it is included in case of future applications.  Generic bioinformatics Database_and_search_engine classifications are also included in the resource classification.  This includes the generic terms to describe databases, such as sequence_database, information_database, and protein_database as well as others.  It is important to include these database classifications in order to infer generalizations about the bioinformatics applications supported by SIBIOS.

The improvements made to the ResourceClassification hierarchy include the addition of EBI [28] and NCBI [29] to the service providers (no service providers were previously included). And the different types of databases were grouped into the Database_and_search_engine hierarchy where they were previously just listed in the top level of the resource classification domain.

4.2.3. FORMAT CLASSIFICATION
The FormatClassification subtree contains bioinformatics specific formats which describe the information held in the inputs and outputs from the vast services supported by SIBIOS.  The Format Classification sub tree consists of formats and structures that bioinformatics information/results may be presented in.  These include diagrams, reports, records, and data-formats.  The diagrams sub tree includes the types of diagrams that represent bioinformatics data.  These entities include feature_diagram, expression_profile, and many more graphical representations used to display bioinformatics data spawned by various services.  The depiction of the diagrams classification can be viewed in Figure 4.8. 
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Figure 4.8 The graphical representation of the diagram hierarchy in the bioinformatics ontology.
The data-format sub tree within FormatClassification provides different possible formats for output data.  These data format specifications are important in Service Discovery due to the fact that one application provides an output in a specific format and another application can only accept inputs in a specified format.  By including format information in the ontology, applications can efficiently be linked together in a workflow with acceptable input and output formats without having to modify the given formats in future versions of SIBIOS.  This feature addresses the syntactic heterogeneity challenge in the integration of data from several sources and services.  These data formats range from file formats to sequence_expression_formats and sequence_alignment_formats  as can be pictured in Figure 4.9. 
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Figure 4.9.  Bioinformatics data-format sub tree.
4.2.4. SERVICE ALGORITHM CLASSIFICATION
The ServiceAlgorithmClassification subtree includes the various algorithms used in data manipulation in bioinformatics.  The improved structure includes clustering_algorithms, matching algorithms, HMM_algorithms, and sequence_alignment_algorithms.  The clustering algorithms consume the algorithms that group similar objects in a multidimensional space.  These are very often used in bioinformatics in order to identify like sequences and to thus infer evolution function about the sequences at hand.  The clustering algorithms currently included in the ontology cover k_means_clustering, hierarchical_clustering, and principle_component_analysis. The bioinformatics ontology also includes matching algorithms most often used in database searches for sequences and other terms.  These matching algorithms include non_overlapping_exact_wordmatch_algorithm and overlapping_exact_wordmatch_algorithm.  The hidden Markov Model algorithms are valuable in bioinformatics because they allow a search or alignment algorithm to be trained using unaligned or unweighted input sequences and they allow position-dependent scoring parameters such as gap penalties, thus more accurately modeling the consequences of evolutionary events on sequence families.  The hidden Markov models represented in our ontology are the Baum_Welch_algorithm and the Viterbi_algorithm.  Sequence alignment algorithms are also widely used in bioinformatics to relate novel sequences to known sequences, to determine evolution of species, and to determine function based on known sequences.  The sequence_alignment_algorithms added to the ontology are Needleman_and_Wunsch_global_sequence_alignment_algorithm, Smith_Waterman_sequence_alignment_algorithm, Myers_and_Miller_algorithm, and the word_match_sequence_alignment_algorithm.  The Service Algorithm Classification sub tree can be viewed in Figure 4.10 below.  It is noted that the algorithms included in this ontology are not conclusive of all or even of a little of the known algorithms used in bioinformatics, but the algorithms presented here are those supported by the services currently available in SIBIOS and more algorithms can easily be added when the services are scaled.

Several algorithms have been added to the ServiceAlgorithmClassification domain in order to better represent the algorithms used in bioinformatics.  These include the HMM algorithms, the clustering algorithms, and one sequence alignment algorithms, namely Myers and Miller.  The addition of these algorithms to our knowledge base allow the user to better conceptualize some of the possible workflow parameters that may be implemented in the process of mining data from the bioinformatics domain.
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Figure 4.10.  The graphical representation of the Service Algorithm Classification hierarchy.

4.2.5. BIOINFORMATICS TERMS CLASSIFICATION
The BioinformaticsTermsClassification subtree contains terms used to describe bioinformatics inputs and the results obtained from using the available services.  The terms classified here are those that cannot obviously be included into the biological domain nor the ServiceProcessClassification, FormatClassification, and AlgorithmClassificition organizations of the bioinformatics domain.  However, it is vital that these bioinformatics terms be included in the ontology in order to best describe the information of the domain.  These terms cover a wide variety of bioinformatics generalizations, such as ID_names, statistical_measures, and other high level concepts describing general data according to how services recognize each entity.    
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Figure 4.11.  The overall depiction of the Bioinformatics Terms classification.

4.2.6. CHALLENGES
Several challenges arise when looking at this set of entities in the bioinformatics domain.  These challenges include organizing terms within hierarchical classifications according to level of specificity, adding additional hierarchical classifications in order to represent a broader range of information necessary for the purpose of service integration, and organizing existing and added terms within the scope of the high level classifications presented in the previous sections.  

One such issue is the fact that all these entities are not at even generalizations in the previous design, i.e., some are more general or more complex than others.  In ontology design, it is important to organize the level of specificity of terms at equal junctures in the ontology hierarchies in order to provide for meaningful inference capabilities.  For example, a 2D dot plot is a general term for a type of plot, but a 3D plot of the Gene ontology lattice is a specific example of a three dimensional plot.  If these entities were classified at the same level of specificity and a user entered the request to output plot, then a response of that query resulting in the above entities would not be appropriate.  Therefore, entities needed to be better classified in order to represent a more descriptive and understandable ontology. 

Along with classifying the specificity of terms, another issue is the idea of what these entities represent.  Searching to find these specific entities related to bioinformatics services and applications present in the previous implementation of the ontology was not always successful.  One such entity which was classified as a diagram is the ABI_graph_plot.  ABI is Applied Biosystems [30], a company that builds sequencing devices.  These machines are used to create custom sequences for researchers.  The output graphs of these devices are those defined in the ontology as ABI_sequence_trace and ABI_graph_plot.  The clones produced by the sequencing machine can be used for making primers for PCR as well as sequences for other related biological testing and experimentation [30].  There are EMBOSS [31] applications that create the outputs of the above stated plots and traces, however, EMBOSS is not currently supported by SIBIOS; nonetheless, it was included in order to attempt to classify the broad spectrum of available services and thus it is included for future enhancements to the SIBIOS system.  In addition to defining terms, the challenge of incorporating additional terms to provide greater breadth of domain coverage is addressed.

A challenge posed when enhancing the bioinformatics domain was providing additional terms necessary to provide a wider breadth of coverage of the domain.  Additional classification was included in order to better represent many entities within the domain. One example includes the diagrams and graphs supported in the ontology.  This is represented in figure 4.12.
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Figure 4.12.  The Bioinformatics Data Structures classification.

In addition, terms have been added to create the format sub tree containing different possible formats for output data are specified.  These range from file formats to sequence_expression_formats.  Just the basic formats encountered in our application have been included.  Many more formats may be added in future versions.  This information is provided in Figure 4.13.
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Figure 4.13.  Bioinformatics format sub tree.
Input/output format parameters have also been added to the ontology for possible future functions of SIBIOS.  These entities would enhance the integration process by describing not only the semantic context of the service input or output, but also supplying a clue to how these services could easily be fitted into a workflow without additional syntax manipulation.  For example, ClustalW [33] accepts GCG, FASTA, EMBL [41], GenBank, PIR, NBRF, Phylip, or UniProt/SwissProt [23, 51] formats (FingerPRINTscan [34] has the same input formats).  Currently in Service Discovery for SIBIOS, a general format is acquired (data of any format is converted to a general format) then reformatted into a given format type based on the next application in the workflow [36].  Thus, in that sense, format is not really necessary to define in the ontology within this system.  However, for cost based estimations of workflows, it would be most efficient to first create workflows in which the output format of one application is the exact format which another application accepts as an input.  So in this case, it would be beneficial to have input types defined in the ontology.  

Additionally, some entities had to be reorganized into subtrees within the ontology.  The case where reorganization proved necessary was where there were entities that did not clearly fall into one of the above specified Bioinformatics domains.  Examples of such entities include intermediate tools, applications, or formats such as matrix and reading_frame.  These entities have been classified into input/output type in order to specify that they belong to service parameters which are included as input or output types.  By classifying these terms in such a manner we can infer that they are input and output types which supports the integration  of service parameters more fully.

A related challenge of organizing terms at equal levels of specificity involves the decision of whether to provide high, intermediate, and detailed levels of classification within service descriptions.  One challenge in classifying bioinformatics terms lies in the description of the high level concepts used in service discovery.  The original design of the SIBIOS ontology included high-level descriptions of inputs and outputs for each service such as sequence_alignment_data.  In terms of Service Discovery, a question of whether it is important to clearly define a generalization of the information obtained for different classes of services was important. For example, describing the output all services that perform sequence alignment as sequence_alignment_data.  From an ontology design point of view, the high level classification appears to be a good solution; however, we know that each sequence alignment algorithm may or may not output the same set of alignment data.  Therefore, if a user is interested in a particular detail of the sequence_alignment_data, they would not be able to provide that detail in the service specification and thus would not be able to complete the task.  There are also OWL syntax and reasoning limitations to address, in addition to the theoretical challenges that this design presents. After much discussion on the issue and attempts of query formulation with the high level description classification, it has been found that it is important to define the terms that constitute the detailed information found in the high level conceptualizations of the data flow of bioinformatics services in order to describe the details of the information provided by a service as well as the differences among services.  The implementation of this design specification will be discussed further in the next sections where classifying and defining the services supported by SIBIOS is addressed.  

Many challenges were faced when designing, organizing, and enhancing the scope of the bioinformatics domain.  However, these challenges have led us to a greater appreciation of the domain and have led us to a semantically rich bioinformatics domain which provides flexible classification of service characteristics.  Section 4.4. provides the information to validate that the solution discussed here has proved to be a viable one for the support of service integration in bioinformatics.

4.3. Application Domain

Not only were updates and design changes necessary to better represent the bioinformatics domain, but the application domain for service discovery in SIBIOS also needed some renovation.  A representation of the Application domain can be viewed in Figure 4.14.
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Figure 4.14.  A depiction of the application domain for SIBIOS.

Some of the services provided by SIBIOS were not represented in the ontology, so the schemas of the system had to be studied in order to represent all services (those that were implemented already in the ontology, and those that needed to be added) in order to represent all services in a global manner.  Additions and changes necessary for the application domain include items such as, FASTA services, not originally included in the application domain but represented in the schema files and supported by SIBIOS, and many of the databases that are queried by the specific services (e.g. BLAST) were not included in the list of data stores.  It is very important that each service was well represented with the restrictions specified for service discovery.  These restrictions include has_input, has_output, has_input_format, has_output_format, use_resource, use_algorithm, and performs_task.  The restrictions also had to have the inverse application specified in order to provide query support for service discovery, thus, inverse_of_has_input, inverse_of_has_output, inverse_of_has_input_format, inverse_of_has_output_format, service_uses, inverse_of_uses_algorithm, and performed_by properties also had to be defined. 

4.3.1. Restrictions

The restrictions that relate concepts within the application domain to concepts in the bioinformatics and biological domains are key to the design of the ontology.  These are the drivers for service discovery which is at the heart of the SIBIOS system.  Several such properties have been defined as the core set for defining services in a service discovery system [36]. The core set of properties, has_input, has_output, performs_task, uses_algorith, and uses_resource are described in the following sections.

4.3.1.1.  Has_input, Has_output

Has_input and Has_output properties are crucial to the determination of a service to use as well as the pipeline of services that can be constructed for a particular task.  These properties define a set of entities that can be entered into a service system upon execution or those returned after execution of a particular service.  

In the previous design of the SIBIOS ontology, the objects within the has_input and has_output were generalizations of the group of classes which represent an input or output.  Take the following restriction for example, BLAST has_output pairwise_sequence_alignment_data.  In this design pairwise_sequence_alignment_data was defined as the union of the distinct outputs of the sequence alignment service.  This initial design worked within the SIBIOS system, but it added an additional step to querying and reasoning within the ontology.  Also, each sequence alignment service may not have the union of classes that represent and input or output of the data provided by the service.  Therefore, it was decided that each has_input/has_output restriction should contain a union of distinct classes as the object rather than a generalization of the group of resulting data.

Thus, the initial solution was to define the has_output and has_input objects as a union of classes.  However, due to difficulty in reasoning, additional attempts had to be made in order to provide a solution that matched the criteria for the ontology as well as supporting reasoning capabilities.  It was found that an object defined as a union of entities cannot be queried directly unless it is defined as Necessary & Sufficient. A necessary class in OWL is one that says that if an individual is a member of the class then it must satisfy the necessary conditions [10].  However, an individual cannot be inferred to be a member of the class just because it satisfies the necessary conditions. In order to classify an individual in this way, the class must be defined, i.e. its conditions must be necessary and sufficient.

In the context of the bioinformatics domain ontology for SIBIOS and service discovery, many classes are defined as necessary, but it is inherent that we define some of these classes to be necessary and sufficient in order to best present the information contained in the ontology.  One such example of the use of necessary and sufficient conditions used in our ontology are the high level concepts used to describe sets of data that are inputs and outputs of specified service applications.  In order to be able to infer a set of individuals as part of  pairwise_sequence_alignment_data the conditions that describe pairwise_sequence_alignment_data must be necessary and sufficient. By doing this, it can be inferred that bit_score, E_value, etc are members of the concept pairwise_sequence_alignment_data.

If a class has necessary and sufficient conditions it is known as a defined class, and any individual that satisfies the conditions will belong to the class.  Classes with necessary conditions are known as primitive classes rather than defined.  Reasoners can only automatically classify defined classes, thus it is important to have a set of defined classes in the ontology.  However, due to the limitations of the reasoner implemented here, RACER, another approach had to be taken in order to correctly define services while allowing for reasoning capabilities.

Thus, service inputs and outputs had to be individually defined in existential relationships, and then universally defined as a union of classes in order to define a service and allow for correct reasoning.  An example of this implementation can be viewed in the Protégé interface for BLASTN_SERVICE in Figure 22. Notice that the list of classes included in has_output: BIT_SCORE, E_VALUE, GI_NUMBER, GAP, SEQUENCE_ID, ACCESSION_NUMBER, ENTRY_NAME, and SEQUENCE_ALIGNMENTS can be viewed in the properties pane on the right side of the interface as individuals and also as a combined union.  This representation allows for sufficient description of the service for proper reasoning.
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Figure 4.15. The has_input, has_output properties of BLASTN_SERVICE.
4.3.1.2. Performs_task

The performs_task property relates services to the tasks and functions that they provide.  This property links the Biological and Bioinformatics domains to the Service Spplication domain which enables a strong semantic relationship among domains. This property was deemed necessary in the integration of services because in many cases, a user knows what task or function they wish to perform, but do not know the correct tools to use to apply the task [36].  The domain in this case is the SERVICE_APPLICATION domain while the objects of the restriction can be found in the SERVICE_PROCESS_CLASSIFICATION range.  An example of this case would be if a user would wish to find a service that performs sequence alignments.  The user would simply enter a query for sequence alignments and the services will be provided.  An example of this can be viewed in SIBIOS service discovery interface in Figure 4.15.

4.3.1.3.  Uses_algorithm

The uses_algorithm property relates a service in the service application domain to the algorithm it performs which is classified in the Bioinformatics domain.  In some cases, a scientist understands exactly which algorithm they would like to use in analysis, and therefore need to be able to search and find the necessary services that support the algorithm.  An example would be a user who wishes to perform the BLAST_ALGORITHM for sequence alignment on a data set.  An example of this is depicted in Figure 23.

4.3.1.4.  Uses_resource

The uses_resource property describes the source used in providing a particular service.  For example, NUCLEOTIDE_SEQUENCE_DATABASE and GENBANK_NUCLEOTIDE_SEQUENCE_DATABASE both provide sequence information.  It may be necessary to categorize the available resources in order to best prepare an analysis workflow.  An example of this can be viewed in the SIBIOS interface for service discovery in Figure 4.16.
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Figure 4.16. The SIBIOS Service Discovery Query Interface.

The properties supplied by the biological and bioinformatics ontology for service discovery provide a sound foundation necessary to support service discovery in a robust manner.  Discussion regarding the testing and analysis of this implementation is presented in the following section.

5. Analysis/Testing
Analysis and testing was conducted through a number of means.  Throughout development of the ontology, the Protégé editor did a great job to provide correct syntax in guiding me through the ontology development stage [42].  However, since Protégé itself is in development, there were occasions when a bug present in Protégé corrupted the ontology files and additional resources had to be utilized.  In cases such as these, the WonderWeb OWL Ontology Language Validator was utilized [47]. This tool validated the state of the ontology whether it was OWL Lite, OWL DL, or OWL Full.  It also provided explicit reports of errors which were very helpful in troubleshooting problems as well as analyzing the stability of the ontology.  Not only were the Protégé OWL editor and WonderWeb Validator used for analysis of consistency and validity of the ontology, but RACER [44] was also utilized to validate consistency in the ontology as well as to test queries.

The purpose in validating the ontology is to ensure the consistency and reliability of the ontology.  This includes the ability to reliably retrieve query paths, valid relationships, and also to conduct complex queries.  Once the validation has completed, this ontology will provide a sound knowledge base for users to search for topics of interest. 

The method to validate the ontology is based on the TOVE method as stated below.

Validating Property Concepts involves the validation of the
lateral tree relationships between classes via developer deployment of queries performed by a reasoner.  This system must be able to provide adequate representation of lateral relationships.  For example, in the Biological Domain, the class Protein Mutation currently has a lateral relation of “has-mutation” to Normal Protein.  This as well as other lateral relationships such as “part of” for the relationships between Normal Protein and Protein Classification, and the “has prop” relationships among Organism, and Nucleic Acid, Protein, and Disease.  This validation was performed by the RACERPro reasoner through automatic concept classification as well as user queries.

Refinement of Concepts was completed once overall classification of hierarchical and lateral relational properties was concluded.  In order to refine concepts, the inference system must allow representation of particular branches of 
the hierarchical trees along with lateral relationships, the tree subsystem of property hierarchy to better define terms explicitly, and assist in replication of querying to traverse the ontology in order to provide information of interest.

Classifying Concepts involves the classification of the hierarchical tree relationships between classes.  In this case, the inference system must be able to classify the ontology according to its hierarchical structure, i.e. traverse and display super and sub-classes.
Queries were performed upon the ontology in order to test whether the ontology would perform as needed within the SIBIOS system.  These queries validated the results of service discovery as well as subsumption conditions within the ontology hierarchies.

6. Expected Results

I expected the new ontology to work well as a central base for user queries and service discovery.  Upon conclusion of this project, the ontology had been developed, tested, and implemented into a working environment for Service Discovery.  Below, Figures 4.17-18 represent a typical user process of providing a query for Service Discovery along with the resulting selected services.
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Figure 4.17.  SIBIOS Service browsing capabilities for service discovery.
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Figure 4.18. Left - Selection panes for Service Discovery. Right - The selection panes along with the results of selecting ACCESSION_NUMBER as an output type.

Service Discovery for SIBIOS allows for users to easily describe service parameters and compose workflows necessary for particular tasks.  The Service Discovery system allows two alternatives for describing services; Service Browsing shown in Figure 4.17, and Advanced Service Querying depicted in Figure 4.18.  Service Browsing all the user to browse through service parameters such as input and output parameters in order to decide on a service to employ.  This is a common method used among service integration systems and allows users at any level to utilize this system.  Additionally, for the seasoned service users, there is an Advanced Querying Interface that allows users to explicitly define what parameters are necessary for a particular service to be employed.  This querying system uses user inputs to dynamically retrieve service results that match the user’s request.  Finally, once services are selected, they can be combined into a meaningful workflow via the Service Composition system pictured in Figure 4.19.  This tool creates meaningful workflows by linking services together that have compatible input and output parameters.  The ontology developed here has been tested within the Service Discovery system and has proved to provide sufficient knowledge for service discovery and workflow composition.
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Figure 4.19. A workflow created from the SIBIOS Service Discovery System with an Ontology knowledge base.

6.1. Alternate plans

A number of hurdles were overcome throughout the development of this ontology.  All along the process of developing this ontology I was faced with the joys of a developing standard and language. Initial challenges involved no OWL compliant editors.  This challenge led to a greater understanding of the OWL language and syntax which actually proved helpful for troubleshooting later errors.  Additionally, reasoners were lagging in development to support the OWL language.  

One small problem that was faced concerning the limitations of the reasoning system used was its ability to reason over large and in depth ontologies.  Within the scope of service discovery it is important to thoroughly describe the entities in question.  With this in mind, the recommendation for applying restrictions as well as inverse relations to thoroughly convey the relationship was followed.  However, the reasoner was not able to handle the large amounts of inverse relationships, so we had to settle for a less thorough ontology with the addition of reasoning scripts to reverse engineer some of the relationships captured by the ontology.

Not only were challenges met in designing the ontology, but many challenges were faced in implementing the changes to the ontology.  But at times, the challenges that we faced were out of our hands.  In an ever evolving environment of ontology design and implementation, sometimes the expectations of the user exceed the support by the available development packages.  Several times along the way we found that errors occurred in either the ontology editor, Protégé, or the reasoner, RACER, which impeded our work.  One such drawback in RACER was that its optimization was not up to the task of supporting ontology as complex as ours, thus final reasoning tests and validation could not be performed due to inefficient optimization.  Also, the downfall for Protégé was its inability to support distributed ontologies until recently.  Therefore, last minute adjustments were necessary in order to implement the distributed design as proposed.

7. ADDITIONAL RESOURCES

7.1. TAMBIS

TAMBIS is another biological database integration system.  The TAMBIS Ontology (TaO) closely resembles the BAO in its structure of biological entities [41].  Also, these ontologies provide alike functions in aiding the creation of queries for biological web database integration. TaO supports a hierarchical structure of representing biological entities from the most general depiction to more specific descriptions of structures, functions, processes, and substances [41].  In order to provide for retrieval and analysis tasks, the Tao has been designed as a broad and shallow ontology which can support a wide variety of queries upon generalized biological terminology but allowing broad modeling of complex entities such as protein.  A subset of the high level classification of terms provided by TaO includes protein, enzyme, expressed sequence tag, nucleic acid, sequence homology, and taxonomy [41].  For the purpose of the TAMBIS system, the ontology was a good support tool, but as systems progress and the field of bioinformatics demands more support, more expressive ontologies will be necessary.

7.2. PROTEUS

Proteus is a Service Discovery System driven by an ontological knowledge base; much like SIBIOS. The Proteus design includes two types of ontologies; a domain ontology which describes biological and bioinformatics concepts, and an application ontology which describes the main bioinformatics applications represented as workflows.  This ontology takes a two tier approach with an upper ontology level that describes the rationale of applications and software and a lower level that contains specific metadata about installed software and data sources.  The ontology divides the bioinformatics resources into two classes.  The class of Biological data stores is classified based on, (1.) kind of biological data, (2.) format in which the data is stored, (3.) type of data stored, and (4.) annotations.  The class of Bioinformatics processes and software components are classified based on (1.) task performed, (2.) steps composing the task, (3.) methodology of software, (4.) algorithm, (5.) data source, (6.) output, and (7.) software components. [37] This ontology design appears to be well classified and semantically rich which is the goal of the SIBIOS ontology.  Thus, the recommendations of the Proteus ontology should be examined throughout the design of our bioinformatics ontology for service discovery.

7.3. BIOMOBY

The BioMOBY service system was another application which was researched during the time of the original SIBIOS ontology design [36].  This ontology design was implemented in order to discover service ‘pipelines’ to automate the service discovery process.  The MOBY-S registry uses ontologies to determine the structure and relationships between datatypes and services in order to invoke service discovery represented in OWL DL [38].  The data entities are represented as classes in OWL, and properties exist such as hasa and isa.  Three ontologies comprise the information necessary to perform service discovery/implementation in BioMOBY; a Namespace ontology, Service ontology, and Object ontology.  The Namespace ontology includes namespaces for services such as Pfam [56], Swiss-Prot [51], GO [27], etc.  The Service ontology contains entities which describe the generic processes necessary to conduct services, i.e. Retrieval, Resolution, Parsing, Analysis, and Registration.  The BioMOBY Object ontology classifies possible object entities necessary to perform a task and makes no distinction between bioinformatics terms and general object types e.g. Phenotype Description and String are both found as subclasses of Object.  The design of distributed ontologies for the BioMOBY application have been hypothesized to support a broad knowledge base in semantic content [38].

7.4. MYGRID

myGrid is a bioinformatics ontology that set the basis for the current SIBIOS ontology design [36]. myGrid classifies services based on functionality and focuses on being able to find similar services by defining the functional class of a service.  myGrid service descriptions are divided into two categories domain metadata, and business metadata.  The domain data consists of describing bioinformatics services while the business metadata covers data quality, quality of service, cost, geographical location, etc. [39]  The myGrid ontology uses a 4 tier model of services which includes; 1)the class of a service as in a protein sequence database 2)specific examples of an abstract service such as Swiss-Prot 3) instance service description of a specific service which is provided by the business data and include facts such as Swiss-Prot is provided by EMBL [51]and 4) invoked instance description describing the instantiated parameters such as date in time for record keeping.  The 4 tier model defines descriptions, classifications, and constraints in order to create a functional bioinformatics ontology.  Figure 2.4. represents the overall myGrid ontology model. [39] The myGrid ontology service classification design is represented in Figure 2.5.  This design classifies services based on the function that the service provides, for example, BLAST_service is a pairwise_sequence_alignment_service. Not only does myGrid define a hierarchical structure organization, but also uses semantic relationships to represent the services.  These properties include has_input, has_output, performs_task, uses_resource, is_function_of (all of which are defined in the SIBIOS ontology), and geographicalRadius, provided_by, and qualityRating.  Thus, it is important to understand the design specification of the MyGrid ontology in order to best enhance the current design and coverage of the SIBIOS ontology.
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Figure 5.1..  The myGrid ontology model.
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Figure 5.2.  The myGrid Service Classification model.

8. CONCLUSION
In conclusion, the proposed plan of providing a robust biological and bioinformatics ontology for the SIBIOS system has been delivered.  This project has matured from a biological ontology of 244 terms and a service discovery ontology containing 433 terms to an expressive ontology that abides by the recent W3C standards with 1958 defined classes and 44 properties defined for restrictions.  Within the scope of the current standings of the field of ontology creation and knowledge representation, it is understood that additional ontologies are available to expand the knowledge contained within the current solution for SIBIOS service discovery and integration.  With the design of this ontology, however, additions to the scope and detail contained will be easily supported.  The broad categorization of the terms represented within the scope of this project allows for dynamic classification of bioinformatics services and easy integration of additional knowledge sources.  The field of knowledge representation has grown quickly within the time frame of this project, and as it continues to grow, advancements are sure to astound the capabilities of data integration.
In light of the limitations of tools for development of this ontology, it has proved to be a vital part of the SIBIOS integration and service discovery system.  However, there are limitations that fell beyond the scope of this project.  Since the field of knowledge representation has grown so quickly, the language and representations used within this project have already been replaced with new and improved capabilities.  Therefore there are some clear recommendations of future enhancements to be made to the ontology and the systems which support the design, development and maintenance of it.  As far as design, it may be beneficial to capture business information for the integration system.  This would include date and time stamps in order to document usage as well as information concerning the efficiency and reliability of particular services.  Additional enhancements could also be to integrate additional ontologies within ours in the distributed design that encourages data share and reuse.  In attempt to iterate over the ontology it may also be beneficial to include unique identifiers for ontology terms much like those used in database design in order to ensure consistency within the domain.  In terms of development and maintenance, a user interface which allows users to make their own ontology specifications is a helpful tool that is also currently being developed and will definitely be useful in support of this knowledge base.  Also, translating the current ontology to OWL-S language for use and development in Web Services may lead to additional functionalities in providing better support for service discovery [58].  Overall, I understand that there is a great need for knowledge representation now that the amount of information available to the general user has come to an overwhelming capacity.  Therefore, systems such as SIBIOS, BACIIS, and supporting knowledge bases will continue to prove to be useful tools for biological research both in academia and industry. The work presented here has direct impact to the systems it was made to support as well as the indirect impact to the field of bioinformatics as a whole.  This flexible and extendible ontology design has potential to be used as a base knowledge base for the bioinformatics and biological domain in many cases.  It could easily be integrated with the additionally available ontologies in the domain in order to provide domain information for a number of domain integration systems.  With the continuing advancements of integration systems and knowledge bases in the bioinformatics domain, a fully semantic web based bioinformatics domain could someday be feasible.
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