
Chapter 8

Conclusion

This chapter serves two purposes. Firstly, a conclusion of the whole thesis is given,

summarizing the main contributions and secondly, a discussion on future work direc-

tions is also presented.

8.1 Main Contributions of the Thesis

Ontology languages form the foundation of the Semantic Web and they are of utter

importance to the upper-layer technologies in the Semantic Web, such as Web services,

trust modeling, etc.

As the Semantic Web is envisioned as a ubiquitous network for humans as well as

machines, software agents can cooperate and aggregate Web resources from different

sites to carry out complex tasks autonomously. Hence, automation of core reasoning

tasks performed by agents is very important. It is for this reason ontology languages

such as DAML+OIL and OWL are designed to be decidable.
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Decidability is achieved by limiting the expressivity of ontology languages.

Being based on description logics, a subset of first-order predicate logic, DAML+OIL

and OWL statements can only express properties with a limited degree of complexity.

Many desirable properties cannot be represented in these languages. Such a challenge

is often faced by Semantic Web developers as it is often the case that complex prop-

erties capture vital information pertaining to the validity of the ontology are too

complex to be modeled in DAML+OL or OWL, even in its most expressive species

OWL Full.

The newly proposed rules extension to OWL, the SWRL, partially solves the problem

by incorporating Horn-style clauses into OWL.

Being able to represent the complex properties is only the first step. The ability to

reason about ontologies and associated complex properties efficiently is at least as

important. However, as SWRL is undecidable, there is unlikely that a proof tool can

support all reasoning tasks for SWRL ontologies.

This thesis presents my research works in answering some of these challenges. The

five main contributions of this thesis can be summarized as follows.

• We identified the expressivity limitation of ontology languages and defined a Z

semantics (in Chapter 3) for the ontology languages DAML+OIL and OWL,

making it possible to use software engineering proof tools such as Z/EVES to

perform complex reasoning tasks on Semantic Web ontologies. We have shown

that properties crucial to the validity of an ontology can be checked by Z/EVES.

Some of these properties are inexpressible in ontology languages, even in SWRL.

• Based on the above work, we proposed a combined approach in Chapter 4,

exploiting the complementary power of software engineering proof tools such

as Z/EVES and Alloy Analyzer and Semantic Web reasoning engines such as
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RACER and FaCT++. The application of these tools in combination can verify

the correctness of DAML+OIL/RDF ontologies and debug inconsistent ontolo-

gies more effectively.

RACER and other Semantic Web reasoning engines are fully automated. Given

an ontology, these reasoners can judge whether it is consistent without user in-

teraction. However, as stated previously, the automation is based on the fact

that the expressivity of ontology languages is limited. Hence, complex proper-

ties inexpressible in these languages are certainly un-checkable by these tools.

Moreover, these description logics-based tools can only detect that there is an

inconsistency in the ontology, they cannot tell where and how this is caused,

making debugging large ontologies very hard.

Alloy Analyzer is an automated constraint solver with the ability of finding

the source of the error if there is one. This ability is achieved by giving a

finite scope to each Alloy specification to be solved by Alloy Analyzer. This fits

naturally with Semantic Web reasoning engines as Alloy Analyzer can be used

like a surgery tool to precisely locate the source of the inconsistencies found by

Semantic Web reasoning engines.

Theorem provers such as Z/EVES are very powerful and they can prove com-

plex properties that ontology languages and Alloy cannot represent. Hence, Z

language is used to represent complex properties about ontologies and Z/EVES

is used to perform a final proof of such complex properties interactively.

The above combined approach has been successfully applied to a military plan-

ning ontologies case study, where one ontological inconsistency was discovered

and located and a number of errors undetected by RACER and Alloy Analyzer

were found by Z/EVES.

• The applicability of the above combined approach largely relies on the soundness

of the Z/Alloy semantics for DAML+OIL and OWL DL. Hence, it is impor-
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tant to formally prove the soundness of these semantics. As OWL is based on

DAML+OIL and it has been recommended as the ontology language, we have

developed a Z semantics for OWL DL, a sub language of OWL that is most

comparable with DAML+OIL.

As ontology languages and Z are based on different logical systems, a more

abstract device that is able to represent and inter-relate different logical sys-

tems is needed to formally investigate their relationship. Institutions were intro-

duced to formalize the notion of logical systems. Institution morphisms provide

means of translating signatures of different institutions while preserving truth.

Hence, institutions and institution morphisms are natural candidates to prove

the soundness of Z semantics for OWL DL (hence DAML+OIL). In Chapter 5,

we have defined institutions O (for OWL DL) and Z (for Z) and used institution

comorphisms to prove the soundness of the above semantics.

• To ease the application of the combined approach, we have developed a tools

environment, the SESeW. Chapter 6 presented this environment in detail.

SESeW implements the ontology development methodology, the Methontology [29]

to systematically create an ontology. Given a number of terms in a particular

domain, a user can create an OWL ontology by following some simple steps to

designate terms to OWL classes, properties and individuals and relate them.

With an ontology, SESeW can perform a number of tasks. Firstly, a user can

transform it into specifications in various formal languages such as Alloy, Z and

PVS [79] fully automatically. Secondly, a user can query the ontology by issuing

RDQL [86] queries in the friendly interface provided by SESeW. A number of

query templates in the military domain have been created for non-expert users.

These templates simplifies the querying process by hiding non-necessary techni-

cal details.

Moreover, SESeW serves as a point of contact to the various external editing
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and reasoning tools such as OilEd, RACER, Alloy Analyzer and Z/EVES. It

can also invoke functionalities of RACER directly to check the consistency of a

given DAML+OIL or OWL ontology.

• In the development of the Semantic Web, a services ontology, the OWL Services

(OWL-S), has been developed to add semantic information to the Web services.

This is one step closer to realize the full potential of the Web.

This thesis presented an approach to visualize and simulate Semantic Web ser-

vices (OWL-S) [95] ontologies using Live Sequence Charts (LSCs) [18] and Play-

Engine [38].

The OWL-S ontology was developed to complement Web Services standards

such WSDL [14] to semantically markup the capabilities, requirements, control

constructs, inputs/outputs, preconditions and effects of Web services.

As OWL-S ontologies capture dynamic aspects of Web services, the core reason-

ing services, namely subsumption, consistency and instantiation, are no longer

adequate to ensure their correctness.

In Chapter 7, we translate OWL-S process models to Live Sequence Charts

and use Play-Engine to visualize and simulate them. By “playing out” the

charts, potential undesired scenarios can be detected early, without actually

implementing the services.

In summary, our research in this thesis attempts to answer some of the challenges

in the realization of the Semantic Web vision by representing and proving complex

ontology-related properties using a combination of software engineering and Semantic

Web techniques synergistically. It also opens up a new application domain for software

engineering languages and tools.
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8.2 Future Work Directions

Based on the works in this thesis, there are a number of directions of future research

that may be beneficial to the Semantic Web community. In this section, some of these

possible research works are briefly discussed.

8.2.1 Further Development of SESeW

As presented in Chapter 6, the SESeW tools environment is developed to ease the

application of the combined approach. Still in a prototype stage, there is room for

improvement. Based on the feedback from users, we will further improve it in the

following aspects:

Support of up-to-date RDF query engine Recently, a more sophisticated query

RDF language, the SPARQL [81] has been developed to replace RDQL. How

SESeW can support this query language is also a future research work.

Support of rules extension of OWL As we mentioned in the overview in Chap-

ter 2, SWRL [48] has been accepted by the W3C as a member submission. It

is layered on top of OWL to improve the expressivity of the Semantic Web lan-

guages. It is very likely for SWRL to be officially integrated into the Semantic

Web. Hence, it is necessary to keep SESeW updated with the technology trend.

The Z semantics for SWRL has been developed in Chapter 4. The Alloy and PVS

semantics for SWRL can be similarly defined. By incorporating transformation

procedures into SESeW, SWRL ontologies can be checked using software engi-

neering tools such as Z/EVES, Alloy Analyzer and the PVS theorem prover [78].

With the support of SWRL, we can look into SWRL FOL [9], an extension

of SWRL towards full first-order logic. With SWRL FOL, being a part of the
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combined approach and SESeW, expressive power of Z and Alloy can be tapped

by translating Z theorems and/or Alloy assertions and facts into SWRL FOL

ontologies. By doing so, software engineering practitioners can work with on-

tologies with greater ease.

Tighter integration with external tools Some of the external reasoners used in

the combined approach such as Alloy Analyzer and RACER provide Java-based

APIs, which can be used to make direct function calls from within SESeW, e.g.,

calling reasoning functions from SESeW directly without invoking the GUI of

RACER to determine the consistency a given ontology.

This improvement has already been experimented where from SESeW, we can al-

ready invoke RACER’s methods to check the consistency of a given DAML+OIL/OWL

ontology.

More flexible support for ontology query Currently SESeW supports ontology

query with built-in query templates particularly geared towards the military

plan ontologies. It is our development plan that users are able to create, modify

and delete query templates in a future version.

8.2.2 Verification of Web Ontologies – Beyond Static Data

Semantically marked-up data on the Web alone cannot fulfill the full potential of the

Semantic Web. These data must be machine-interpretable and machine-processable.

Web Services, enable users to effect changes in the world. Built on top of OWL, the

OWL Services ontology OWL-S [95] provides semantic markup for low-level service

description languages. Looking into the issue on how software engineering techniques

and tools can benefit SW Services is another promising future research direction.

Chapter 7 presented our research of using Live Sequence Charts and Play-Engine to
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model, visualize and simulate OWL-S process models. With no open XML textual

representation of LSCs, the transformation from OWL-S to LSC is a manual process.

Model checking techniques [15] may prove to be applicable in this domain. Berghofer

and Nipkow [75] have recently developed a tool for Isabelle/HOL [76] that supports

random testing of specifications, which may be useful in specifying and verifying

Web services ontologies. The Communicating Sequential Processes (CSP) [42] is a

well-known event-based formal notation primarily aimed at describing the sequencing

of behavior within a process and the synchronization of behavior between different

processes. FDR (Failures-Divergence Refinement) [83] is a CSP model checker that

verifies CSP models automatically. It also provides a graphical interface for deter-

mining the source of errors by analyzing the trace of events that led up to the error.

Other model checkers such as SPIN [43] may also be used.

Symbolic Analysis Laboratory (SAL) [6] is a framework for combining different tools

for abstraction, program analysis, theorem proving and model checking. towards the

symbolic analysis of concurrent systems expressed as transition systems.

SAL defines a a common intermediate language to describe transition systems. This

intermediate language serves as a common medium from which various analysis tools

such as the PVS theorem prover and SMV [70] model checker can be invoked by

translating the intermediate language to the specific language used by these tools.

We believe that SAL can be a candidate environment for reasoning Web service

ontologies. Besides theorem proving and model checking, SAL specifications can

also be translated to Java code for animation purposes. By developing translators

to translate Web service ontologies to the SAL common intermediate language, the

above reasoning services can all be readily deployed.
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8.2.3 Augmenting the Semantic Web with Belief

As the Web is a constantly evolving and totally distributed environment, software

agents may from time to time face incomplete, incoherent or incomplete data. This is

especially the case when the agent needs to aggregate data developed or maintained

by different sites. It will be valuable for agents in these situations to associate belief

with Web resources.

Currently, all ontology languages in the Semantic Web stack, such as RDF Schema,

OWL and SWRL, are based on crisp logics, in which all statements are interpreted to

be either true or false. Hence, the lack of the ability of associating confidence factors

with ontology statements is another prominent expressivity limitation of the current

ontology languages.

We believe that by extending ontology languages to allow fuzzy or belief-based inter-

pretations of statements will help to resolve the above problem. Belief Augmented

Frames (BAF) [93] is an extension to the Minsky knowledge representation sys-

tems [72]. In BAF, concepts are represented by frames and relations between concepts

are represented by slots. We associate a pair of values representing belief/disbelief val-

ues with each frame and slot. BAF-logic defines how the two values are calculated and

combined to give the confidence factor of a certain frame/slot. The belief/disbelief

values are obtained independent from each other, allowing for greater flexibility in

modeling ignorance and confidence.

The other future research direction that is worth to pursuit is to integrate BAF with

OWL and RDF to incorporate belief factors into the Semantic Web stack.
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[35] V. Haarslev and R. Möller. Practical Reasoning in Racer with a Concrete

Domain for Linear Inequations. In I. Horrocks and S. Tessaris, editors, Proceed-

ings of the International Workshop on Description Logics (DL-2002), Toulouse,

France, Apr. 2002. CEUR-WS.
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