The Semantic Web: An Overview
Introduction: Beyond XML
NOTE: This survey report is intended to serve as the first in a three part series, providing an overview of the key components of the Semantic Web.  Subsequent reports will focus on available tools and specific tutorial and “how-to” material.

The Semantic Web [1,2] is a major research initiative of the World Wide Web Consortium (W3C) to create a metadata-rich Web of resources that can describe themselves not only by how they should be displayed (HTML) or syntactically (XML), but also by the meaning of the metadata.  

To understand the principal problems of Semantic Web research, it is useful to examine the shortcomings of XML in building tools for machine understanding [3].  XML provides a way to create meaningful, domain-specific markup tags, at least for human readers.  From the point of view of applications, XML only defines syntax, or grammar—rules for structuring particular documents.  Applications focus on creating and parsing XML data, following syntactical rules defined in XML schema, but the applications cannot infer anything about the meanings of relationships from the structure of the data itself.  While it is certainly possible to write specialized programs for particular XML schemas that understand and can extract meaning, writing general purpose tools is not possible.

To understand this problem, consider the simple problem of developing a taxonomic description of software applications.  We may classify codes by their general application areas (chemistry, fluid dynamics), by their methodologies (Quantum Monte Carlo, FEM), by specific subfield problems that they solve (hyperfine structure calculations), the suitability of the application’s algorithms to various high performance computing architectures, and so on.  The key to the problem is that there is no unique way of doing this: many different XML schemas can be developed that would encode the same information.  To human readers, this is not a problem, and for any specific XML Schema of the application taxonomy, we can develop a suite of tools.  The problem comes in the exchange of information between two or more differing schema data models.  One would essentially have to develop translation rules (using XSLT) to convert between competing taxonomy models.  This is plagued by two problems: loss of information and lack of scalability.  
A related problem for the careful reader is that taxonomies are complicated by multiple inheritance.  FEM codes, for example, are used in a number of research fields, so depending on how one structures the taxonomy, one may have to repeat nodes or otherwise use pointers and references to connect various parts of the XML tree.  The problem is that XML uses a simple tree structure to represent data: each node (except the root) nominally has one and only one parent.  
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Figure 1 The Semantic Stack 
The Semantic Web’s goal is to solve the above problems by developing XML-based languages that have meaningful data structures.  Semantic Web data models build on and enhance XML—they are valid and well-formed, but also imply additional information to cognizant applications.  Figure 1 illustrates the Semantic Web stack of building block technologies, going from the grammatical rules of XML to the simplest semantic rules system (RDF) to more sophisticated systems, culminating in OWL Full.  DAML and OIL are predecessor investigations that investigated more sophisticated semantic and logic capabilities, which feed into OWL in the form of lessons learned.
The Semantic Web Dream: Information and Service Discovery
Given that XML has semantic limitations, one may next fairly ask, “Does it matter?”  That is, what is the real value of providing a global network of semantic data?  Here we examine the potential capabilities of such systems.   This section is intended to examine some “blue sky” possibilities that are currently being researched.
Semantic information systems are designed to solve important problems in information discovery and retrieval and knowledge management.  Such problems have been examined for many years in terms of federated databases, but one must now attempt to find solutions that scale globally.

We may break the Semantic Web information retrieval problem into the following levels, progressing from least to most sophisticated [4]:

1. Automated Information Discovery: this is essentially using ontological data models for sophisticated search technique.  For example, I may wish to search for all the HPC machines that have ABAQUS versions 6.0 or higher installed on them, limiting my search to machines where I have an account, and ranking the returned values by current machine load.  
2. Automated Service Execution: Going a step beyond information retrieval, I may want to use the gained information to execute some related service.  That is, after I find the available machines with my application, I should run the code on the highest ranked return (or book the cheapest flight, the nearest dinner destination, etc.) The leap here is that the retrieved information is trusted enough that an agent may take action on behalf of the user without direct human oversight.
3. Automated Service Composition: Finally, we may wish for our agent systems to execute multiple related tasks from the information we have provided.  Several individual tasks (run the code, move output to mass storage at another MSRC, email all my collaborators, leave a message on my voicemail) may be combined into an aggregate service.  Again, the leap is one of trust in the retrieved information.

Readers familiar with Web Services should see the obvious potential benefit that Semantic metadata could provide.  Web service descriptions of service interfaces (WSDL) and service invocations (SOAP) are well developed, but information services (UDDI, WSIL) have lagged because they do not provide machine-understandable classification systems of services.  

Finally, it is useful to contrast information retrieval with web search engines. In information retrieval, we are searching structured, marked up metadata about documents, resources, etc.  In contrast, the web search engine searches the actual “data” (web pages, pdf documents, etc.).  Search algorithms may be very effective at retrieving information for humans, but the algorithms do not directly encode any “understanding” of the meaning of the data.   
Resource Discovery Framework (RDF)
RDF [5,6] is the simplest of the semantic markup languages and actually began life independently of and at about the same time as XML.  RDF’s initial focus was providing a metadata scheme that could be used to describe Web resources, but it quickly became apparent the “Web resources” could be just about anything with a Web identity, not just material downloadable from the web.
RDF has two cornerstone concepts: 

· Everything (concepts, resources, people, etc) can be named by URIs.

· RDF entities can be built up out of properties and their associated property values.

To understand the first point, one should understand that a URI is really nothing more than a hierarchical naming system.  URLs are a specific subset of URIs that are associated with web content that can be downloaded using a Web protocol.  By using a URI naming convention, we can be very precise about which definition we mean when we refer to a certain concept.
The second point is directly related to the semantic nature of RDF.  RDF is meant to provide an expression language for encoding simple sentences such as the following:

The Web site http://www.gatewayportal.org has a creator named Marlon Pierce.  

In this sentence, http://www.gatewayportal.org is the subject and has the property (or predicate or verb) creator, which in turn has the value (or object) “Marlon Pierce.” This can be expressed in RDF in one of three equivalent mechanisms:

1. A simple graph model

2. A sentence triplet

3. XML

The graph model for the example sentence is extremely simple, consisting of two nodes for each noun and an arc (line) for the predicate.  Note however we have snuck in two additional concepts.  First, the arc corresponding to the predicate “creator” has a named URI.  Thus we (or an inspecting application) knows that the creator property refers to a specific definition—in this case, a definition supplied by the Dublin Core. [8]
The second addition we have made to our sentence is that the creator property value “Marlon Pierce” is made specific.  By providing a structured URI for the creator value, we have made specific which “Marlon Pierce” we mean.
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Figure 2 Simple RDF graph model
The graph model elements of the figure are the atomic pieces of RDF statements.  As we will describe in more detail in subsequent reports, the subject can be decorated with any number of properties, and these properties can be grouped in various ways (in bags, sequences, and alternatives).  
Also, we may add structure to the property nodes. The user node, for example, may have several properties associated with “Marlon Pierce,” such as personal web sites, email addresses, and so on.  If necessary, these named property values can be collected inside blank (anonymous) nodes that serve as placeholders.  That is, we may at times wish to collect named resources into a blank entity that does not itself have a URI.
As we mentioned above, RDF may be represented as triplets and in XML as well as through graphs.  RDF triplets are essentially just sentences consisting of URIs in the order of subject-predicate-object, and we will not examine this in detail.  More interestingly in the current discussion, we can also express RDF concepts in terms of XML.  Our simple sentence example can be written in XML as

<rdf:RDF xmlns:rdf=”http://www.w3c.org/1999/02/22-rdf-syntax-ns##”

     xmlns:dc=”http://purl.org/dc/elements/1.1”


     xmlns:cgl=”http://cgl.indiana.edu/people”>

<rdf:Description about=”http://www.gatewayportal.org”>


<dc:creator>



<cgl:staff>Marlon</cgl:staff>

</dc:creator>

</rdf:RDF>

Here we are using the standard XML concept of name spaces to identify where a tag comes from.  For example, <rdf:RDF> means that the tag <RDF> specifically is defined by a schema identified by the namespace abbreviation “rdf:”.  This is a standard XML concept.  

Why is this different from general XML, however?  The difference lies in the model concept.  I could just as easily model the information in the graph using a completely different XML organization.  Human readers may be able to infer the underlying semantic structure, but general purpose applications would not.  Given the above RDF fragment, one could develop a general purpose application that would be able to return the property name (creator) and value associated with the Web entity http://www.gatewayportal.org.  Thus we can use RDF to assign arbitrary, structured metadata to Web sites, or anything else.  
XML parsers, by contrast, would not be able to distinguish the semantic relationship between these two parts of the document.  One could easily write valid XML that reverses the container relationship (<staff> contains <creator>, for example), illustrating the danger of associating structure and semantic meaning.  In general, the structural equivalence of many different XML markups is at the heart of the semantic problem [3].
The Dublin Core

The reader should recognize also by now RDF’s dependency of metadata conventions for definitions.  In our examples, we have referred to one very important set of standards known as the Dublin Core (after the 1995 Dublin (Ohio) Metadata Workshop).  The Dublin Core defines a set of simple metadata elements (properties in RDF terms) for describing Web authoring information.  The following is a partial list of Dublin Core tag elements:
· Creator: the primary author of the content
· Date: date of creation or other important life cycle events
· Title: the name of the resource
· Subject: the resource topic
· Description: an account of the content
· Type: the genre of the content

· Language: the human language of the content.

And so on.  Readers interested in more information should refer to [7]. The Dublin Core actually predates RDF and can be expressed in other ways (such as HTML Meta tags) but it is a natural fit for RDF encoding.
RDF Schema (RDFS)
RDF Schema [6,8] represents a higher level of abstraction than RDF.  The RDF Schema (RDFS for short) provides mechanisms by which one can develop custom RDF vocabularies that are appropriate for a particular field.  RDFS itself is bootstrapped by using a set of predefined RDF resources and properties to describe class structures and relationships.

To understand RDFS, it should be noted that it loosely resembles an object oriented programming language.  RDFS allows specific resources to be described as instances of more general classes.  However, before describing RDFS in more detail, it will be useful to keep differences between it and true object-oriented programming languages in mind.  
First, RDFS properties are independent of the class to which they belong.  For instance, in our previous example of RDF, the website possessed a property called creator that was part of the Dublin Core specification.  This property is defined by a URI and is independent of the RDF class that contains it.   That is, all RDFS properties are globally scoped.  
Second, RDFS classes do not define interpretations.  That is, RDFS does not act like a scripting language that requires a specific interpretation of a specific property.  Instead, it is only intended to represent data models; RDFS-interpreting applications are not constrained to have the same behavior. 
With these differences in mind, let’s now look at RDFS class definitions.  RDFS classes are defined by the following tags:
1. rdfs:Class: Used to define any general object  (i.e. carnivore, motor vehicle)  
2. rdfs:Resource:  A general RDFS entity (class or property).  
3. rdf:type:  An RDF verb used in a class definition to indicate that an instance is in fact an RDFS type. 
4. rdfs:subClassOf: Denotes that the class is derived from a parent class (i.e. T. Rex, SUV). 
Note that the prefixes rdf: and rdfs: refer to the usual XML namespace labels for the RDF and RDFS specifications, respectively.  The first three terms in the list above work together to define a class in the usual RDF subject-verb-object sentence structure.   That is, I may specify the following: 

rdfs:Resource T.Rex has an rdf:type with the property value rdfs:Class.  
I could write this in the following (abbreviated) XML nugget: 

<rdf:RDF [xmlns definitions omitted] >


<rdf:Description rdf:ID=”Carnivore”>



<rdf:type rdf:resource=”http://www.w3c.org/2000/01/rdf-schema#Class/”>


</rdf:Description>

</rdf:RDF>   

The above just means that we have an RDF resource with the ID of “Carnivore” that is in fact an RDFS class.  We can now provide this class with various properties, such as “eats meat”, “is extinct”, and “is an animal”.  This last property indicates the use of the fourth tag from our list, subClassOf.  Consider the following brief description: 
<rdf:RDF>


<rdf:Description rdf:ID=”Carnivore”>



<rdf:type rdf:resource=”http://www.w3c.org/2000/01/rdf-schema#Class/”>


</rdf:Description>


<rdf:Description rdf:ID=”ExtinctAnimals”>



<rdf:type rdf:resource=”http://www.w3c.org/2000/01/rdf-schema#Class/”>


</rdf:Description>


<rdf:Description rdf:ID=”T.Rex”>



<rdf:type rdf:resource=”http://www.w3c.org/2000/01/rdf-schema#Class/”>



<rdfs:subClassOf rdf:resource=”#Carnivore”/>



<rdfs:subClassOf rdf:resource=”#ExtinctAnimals”/>


</rdf:Description>

</rdf:RDF>   

Here we have defined three classes (carnivore, ExtinctAnimals, and T.Rex).  The first two classes are independent, but the third (T. Rex) extends and inherits properties from the first two.  

First and foremost, we should realize that RDF supports multiple inheritance of concepts: a Class may be derived from several classes.  Also, we should realize that XML is only providing the syntax of the above statement.  As far as XML is concerned, the tags have no meaning and must simply appear in a particular tree-structured way (and it is a somewhat flat tree).  RDF and RDFS provide the semantic meaning.  More precisely, we may say that RDF and RDFS provide the conventions for expressing some semantic relationships. 
The above definitions define entire classes.  We can also express specific instances of classes in RDF/RDFS.  The name space definitions have been eliminated for brevity.
<rdf:RDF xmlns=”…”>


<rdf:Description rdf:ID=”Sue”>



<rdf:type rdf:resource=”http://my.example/animals/carnivores#TRex”>



<ex:in_museum rdf:resource=”http://my.example/places/museums/”>




Chicago Field Museum



</ex:in_museum>



<ex:remain_types rdf:resource=”http://my.example/remains/types”>




Complete



</ex:remain_types>


</rdf:Description>

</rdf:RDF>

The rdf:resource values are for fictional URIs.  There only purpose is to provide unambiguous names of properties.  We have used RDF here to describe a specific instance of a T. Rex (named Sue) and have provided also a property (“in_museum”) from a fictional tag namespace.  Likewise the property “remain_types” has a value “Complete”.  We actually would be well advised here to replace the simple string literal “Complete” with URI definition.
One can easily see at this point that RDF and RDFS tags are useful for expressing taxonomies and inherited relationships, and that these relationships are not expressed directly in the structure of the document.  This is different from an XML approach, which might attempt to express these relationships in nested tag structures.  The problem with this approach is multiple inheritance: XML tree structures don’t provide a straightforward way to express these relationships.  
Finally, we can also see from the above examples that we can make inferences about classes and instances.  From our example, for instance, we can work backward from the RDF nugget to infer that Sue is an extinct carnivore.  However, not all inferences can be made in RDF/RDFS.  In particular, we have no standard way in RDF for expressing “is not” relationships and exclusions.  For example, RDF/RDFS provides no standard definitions for directly expressing that Sue is not an herbivore and is not alive.  Humans infer these since we know the meanings of the words “carnivore” and “extinct” but RDF does not provide the logic.
Enhancements to these expressive capabilities are provided by DAML, OIL and OWL, described next.
DAML, OIL, and DAML+OIL
RDF and RDFS represent a first start in producing semantic markups.  More importantly, they define a framework which we may use to supplement the basic definitions with additional capabilities.  As we briefly discussed above and also in this section, RDF and RDFS have some limitations in their actual capabilities, but provide a way for other groups to fill in the gaps.  Two important past efforts to do this are DAML [9, 10, 11] and OIL [12,13], as well as their combined efforts, DAML+OIL.

The DARPA Agent Markup Language, or DAML, is a project funded by the Defense Advanced Research Projects Agency to build on and enhance the capabilities of RDF.  The Ontology Inference Language (OIL) is funded by the European Union IST Programme for Information Society Technologies.   The OWL Working Group of the W3C (described below) seems to be superceding this efforts. 

Let’s now look more carefully at the limitations of RDF/RDFS to see why extensions are needed:
1. There is no way to express specific data types.  All data types are treated as strings by RDF/RDFS.  DAML+OIL provides ways to define other data types, such as integers, etc.

2. RDF/RDFS has no way of expressing equivalence between properties.  One can see the importance of this in our previous examples: all properties come from other namespaces outside of RDF.  One may imagine a hypothetical “Belfast Core” with many overlapping definitions with the Dublin Core, but developed by a separate group.  We would like a way to express the equivalence of these definitions.

3. We also need the capability of expressing uniqueness of properties.  This means that a particular property value must have only one value in a particular class instance.  For example, Sue’s remains can only be in the Chicago Field Museum because she is a complete skeleton: only one museum tag should be allowed for complete museum displays.
4. RDF/RDFS enumerations aren’t closed.  An enumeration for the values for the days of the week, for example, should have seven and only seven values.  RDF/RDFS can express the seven values but cannot express that this is a closed set.

5. RDF/RDFS cannot express disjointedness.  For example, a T. Rex is an extinct carnivore (which we may express in RDF/RDFS) but we have no way of saying a T. Rex is NOT an herbivore and NOT a currently living species.  Such relationships are useful for building inference agents—one may imagine the query “Return to me a list of all the carnivores that I need to worry about on my camping trip in South Dakota.” One does not need to worry about T. Rexes and Smilodons.  
6. Conversely, we need also to be able to express unions and intersections of particular classes.  This allows us to create classes that are composed of (rather than derived from) other classes.  Note this also gives us the ability to express “if and only if” relationships out of the union/intersection class.   Note that unions are used to couple to non-overlapping classes: the class “four-wheeled vehicles” might be the union of the classes “cars” and “trucks”.  Intersections, on the other hand, obviously depend on overlap: a car might be described as the intersection of the classes “four-wheeled vehicles” and “vehicles powered by internal combustion engines”.     
DAML+OIL furthermore allow other relationships (inverse and transitive) to be directly expressed.  DAML also has mechanism for expressing restrictions: one may require that a particular class derives from a parent class only when the parent has a particular value. For example, the class “T. Rex” might be derived from the superclass “Extinct Animals” but only with the restriction that the property “Eats Meat” has a true value.  
The above is intended to be a summary of the general properties of DAML+OIL.  For brevity we won’t provide examples of each here, but we provide the following sample to show what it all looks like.  We will in particular illustrate how to express disjointedness.
<rdf:RDF [xmlns values omitted] >


<daml:Ontology rdf:about=””>



<rdfs:comment>Simple DAML+OIL example



<daml:imports rdf:resource=”http://www.w3c.org/2001/10/daml+oil”/>


</daml:Ontology>


<daml:Class rdf:ID=”Carnivore”>



<rdfs:Comment>Can insert various carnivorous properties</rdfs:Comment>


</daml:Class>


<daml:Class rdf:ID=”Herbivore”>



<rdfs:Comment>Can insert various herbivorous properties</rdfs:Comment>


</daml:Class>


<daml:Class rdf:ID=”T.Rex”>



<rdfs:subClassOf rdf:resource=”#Carnivore”/>



<daml:disjointUnionWith rdf:resource=”#Herbivore”/>


</daml:Class>

</rdf:RDF>

The above is a snippet of DAML-enhanced RDF.  We should first note that the DAML class begins with some conventional header information denoted by the Ontology tag.  Next, the DAML Class tag replaces the more cumbersome RDFS triplet method of expressing classes (“An RDFS class is a description of a particular type”).  However, we have retained several other RDF tags and attributes (such as subClassOf , Comment, and resource).  Finally, we have shown how disjointedness is expressed in subclasses: the class T. Rex is a subclass of the class “Carnivore” but is also expressly stated as NOT a subclass of “Herbivore”.  This is accomplished with the DAML tag “disjointUnionWith”.  
OWL: Web Ontology Language

The OWL Web Ontology Language [14,15] is intended to be World Wide Web Consortium standard for expressing ontological information.  It is an extension (and a politically neutral form) of DAML+OIL, and inherits all of the important extensions to RDF/RDFS that these earlier efforts provided.
OWL is divided into three sublanguages that support different levels of sophistication and ease of use.

1. OWL Lite:  A lightweight specification which should be suitable for tool support. 
2. OWL DL: Includes all OWL language constructions, but provides some restrictions on their use.  The DL stands for “description logics”.  OWL DL ontologies are guaranteed to possess certain properties; namely, that all conclusions are guaranteed to be computed and these computations will take a finite length of time.  Effectively, OWL DL is the most complete form of OWL that can still support tools.
3. OWL Full: Includes all language constructs but with none of the restrictions of OWL DL that guarantee computability of reasoning/inference engines.   
Each of these sublanguages builds upon RDF/RDFS and each other.  That is, OWL Lite is a subset of OWL DL, which in turn is a subset of OWL Full.  

OWL Lite provides many of the facilities of DAML+OIL that we saw earlier.  That is, in addition to RDF/RDFS tags, it also allows us to express equivalence, identity, difference, inverseness, and transivity.  The hallmark that separate it from OWL DL and OWL Full is limited cardinality.

OWL Lite limits cardinality values to 0 or 1.  More precisely, statements about cardinality restrictions can have values of 0 or 1.  In OWL Lite one can use the properties “minCardinality” and “maxCardinality” but can only provide the values of 0 or 1.  For example, we can assign a minCardinality value and maxCardinality value of 1 to the property “Social Security Number” of the class “US Tax Payer” since this property should occur only once.  We would also give the value of 1 to minCardinality for the property “Parent” for this same “US Tax Payer” class, and we would not make use of maxCardinality at all.  In OWL DL and OWL Full, of course, we could express the value of maximum cardinality as 2.
Semantic Web Realities

The Semantic Web needs to be understood as a large, diverse, somewhat directed research effort rather than specific specifications for Internet engineering, in contrast to, for example, many Web Services specifications.  The reader therefore should not expect products and support for Semantic Web tools on the order that would might expect from Microsoft’s .NET or IBM’s Websphere developers suite. Overviews and capabilities of tools will be addressed in a subsequent report.
Glossary

1. Ontology: A collection of formal definitions of terms and with explicitly defined relationships. An ontology is a data model that includes meaningful relationships.

2. Semantic: Of or relating to meaning.

3. Syntax: Grammatical rules for constructing expressions. 
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