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Abstract: The objective of this paper is threefold. First, we provide OntoObject-Z with meta-
schemas that serve as a means to assist in structuring large ontologies ([Figueiredo, 18], [Shimizu,
23]) that support the specification of complex problem domains such as computer networks and
their communication protocols. These meta-schemas enable OntoObject-Z, an ontology
language, to enhance the human interpretability of large ontologies. This results in high-level,
well-structured, modular specifications for real-scale problem domains, since OntoObject-Z still
supports machine interpretability through its refinement method [Bettaz, 23]. Next, we use a case
study on local area networks (LANs) to demonstrate the effectiveness of our approach. Finally,
we implement the resulting ontology in a human readable syntax of the resource description
framework (RDF). To this end, we use an approach to conceptualize the various constructs of
OntoObject-Z in RDF, a fundamental component of the web ontology language (OWL). Our
ontology can thus be used as a knowledge-based system that can be queried and used for
reasoning.
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1 Introduction

Specifications of large ontologies describing complex domains such as computer
networks and their communication protocols ([Kurose, 21], [Peterson, 21], [Odom, 17],
[Kambhampati, 24], [Kumari, 24], [Nadeau, 13]) are often difficult to read and
understand. In this contribution, we propose a novel approach based on OntoObject-Z
aimed at enhancing the human interpretability of such specifications. As in [Figueiredo,
18] and [Shimizu, 23] our approach adopts a well-structured and modular approach.
OntoObject-Z is an ontological language based on Object-Z, an object-oriented
modelling language extending the Z notation [Derrick, 14]. The basic ingredients of
OntoObject-Z were informally introduced in [Bettaz2, 23]. It borrows from OntoUML
[Guizzardi, 08], a profile of UML, where the stereotypes are defined by the Unified
Foundational Ontology (UFO). UFO draws upon philosophy, mathematical logic, and
cognitive science. Stereotypes, inscribed between "<<" and "">", are linked to these
domains. They serve to clarify the semantics of types and their relationships. Classes
are (stereo)typed by sortals or non-sortals. Sortals and non-sortals can be rigid or anti-
rigid. Examples of rigid sortals: (<<Kind>>, <<Subkind>>, <<Relator>>, etc.).
Examples of anti-rigid sortals: (<<Phase>> and <<Role>>). Example of a rigid non-
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sortal: (<<Category>>). Examples of anti-rigid non-sortals: (<<PhaseMixin>>) and
<<RoleMixin>>). “Mixin” is another stereotype. It generalizes a rigid type and an anti-
rigid type. As in OntoUML, these stereotypes (and many others not mentioned here)
significantly modify the semantics of Object-Z, in the same way that OntoUML does
for UML. For more details on these and other stereotypes, cf. for example, [Guizzardi,
08] and [Guizzardi, 22], where the concepts of rigidity and anti-rigidity are formalized
in modal logic.

As with OntoUML, stereotypes provide a modification to the semantics of Object-
Z, which aims, among other things, to improve the completeness and consistency of
models. A formal definition of OntoObject-Z is given in [Bettaz, 24], that is useful
mainly for small, "flat" specifications. A simple example demonstrating the
implementation of an OntoUML specification of a virtual local area network (VLAN)
fragment in OntoObject-Z is given for illustration. In this contribution, we propose a
set of OntoObject-Z meta-schemas governing the design of ontologies for complex
real-scale systems such as computer networks and their communication protocols. The
effectiveness of such a proposal is demonstrated by its application to a set of LAN
fragments previously specified in OntoUML [Bettaz, 24]. In this contribution,
OntoObject-Z is exclusively used. The resulting OntoObject-Z ontology is
implemented in a human readable syntax of RDF. To this end, we present an approach
showing how to conceptualize various OntoObject-Z constructs (i.e., classes, reference
attributes, and predicates) into RDF semantic triples. In this work, the acronym OWL
is used to refer not only to the web ontology language [W3Cl1, 25], but also to the
underlying languages RDF [W3C2, 25] and RDFS (Resource Description Framework
Schema) [W3C3, 25]. The OWL ontology resulting from the transformation of our
OntoObject-Z ontology offers the interested user a knowledge-based system that is
query-able and usable for reasoning. The correctness of the semantic triples constituting
this ontology is tested on a SPARQL (Fuseki) server. Examples illustrating the
implementation are presented in Section 9.

Briefly, ontologies in computer science and information technology are defined as
“an ontology is a formal description of knowledge as a set of concepts within a domain
and the relationships that hold between them.” [Yankulov, 25]. In OntoObject-Z,
concepts are materialized by OntoObject-Z classes and relationships by reference
attributes. Constraints are defined by OntoObject-Z predicates, which are first-order
logic expressions. As in OntoUML, OntoObject-Z classes and relationships are
"decorated" with UFO. To read this article, it is not necessary to read neither about
UFO nor about OntoUML. The practical use of the various artifacts provided by these
frameworks is explained in the case study presented in Sections 6, 7, and 8.

The objective of this article is threefold. First, we provide OntoObject-Z with meta-
schemas that serve as a means to assist in structuring large ontologies that support the
specification of complex problem domains such as computer networks and their
communication protocols. We then use a case study on LANs to demonstrate the
effectiveness of our OntoObject-Z meta-schemas. Finally, we implement the ontology
resulting from this case study in a human readable syntax of RDF (Turtle). To this end,
we use an approach aimed at conceptualizing the various OntoObject-Z constructs in
RDF/RDEFS. Our ontology can thus be used as a knowledge-based system, that is query-
able and usable for reasoning.

The remainder of this article is structured as follows: Section 2 presents related
work. Section 3 presents our research hypothesis and explains the method and approach
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used to conduct our research. Section 4 focuses on OntoObject-Z meta-schemas that
serve as a means to assist in structuring the specification of large ontologies describing
real-scale systems and applications. Section 5 explains how ontologies for real-scale
systems and applications are structured into OntoObject-Z modules and serve as a
prelude for the case study. Sections 6, 7, and 8 present our case study. Section 9 is
devoted to the implementation of the OntoObject-Z ontology in Turtle. The results
obtained are presented and discussed in Section 10. Concluding remarks are then
presented.

2 Related Work

Work on the use of OntoUML-based ontologies has been conducted in various fields
(cf., for example, [Rybola, 16], [Rybola2, 16], [Guizzardi, 25]). In [Figueiredo, 18], the
authors address the management of conceptual model complexity by “following the
work on model modularization” and “present a view extraction approach for the
ontology-based conceptual modelling language OntoUML.” In this paper, we also
follow the idea of model modularization, but adopt the notion of OntoObject-Z modules
designed according to OntoObject-Z meta-schemas. Behind both ideas lies the idea of
abstraction. In [Shimizu, 23], the authors use a “modular ontology modelling
methodology,” based on “ontology design patterns.” Our OntoObject-Z meta-schemas
act as design patterns, in some sense. Regarding the problem domain, no work (to our
knowledge) using OntoUML has addressed computer networks or their protocols.

Works using ontologies for the specification of computer networks in general are
presented in [Alipio, 07], [De Paola, 03], [Murugan, 13], [Bui, 19], [Corcho 21],
[Bettaz2, 23], [Bettaz, 23], [Bettaz, 24], [Bettaz, 25].

Alipio’s contribution (cf. [Alipio, 07]) proposes an ontology for (ISP) network
services mainly those specified by service level agreements (SLAs). The work
addresses SLAs' service level sections' key components and differentiated services
(DiffServ) to group traffic into different classes of quality of service (QoS). In our work
we address mainly LANSs, their types, components, interconnection, and associated
protocols.

The work in [De Paola, 03] addresses ontologies for network management systems
("network entities and protocols"). Ontological concepts are represented by graph
nodes (ellipses) and relationships by lines with arrows. The authors use OWL to
“formalize” and represent the knowledge. In a previous work (cf. [Bettaz, 23]) we
proposed an ontology for network management systems and their protocols. The
ontology was represented in OntoUML, a profile of UML. Classes and relationships
are stereotyped by stereotypes from UFO (cf. [Guizzardi, 08] and [Guizzardi, 22] for
instance). The ontology we present in this article is specified in a descriptive language
adapted primarily to the LAN problem domain.

Murgan’s contribution (cf. [Murugan, 13]) focuses on the computer network
domain in general. The proposed ontology is organized around general views. Given
the ontological concepts used, it is not obvious a priori to identify all the relationships
between these concepts and even less obvious to comment on their relevance.
Ontological concepts are represented by boxes and relationships by lines with arrows.
The ontology is implemented in OWL and aims to the enrichment of domain
knowledge. In our work we also aim to the enrichment of the domain knowledge,
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however we focus on a specific problem domain (LANs), where RDF is used as an
implementation technology.

Bui’s contribution (cf. [Bui, 19]) consists mainly in a web-based application to edit
ontologies. It focuses mainly on the design and implementation of a graphical user
interface aiming at browsing existing data models and creating new ones. One of the
objectives of the contribution is to improve the interoperability and compatibility in IoT
systems. In this regard, let us mention that the work in [Bettaz2, 24], which proposes
an ontological-based framework intended to help CIM (computation independent
model) experts in their preliminary analysis of IoT applications, addresses the
interoperability between different ontological modeling languages.

The document [Corcho 21] is devoted to an "Ontology for the representation of the
network-related parts of a DevOps infrastructure". It starts by defining the URIs, then
it defines ontological concepts as concrete classes (DNS Domain, IP Network, 1P
Address, Network Segment, etc.). Relationships are defined in the form of object
properties and data properties. Most of the ontology ingredients are formulated in term
of implementation details. In our contribution we focus on key ontological concepts
and relationships, abstracting from implementation details. We use a descriptive
language adapted primarily to problem domain with application to LANS.

The work in [Bettaz2, 23] introduces informally the fundamental ideas underlying
the language design. The contribution in [Bettaz, 23] demonstrates the usefulness of
OntoObject-Z by applying it to a simplified version of the simple network management
protocol (SNMP). The contribution in [Bettaz, 24] provided a formal definition of
OntoObject-Z, using an OntoUML metamodel to specify the abstract syntax of
OntoObject-Z and a set of EBNF-like rules to specify the syntax of OntoObject-Z
specifications. The work in [Bettaz, 24] also shows how to implement an ontology
fragment specified in OntoUML using OntoObject-Z. The work in [Bettaz, 25] shows
how to use a combination of OntoUML and BPMN to specify the structures and
behaviours of dynamic routing protocols. It also shows how to implement the
underlying knowledge-based system in Turtle. In all previous work, the state-of-the-art
of OntoObject-Z only allowed building “flat” specifications, which were non-modular
and non-scalable. The current work mainly builds on the results presented in [Bettaz,
24]. The added value is to provide OntoObject-Z with meta-schemas that assist in
structuring specifications of large ontologies representing real-scale applications and
systems. The other added value is the construction of an ontology entirely in
OntoObject-Z. Moreover, the current work proposes an approach showing how to
implement OntoObject-Z classes, reference attributes (capturing relationships between
classes) and OntoObject-Z predicates in Turtle, providing the user with a knowledge-
based system, query-able and usable for reasoning, allowing to derive new semantic
triples from existing ones.

3 Research Hypothesis and Method

The literature reviewed (cf. Related Work section) shows that computer network
ontologies are generally presented in an unstructured manner. Most of the ontological
concepts and relationships are formulated intuitively, focusing sometimes on
implementation details. Our OntoObject-Z ontologies are structured into modules and
expressed in a descriptive language adapted primarily to problem domains. Our
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research hypothesis can therefore be formulated as follows: while some research works
use prescriptive notations, often focused on implementation details, to describe
computer network ontologies, we use a descriptive language adapted primarily to
problem domains. Abstracting from implementation details, allows to structure large-
scale specifications suitable for real-world ontologies.

In this work, we use a qualitative research method [Hékansson, 25], a formal
descriptive language and a case study to achieve the objectives of this research work.
More concretely, the qualitative method is used to define the meta-schemas that are
expressed in the form of “generic” OntoObject-Z classes. These meta-schemas serve as
a means to assist in structuring large ontologies suitable for the specification of real-
scale systems and applications. The effectiveness of these meta-schemas is
demonstrated by their application to a relatively complex and irregular domain: LANS.
A qualitative approach is also used for the analysis of OntoObject-Z meta-schemas and
the conceptualization of their various constructs in RDF/RDFS. The implementation in
Turtle is therefore straightforward.

4 OntoObject-Z Meta-schemas

Our OntoObject-Z meta-schemas are in the form of “generic” OntoObject-Z classes.
They serve as a means to structure large-scale specifications suitable for real-world
ontologies. The meta-schema presented in Definition 1is the very basic one. It expresses
the fact that each class declaration should be preceded by a UFO stereotype. Classes
with the same stereotype have the same “semantics”. This way we distinguish between
sortals and non-sortals (cf. for instance [Guizzardi, 08], [Guizzardi, 22]). Both sortals
and non-sortals can be rigid, anti-rigid and semi-rigid. Sortals are concrete classes,
while non-sortals are abstract classes in the sense of object-oriented programming. Such
distinctions prevent for instance from using the inheritance in an undesirable way as in
UML and some programming languages ([Frank, 00]).

Definition 1: Meta-schema 1

Let C be class name and S(C) its class stereotype name. To express the fact that C is
stereotyped by S(C) we use the notation defined by the OntoObject-Z meta-schema
depicted in Figure 1.

<< S(C)>>C

< basic attributes’ declaration >
< reference attributes’ declaration >

; ; .
< predicates’ declaration >

Figure 1: Meta-schema for the declaration of stereotyped classes

In OntoObject-Z, classes and their reference attributes (which describe the relationships
between classes) are stereotyped. The meta-schema presented in definition 2 primarily
illustrates how to declare an attribute of a stereotyped class Cx that references a
stereotyped class Cy.
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Definition 2: Meta-schema 2

Let Cx be a class name with S(Cx) its class stereotype name, B a basic attribute name,
R a reference attribute name with S(R) its reference attribute stereotype name, and Cy
a class referenced by R. To declare that B is a basic attribute and R a reference attribute
of the class Cx, we use the notation defined by the meta-schema depicted in Figure 2,
where PT is a primitive type defining the type of B and P Cy is the powerset of Cy
defining the type of R.

_ << S(Cx) >> Cx

B:PT
<< S(R)>>R:PCy

< Declaration of reference attribute multiplicity >
< Declaration of links' constraints >

Figure 2: Meta-schema for the declaration of basic and reference attributes

Definition 3 illustrates the declaration of hierarchical inheritance. It shows classes Ci
with various stereotypes S(Ci), with i > 1, inheriting from a stereotyped class C. The
advantage of this definition is that it better defines the context of all subclasses
inheriting from the same superclass. This leads to compact, modular and more readable
specifications.

Definition 3: Meta-schema 3

Let C be a stereotyped class with S(C) its class stereotype, C1 a stereotyped class with
S(Ch) its class stereotype, Cz a stereotyped class with S(C») its class stereotype, ..., Ca
a stereotyped class with S(Ch) its class stereotype. To express the fact that Ci, Ca, ...,
Chx inherit from C, we use the notation defined by the meta-schema depicted in Figure
3. The stereotype of the inherited class << S(C)>> is omitted in the case study for
reasons of simplification of the models.

<< S(C) >> 01, << S(Gy) >> Oy, << S(C) >> Cp —
<< 8(C)>>C

< inheriting classes’ atributes >

< inheriting classes’ predicates >

Figure 3: Meta-schema for the declaration of hierarchical inheritance

In Definition 4, we show that if all inheriting classes have the same stereotype S, then
the meta-schema depicted in Figure 3 simplifies as shown in Figure 4.
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Definition 4: Meta-schema 4

<< S>> (G, Gy, Cn)
<< 8(C)>>C

< inheriting classes’ atributes >

< inheriting classes’ predicates >

Figure 4: Meta-schema for the declaration of hierarchical inheritance with
inheriting classes sharing same stereotype

Hierarchical inheritance raises the following question. How to know which reference
attribute belongs to which inheriting class? This is solved by preceding the declaration
of the reference attribute of the inheriting class with the name of that class as shown in
the meta-schema represented in Figure 5, where Rc1 is a reference attribute of the
inheriting class Ci, S(Rc1) its stereotype and Cy the name of the referenced class.

Definition 5: Meta-schema 5

<< S(CY) >> ¢y
<< 8(C)>>"C

Gy :<< S(Rc¢1) >> Re1 : P Cy

< rest of inheriting classes’ atributes >

< inheriting classes’ predicates >

Figure 5: Meta-schema for the declaration of reference attributes in hierarchical
inheritance

The purpose of the following proposition (Proposition 1) is to demonstrate that our
OntoObject-Z meta-schemas are consistent with the OntoObject-Z meta-model
presented and the EBNF notation formalizing the syntax of OntoObject-Z
specifications (cf. [Bettaz, 24]).

Proposition 1: Any OntoObject-Z meta-schema can be expressed in an EBNF-like
notation.

Proof: Proposition 1 can be proved by rewrites (rewriting logic [Meseguer, 12]).

5 Ontologies for Real-scale Systems and Applications

Ontologies describing real-scale systems and applications are usually presented in the
form of (ontology) fragments. For sake of clarity our OntoObject-Z ontology for LAN
structures is first subdivided into three parts: types of VLANS, routing between VLANS,
and bridging of VLANS. Each of these parts is described in a proper section called Part
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1, Part 2 and Part 3 respectively (cf. Sections 6, 7 and 8). For sake of readability, each
of these parts is first described by UML class diagram. It goes without saying that the
proposed UML class diagram is only an overview of a portion of the case study, which
is formally described by OntoObject-Z modules. UML falls far short of fully expressing
the complexity of the OntoObject-Z specifications due to its lack of semantics. In this
respect, the UML diagram does not distinguish between sortals and non-sortals, nor
between associated properties such as rigidity, anti-rigidity and semi-rigidity. It should
also be noted that UML is quite ambiguous regarding certain notations. For example,
in the whole-part relationship (represented by reference attributes in OntoObject-Z),
composition and aggregation have different meanings in UML and OntoObject-Z.
Furthermore, As OntoUML, OntoObject-Z distinguishes between instance-level and
class-level composition, a distinction that UML does not mention. In this context,
constraints such as “essential”, “inseparable”, “immutable part” and “immutable
whole” are not expressible in UML. In OntoObject-Z they are expressed by meta-
attributes. The attribute “essential” means that a part cannot exist independently of its
whole, while the attribute “inseparable” means that a whole cannot exist without its
part. The attributes “immutable part” and “immutable whole” are respectively the
“equivalent” of “essential” and “inseparable” when both the part and the whole are anti-
rigid.

For sake of clarity, each of our OntoObject-Z fragments is described in a proper
subsection of the corresponding section (i., e. Section 6, Section 7 and Section §). Our
ontology fragments that are groupings of several OntoObject-Z classes act as
specification modules. The number of classes per module is left to the discretion of the
specifier. However, it is assumed that readability remains an essential factor in the
specifier's choice. Modules are connected by reference attributes which adds to the
flexibility in the design of the modules. Compared to other graphical or semi-graphical
models, such as OntoUML, or other graphical and semi-graphical languages, the
readability of our models is not compromised by the crossing of lines representing
relationships. This leads to the definition of OntoObject-Z modules as well as intra and
inter-module communication.

Definition 4: OntoObject-Z module

An OntoObject-Z module is a set of one or more OntoObject-Z classes declared
according to the OntoObject-Z meta-schemas.

Definition 5: OntoObject-Z modules’ intra- and inter-communication

Communication within an OntoObject-Z module or between different OntoObject-Z
modules is carried out in a homogeneous manner by means of reference attributes.

Before moving on to the case study, let us present the general structure of an
OntoObject-Z module in a UML-like class diagram (cf. Figure 6). This structure acts
as an abstract syntax for OntoObject-Z modules, while the meta-schemas represent a
concrete syntax for such modules. The abstract syntax provides an overview to facilitate
understanding of the different OntoObject-Z modules presented in our case study. In
this diagram representing the abstract syntax, a line with arrow has to be interpreted as
a “HAS-A” relationship, and the unfilled arrowhead as an “IS-A” relationship (the
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inheritance relationship used in UML class diagrams). Concepts like sortal, non-sortal,
rigid, anti-rigid and semi-rigid are explained with examples in the introduction and in
other places of the paper when necessary.

OntoObject-Z
module
1
I
Name 1 1| OntoObject-Z Stereotype
class
1 1
1
1
1 1
Declaration Predicate Sortal N_OT"_S‘mal
part part anti-rigid ?"F;"g'd
rigid rigd
semi-rigid
1 1 1 1 1
E Lt 1.t 1
Basic Reference Multiplicy Well formedness Meta-attribute
attribute attribute constraint constraint constraint

Figure 6: Abstract syntax of an OntoObject-Z module

6 Case Study, Part 1

Part 1 describes various types of VLANs and is structured into five OntoObject-Z
modules. Cf. Module 6.1 in subsection 6.1, Module 6.2 in subsection 6.2, ..., Module
6.5 in subsection 6.5 for the formal descriptions.

As said in Section 5, our OntoObject-Z modules are preceded by a (global) UML
class diagram that serves as a high-level specification for this part of the case study. (cf.
Figure 7).
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Figure 7: A global specification of VLAN types

6.1  Types of VLANSs - First Module

This module is formed by four classes called (<<Category>> Switch), (<<Kind>>
NetworkSwitch), (<<Kind>> LAN Switch) and (<<Kind>> VLAN_Switch), that are
described according to the meta-schemas defined in Section 4. For instance, the classes
<<Kind>> (NetworkSwitch) and the class (<<Kind>>LAN_ Switch) are described
according to the meta-schema depicted in Figure 4. The OntoObject-Z Module 6.1
distinguishes between a LAN switch (<<Kind>> LAN_Switch) and all sorts of other
computer network switches such as ATM switches for instance (<<Kind>>
NetworkSwitch). Both of (<<Kind>> LAN_Switch) and (<<Kind>> NetworkSwitch)
belong to the category (<<Category>> Switch) defining all other sorts of hardware
(electrical switch for instance) or even software switches (such as the C++ switch for
instance). This example shows intuitively why categories (stereotype <<Category>>)
are classified as Non-sortals in UFO and thus seen as abstract object-oriented classes,
which means that it does not make sense to create instances from categories (stereotype
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<<Category>>). The predicate isdbstract in class (<<Category>> Switch) indicates
that this is an abstract class and the predicate isDisjoint (NetworkSwitch, LAN _Switch)
indicates that subclasses (NetworkSwitch) and (LAN Switch) do not share any
instances. The class (LAN_Switch) indicates that a LAN switch can serve to implement
many VLAN switches (<<Kind>> VLAN Switch). The predicate #vs > 0 in class
(<<Kind>>LAN_Switch) and the predicate #s = / in class (<<Kind>> VLAN_Switch)
define multiplicities of relationships between classes (<<Kind>> LAN_ Switch and
<<Kind>>VLAN Switch) such as captured through the use of reference attributes. #vs
> 0 expresses the fact that the implementation of a VLAN switch on a (physical) LAN
switch is not mandatory. The variable vs: P VLAN Switch in class (<<Kind>>
LAN Switch) and the variable Is: P LAN Switch in class <<Kind>> VLAN_Switch
represent reference attributes defined according to the meta-schema depicted in Figure
2. The predicate V'v: vs ® v.Is Eself (<<Kind>> LAN Switch) and the predicate VI:
Is ® self €l.vs in class (<<Kind>> VLAN_Switch), define constraints assuring the well-
formedness of the links between instances from the two classes. The quantified
predicate V' v: vs e self € v.Is expresses the fact that any LAN switch referencing a
VLAN switch belongs to the LAN switches referenced in this VLAN switch, While the
predicate V 1: Is @ self € l.vs stipulates that any VLAN switch referencing a LAN switch
belongs to the VLAN switches referenced in this LAN switch. The predicate
islnseparableFrom (LAN Switch) in class (<<Kind>> VLAN_ Switch) defines a
constraint on the class (<<Kind>> VLAN_Switch) expressing the fact that an instance
of the class (<<Kind>> VLAN_ Switch) cannot exist without the same instance of the
class (<<Kind>> LAN Switch).

Module 6.1

<< Category >> Switch

isAbstract
isDisjoint( NetworkSwitch, LAN _Switch)

— << Kind >> (NetworkSwitch, LAN_Switch)
Switch

LAN _Switch :
<< ComposedOf >> vs : P VLAN _Switch

F#Huvs >0
Vo :vseself €wv.ls

<< Kind >> VLAN _Switch

Is : P LAN _Switch

#ls =1
Vi:ls eself €l.us
isInseparableFrom(LAN _Switch)
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6.2  Types of VLANSs - Second Module

This module is formed by four classes called (<<Role>> ConfiguredVLAN Switch),
(<<Relator>> TwistedPair), (<<Kind>> ComputingDevice) and (<<Role>>
ConnectedComputingDevice). The reference attributes defining the relationships
between different classes are declared in conformity with the meta-schema depicted in
Figure 2. The declaration of these reference attributes shows that class (<<Relator>>
TwistedPair) is connected to classes (ConfiguredVLAN Switch) and
(ConnectedComputing Device), inheriting respectively from class (VLAN_Switch)
and class ComputingDevice). The stereotypes <<Mediation>> indicate that, contrary
to a formal relationship (stereotype <<Formal>> >>) depending intrinsically on the
properties of the related entities, a material relationship (stereotype <<Relator>>) is
mediated by a third party. For more details, the reader may consult the rich literature
on UFO and OntoUML.

Module 6.2

<< Role >> ConfiguredVLAN _Switch
VLAN _Switch

<< Mediation >> tp : P TwistedPair

#Hip=1AY1:tpeself €t.cus

<< Relator >> TuwistedPair

<< Mediation >> cvs : P Configurated VLAN _Switch
<< Mediation >> ced : P ConnectedComputingDevice

#Hevs =1AVYc: cuseself € Ltp
#Heed =1 AV e ced o self € c.tp

,_<< Kind >> ComputingDevice

<< Role >> ConnectedComputingDevice

ComputingDevice

<< Mediation >> tp : P TwistedPair

#ip=1AVY1t:1lpeself €t.ced

6.3  Types of VLANSs - Third Module

This ontology fragment is formed by four classes called (<<Mode>>
BroadcastDomain), (<<Kind>> LAN), (<<Subkind>> SwitchedLAN) and
(<<Subkind>> VLAN). This fragment defines both LANs and VLANs as broadcast
domains, since a VLAN is specified as a (switched) LAN. The (stereotype <<Mode>>)
in UFO and OntoUML is used to emphasize the importance of an attribute
characterizing a bearer (<<Kind>> LAN) in our ontology. The meaning of the other
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constructs of this fragment should be clear from the explanation of previous ontology
fragments.

6.4  Types of VLANs - Fourth Module

This OntoObject-Z module is formed by seven classes, namely (<<Phase>>
RemovedVLAN), (<<Phase>> CreatedVLAN), (<<Role>> PortBased), (<<Role>>
AddressBased), (<<Role>> Layer3Based), (<<Kind>> MAC Address), and
(<<Kind>> Application). The reference attributes are declared according to the meta-
schema depicted in Figure 2, while the hierarchical inheritance is defined according to
the meta-schema depicted in Figure 4. The first class describes the fact that a VLAN
can be created or removed. The predicate isComplete(CreatedVLAN, Removed VLAN)
indic ates that any instance of the class (<<Subkind>>VLAN) is either in the subclass
(CreatedVLAN) or in the subclass (RemovedVLAN) but not in both. The predicate
isDisjoint(CreatedVLAN,  RemovedVLAN) indicates that the subclasses
(CreatedVLAN) and (RemovedVLAN) do not share any instances. The meaning of the
predicate isDisjoint(PortBased, AddressBased, Layer3Based) should be understood
from the above explanation.

Module 6.3

<< Mode >> BroadcastDomain

lan : P LAN
#lan =1 AV : lan e self € 1.bd

<< Kind >> LAN

<< Characterization >> bd : P BroadcastDomain

#bd=1AYDb: bd e self € b.la

<< Subkind >> SwitchedLAN
LAN

<< Subkind >> VLAN
Switched LAN

6.5 Types of VLAN - Fifth Module

This OntoObject-Z module comprises three OntoObject-Z classes, namely (<<Kind>>
SwitchPort), (<<Kind>> MAC Address) and (<<Kind>> Application). Interpreted in
relation with the classes defined by the fourth ontology fragment, these classes describe
the three types of VLANs: port-based, MAC Address-based and application-based
VLANS. According to our ontology fragment, each type of VLAN comprises at least
two stations. However, the number of stations depend on the context of use of these
VLANS.
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Module 6.4

—_ << Phase >> (RemovedVLAN, CreatedVLAN)
VLAN

Created VLAN :
<< ComposedOf >> vs : P VLAN _Switch

H#uvs > 1 AVe:vsec.cv € self
isComplete( CreatedVLAN , Removed VLAN)
isDisjoint( Created VLAN , RemovedVLAN')

__ << Role >> (PortBased, AddressBased, Layer3Based) __
Created VLAN

PortBased << Mediation >> sp : P SwitchPort
AddressBased :<< Mediation >> ma : P MAC_Address
Layer3Based :<< Mediation >> ap : P Application

#sp > 2AVs:spes.pbe self
#ma > 2 AV m:maem.ad € self
#ap > 2AYa:ap e a.lb € self
isDisjoint(PortBased, AddressBased, Layer3Based)

<< Kind >> MAC_Address

<< Mediation >> ma : P AddressBased

#ma=1AYm:ma e self € m.ab

Module 6.5

<< Kind >> SwitchPort

<< Mediation >> pb : P PortBased

#pb=1AYp: pbeself € p.sp

<< Kind >> MAC_Address

<< Mediation >> ab : P AddressBased

#ab=1AYa: abe self € a.ma

__ << Kind >> Application

<< Mediation >> b : P Layer3Based
#UW=1AY1:1beself €l.ap

1449
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7 Case Study, Part 2

Part 2 describes routing between VLANSs and is structured into three OntoObject-Z
modules. Cf. Module 7.1 in subsection 7.1, Module 7.2 in subsection 7.2, and Module
7.3 in subsection 7.3 for the formal descriptions.

As in Section 6, our OntoObject-Z modules are preceded by a (global) UML class
diagram that serves as a high-level specification for this part of the case study (cf.
Figure 8).

VLAN VLAN_Using _
< aTrunk

1 - 1

VLAN_Using
Separate
Links

1

1 1 1.

Separate Trunk TaggedFrame
Physical Links

2.7 1
1

ConnectedTo
SeparateLinks

1 | 1

Broadcast Router ConnectedTo
Domain S B— Trunk

Figure 8: A global specification of routing between VLANs

7.1  Routing Between VLANSs - First Module

This OntoObject-Z module is composed by three classes: (<<SubKind>> VLAN),
(<<Role>> VLAN_UsingSeparateLinks), and (<<Role>> VLAN _Using aTrunk). The
stereotype (<<Mode>> BroadcastDomain) characterizes VLANSs as broadcast domains.
The fragment describes VLANS using a trunk (<<Role>> VLAN Using aTrunk) and
VLANS using separate links (<<Role>> VLAN _UsingSeparateLinks) as disjoint, using
the predicate isDisjoint (VLAN UsingSeparateLinks, VLAN Using aTrunk). The
reference attributes specifying classes’ relationships and their multiplicities are defined
as expected. The fragment precises that VLANS using trunks work with tagged frames.



Bettaz M.: Providing OntoObject-Z with Meta-schemas to Structure Specifications of ... 1451

Module 7.1

__ << SubKind >> VLAN

<< Charaterization >> mbd : P Broadcast_Domain

#mbd =1 AYm : mbd e self € m.vlan
isDisjoint( VLAN _UsingSeparateLinks, VLAN _Using_aTrunk)

<< Role >> VLAN_UsingSeparateLinks
VLAN

<< Mediation >> spl : P SeparatePhysicalLinks

#spl =1 ANVs:spleself € s.usl

<< Role >> VLAN _Using_aTrunk
VLAN

<< Characterization >> mif : P TaggedFrame
<< Mediation >> trunk : P Trunk

#mif > 1AV m: mif e m.uat € self
H#trunk =1 AV L : trunk e self € t.uat

7.2 Routing Between VLANs - Second Module

This ontology fragment is composed by three classes, namely (<<Relator>>
SeparatePhysicalLinks), (<<Mode>> BoradcastDomain) and (<<Mode>>
TaggedFrame). The stereotype (<<Mode>>) in (<<Mode>> TaggedFrame)
characterizes VLANS using trunks as VLANS carrying tagged frames. The reference
attributes specifying classes’ relationships and their multiplicities are defined as
expected.
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Module 7.2

<< Relator >> SeparatePhysicalLinks

<< Mediation >> usl : P UsingSeparateLinks

H#usl =1 AV u: usl e self € u.spl

<< Mode >> BroadcastDomain

<< Characterization >> vl : P VLAN

<< Mediation >> ro : P Router
#ol=1AYv: vl eself €l.bd

#ro=1AYr:roeself € r.bd

— << Mode >> TaggedFrame

<< Characterization >> uat : P Using_a_Trunk
H#uat =1 AV u: ual o self € u.if

7.3 Routing Between VLANs - Third Module

This ontology fragment is composed by four classes: (<<Relator>> Router), (<<Role>>
ConnectedToTrunk) defining VLANs connected to a trunk, (<<Role>>
ConnnectedToSeparateLinks) defining VLANs connected to separate links, and
(<<Relator>> Trunk) materializing the relationship between the VLANs connected to
a trunk and the router to which the trunk is connected. The specification of the reference
attributes and their multiplicities is as expected.

Module 7.3

<< Relator >> Router

<< Mediation >> bd : P BroadcastDomain

#bd > 2NV b:bd e b.ro € self
isDisjoint( Connected To Trunk, Connected ToSeparateLinks)

<< Role >> (ConnectedTo Trunk, Connected ToSeparateLinks)

Router

ConnectedToTrunk << Mediation >> tr : P Trunk
ConnectedToSeparateLinks :<< Mediation >> spl :
P SeparatePhysicalLinks

#Hir=1AY1:treself €t.ctt
#spl > 2NV s sples.csl € self

<< Relator >> Trunk

<< Mediation >> uat : P Using_aTrunk
<< Mediation >> ctr : P ConnectedTo Trunk

#Huat > 2 ANV u: uat o u.tr € self
#Hctr =1AVc:clr o self € c.tr
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8 Case Study, Part 3

Part 3 describes bridging of VLANS and is structured into four OntoObject-Z modules.
Cf. Module 8.1 in subsection 8.1, Module 8.2 in subsection 7.2,..., and Module 8.4 in
subsection 8.4 for the formal descriptions.

As in the previous sections, our OntoObject-Z modules are preceded by a (global)
UML diagram that serves as a high-level specification for this part of the case study
(cf. Figure 9]).

Forwarding |1 1 Bridge Spann_ingTree
Table <t Bridge
size: N 10
1 11
Brodcast
Domain
uses 1
0..)‘ 1
Bridged
e —

LAN_Segment |  «

NoCycles

LAN Cycles
1
Forwarding 1 0.1
Algorithm 2. 1

LAN

1

Allspanning | ; 2.*| SpanningTree | ; « SpanningTree
Tree R 2 Protocol

-

Figure 9: A global specification of VLAN bridging

8.1 Bridging of VLANS - First Module

This OntoObject-Z module is composed by three classes, which are named(<<Kind>>
BridgedLAN), (<<Role>> LAN Segment) and (<<Kind>> Bridge). Both classes
(<<Role>> LAN Segment) and (<<Kind>> Bridge) are components of the class
(<<Kind>> BridgedLAN). The reference attributes and their multiplicities describe a
bridged LAN as a LAN formed by several bridges and several LAN segments. A LAN
segment is seen as a particular LAN. The rest of the elements of this fragment are
described as expected.
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8.2 Bridging of VLANS - Second Module

This module is composed by three classes called (<<Quality>> ForwardingTable),
(<<Mode>> BroadcastDomain) and (<<Quality>> ForwardingAlgorithm). Just like the
stereotype <<Mode>>, the stereotype (<<Quality>>) is also qualified as an Aspect in
UFO. The difference between both aspects is that a quality (stereotype <<Quality>>)
is measurable, while a mode (<<stereotype>> Mode) is not. Both of them characterize
(stereotype <<Characterization>>) some “bearer”. This fact is emphasized by the
attribute size in class (<<Quality>> ForwardingTable) and the attribute performance in
the class ((<<Quality>> ForwardingAlgorithm). In our fragment, forwarding tables
(<<Forwarding>> Table) and forwarding algorithms (<<Forwarding>> Algorithm) are
both significant attributes of bridges (<<Kind>> Bridge) in bridged LANs (<<Kind>>
BridgedLAN). The rest of the constructs forming this ontology fragment are described
as expected.

Module 8.1

<< Kind >> BridgedLAN

<< ComposedOf >> (ls : P LAN_Segment, br : P Bridge)
<< Characterization >> bd : P BroadcastDomain

isDisjoint( Cycles, NoCycles)
isComplete( Cycles, NoCycles)
#ls >2ANV1:ls @ l.bl € self
#br > 1AYDb: br e b.bl € self
#bd =1 AVDb: bd e self € b.bl

<< Role >> LAN_Segment
LAN

<< ComponentOf >> bl : P Bridged LAN
<< Mediation >> br : P Bridge

0<#bl<1AVD:bleb.lsec self
#br =1AYb: breself € b.ls

__ << Kind >> Bridge

<< Characterization >> ft : P ForwardingTable

<< ComponentOf >> bl : P Bridged LAN

<< Mediation >> ls : P LAN _Segment

<< Characterization >> fa : P ForwardingAlgorithm

#ft=1AVf: [t eself € f.br
0<#bl <1 AVbbl e b.br € self
2< H#ls ANVI:ls e l.br e self
#fa=1AVf: faeself € f.br
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8.3 Bridging of VLANS - Third Module

This module consists also of three classes named (<<Role>> SpanningTreeBridge),
(<<Role>> NoCycles) representing bridged LANs with no cycles and (<<Role>>
WithCycles) representing bridged LANs with cycles. Class (<<Role>>
SpanningTreeBridge) inherits from the class Bridge. Both classes (<<Role>>
NoCycles) and (<<Role>> WithCycles) inherit from the class (<<Kind>>
BridgedLAN). From the descriptions of the constructs seen above, the descriptions of
the rest of the constructs in this fragment should be clear.

8.4 Bridging of VLANS - Fourth Module

The fourth OntoObject-Z module is composed of three classes named (<<Collective>
AllSpanningTrees), (<<Relator>>  SpanningTreeProtocol) and (<<Role>>
SpanningTree). The UFO stereotype <<Collective>> defines sets whose members
provide the same function inside the Collective. This is different from the stereotype

Module 8.2

<< Quality >> ForwardingTable

size : N
<< Characterization >> br : [P Bridge
<< Formal >> fa : P ForwardingAlgorithm

H#br=1AYDb: breself €b.ft
H#fa=1AV[: faeself €f.ft

<< Mode >> BroadcastDomain

<< Characacterization >> bl : P Bridged LAN
#bl=1AYDb:bleself €b.br

<< Quality >> ForwardingAlgorithm

performance :< appropriate type >
<< Formal >> ft : P ForwardingTable
<< Characterization >> br : P Bridge

H#ft=1AYf: ft e self € f.fa
H#br=1AVDb: breself €b.fa
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Module 8.3

— << Role >> SpanningTreeBridge
Bridge

blockedPort, designatedPort, disconnectedPort, rootPort : B
<< Mediation >> nc : P NoCycles

#ne=1AYn:nceself €n.sth

__ << Role >> (NoCycles, WithCycles)
BridgedLAN

NoCycles << Mediation >> stb : P Spanning TreeBridge
WithCycles << Mediation >> stp : P SpanningTreeProtocol
#sth=1AVs: sth e self € s.nc

#stp > 1AVs: stp e s.we € self

<<Functional Complex>> whose members provide different functions inside the
Complex. Reference attribute st is stereotyped as <<WhoseMemberls>>. A spanning
tree (<<Role>> SpanningTree) is defined as tree with no cycles (inheriting from the
class NoCycles). The reference attribute ast is stereotyped as <<MemberOf>>. From
the descriptions of constructs in previous fragments, the description of the rest of the
constructs in this fragment should be clear.

Module 8.4

— << Collective >> AllSpanning Trees

<< WhoseMemberls >> st : P SpanningTree
#st >2ANVs: st es.ast € self

<< Relator >> SpanningTreeProtocol

<< Mediation >> wc : P WithCycles
<< Mediation >> st : P SpanningTree
H#we=1AYw: wc e self € w.stp
#st >1AVs:tes.stp e self

— << Role >> SpanningTree
NoCycles

<< MemberOf >> ast : P AllSpanningTrees
<< Mediation >> stb : P SpanningTree Bridge
#ast =1 AV a: ast e self € a.st
#sth=1AVs: sth e self € s.st
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9 Implementing OntoObject-Z in RDF/RDFS

To implement OntoObject-Z in Turtle (a human readable syntax of RDF), we need to
map each of the various OntoObject-Z constructs into RDF/RDFS semantic triples.

9.1 Mapping of OntoObject-Z classes into RDF/RDFS

To map OntoObject-Z in Turtle we first need to conceptualize OntoObject-Z classes
into RDF semantic triples. Our approach is partly inspired by [Almeida, 25]. In the
following a colon preceding any of the constituents of a semantic triple, means that no
care is taken of the IRI (internationalized resource identifier) in the specification phase.
IRIs will be defined in the implementation.

e  First Semantic Triple

OntoObject-Z ontologies use object-oriented classes, that can be seen as instances of
OWL classes. So, if Cooz refers to an OntoObject-Z class, we can write, the following
RDF semantic triple:

:Cooz rdfitype owl:Class

e Second Semantic Triple

OntoObject-Z ontologies are UFO-stereotyped. So, if Cooz is an OntoObject-Z class
and Ctype(Cooz) is its stereotype, we can also write:
:Cooz rdfitype gufo:Ctype(Cooz) in the taxonomy of types.

e  Third Semantic Triple

:Cooz rdfs:subClassOf gufo:Object, since, UFO-based ontologies specialize gUFO
classes in the taxonomy of individuals.

e  Fourth Semantic Triple

Moreover, if CXooz and CYooz are two OntoObject-Z classes related by an inheritance
relationship, where CXooz is the inherited class and CYooz is the inheriting class, we
can write : CXooz rdfs:superClassOf :CYooz, alternatively

: CYooz rdfs:subClassOf :C¥o0z

9.2  Mapping of OntoObject-Z reference attributes in RDF/RDFS

Reference attributes are OntoObject Z class attributes representing relationships
among OntoObject-Z classes.

To map an OntoObject-Z reference attribute into RDF/RDFS, we need first to
specify the context, that is the OntoObject-Z class to which the reference attribute
belongs from one side, and the referenced OntoObject-Z class from the other side. This
allows us to specify the domain and the range of the reference attribute. Since a
reference attribute is “emulating” a relationship among classes, it thus represents an
OWL object property, and because reference attributes are stereotyped, they are also
seen as a sub property of their UFO stereotypes. We express all of this as follows. We
suppose that CSooz represents the OntoObject-Z class to which the reference attribute
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belongs and that CTooz represents the referenced OntoObject-Z class. We also suppose
that Rooz represents a reference attribute name and that Rtype(Rooz) is its stereotype.
We can then write:
:<Rooz > rdf:itype owl:ObjectProperty

rdfs:subPropertyOf < Rtype(Rooz)>

rdfs:domain :< CSooz >

rdfs:range < CTooz >

9.3  Mapping of OntoObject-Z predicates into RDF/RDFS

As in Object-Z, OntoObject-Z predicates consist mainly of predicates expressing the
multiplicity and predicates expressing quantified well-formedness constraints.

9.3.1 Predicates for expressing the multiplicities

In OntoObject-Z, the multiplicity concerns mainly the reference attributes. In this case
also we need to set the context, which is the OntoObject-Z class to which the reference
attribute belongs. This means that this class becomes constrained with regards to this
reference attribute seen as a property. This can be expressed by semantic triples as
follows [Halpin, 25], where CS00z and Rooz have the meaning associated to them in
subsection 9.2 and Card(Rooz) is the multiplicity of Rooz. We can then write:
:< CS0z > rdfs:subClassOf owl:Restriction

owl:onProperty :Rooz

owl:Cardinality <Card(Rooz )>

9.3.2  Predicates for expressing quantified well-formedness constraints

According to the literature [Lukasova 16], [McDermott 02], [Hogana 14] the
representation of quantified first-order logic formulas in RDF/RDFS is not
straightforward, as RDF/RDFS does not natively support quantifiers such as V and 3.
It is suggested to use Skolemization to implicitly represent universal quantifiers through
data structures and axioms. In this work, we propose an approach based on
Skolemization to conceptualize our quantified well-formedness constraints. The use of
this approach is illustrated by an example related to the third part of our case study. The
example examines the quantified well-formedness constraints for the relationship
between (<<Kind>> BridgedLAN) and (<<Mode>> BroadcastDomain). The limitation
of this approach lies in the fact that it is restricted to sets of small cardinalities.

The context is specified as in subsection 9.2. It consists of the classes in which the
well-formedness constraints are expressed.

Let Clooz and C?00z be two OntoObject-Z classes in which quantified well-
formedness constraints are expressed respectively by (V x: rl e self € x.r2) and (V y:
12 @ self € y.r1) where, 1 is a reference attribute defined in C'ooz andr2 is a reference
attribute defined in C?00z. The type of r1 is P C?00z and the type of 12 is P C'ooz,
where P the powerset operator.

To eliminate the universal quantifier, Skolemization process necessitates to consider
each element x € rl and each element y € r2.
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Let us illustrate this approach on a simple example related to the bridging of VLANs
(cf. case study, part 3: class (<<Kind>> BridgedLAN) in module 8.1 and class
(<<Mode>> BroadcastDomain) in module 8.2).

Class (<<Kind>> BridgedLAN) exhibits the quantified well-formedness constraint (¥
b: bd e self € b.bl) and class (<<Mode>> BroadcastDomain) exhibits the quantified
well-formedness constraint (V¥ b: bl e self € b.bd).

Using Skolemization the quantifier V is eliminated as follows.

bd is a one element set (cf. <<Kind>> BridgedLAN), so b is instantiated by a unique
element called inst1; we can thus write the following semantic triples.

_cinstl rdfitype :bd.

_:bd rdfs:subClassOf _:powerBroadcastDomain .

bl is also a one element set (cf. <<Mode>> BroadcastDomain) and b is thus instantiated
by a unique element called inst2, so we can write the following semantic triples.
_:inst2 rdfitype :bl.

__:bl rdfs:subClassOf :powerBridgedLAN .

To represent the instance self of the class being used, we use selfBL if the class in
question is (<<Kind>> BridgedLAN) and selfBD if the class in question is (<<Mode>>
BroadcastDomain). The well-formedness constraints are thus expressed as follows.

_:selfBL _:belongsTo :bl.
_:selfBD _:belongsTo :bd .

9.4 Implementation in Turtle

Our OntoObject-Z ontology is implemented in Turtle, according to the
conceptualization approach exposed in the above subsections. The choice of Turtle is
motivated by its proximity with RDF allowing to get the implementation in a
straightforward way. The semantic triples (with the IRIs specified) are uploaded and
checked for correctness on a SPARQL (Fuseki) Server. The following illustrates just
a partial implementation for the bridging of VLANs with necessary comments.

# filename: BridgedLANSpec3.ttl

#URL-like prefixes for classes

@prefix gufo: <http://uri/gentleufo#> .

@prefix rdf: <http://www.w3.0rg/1999/02/22-rdf-syntax-ns#> .
@prefix owl: <http://www.w3.0rg/2002/07/owl#> .
@prefix rdfs: <http://www.w3.0rg/2000/01/rdf-schema#> .
#adhoc prefixes (blank nodes)

@prefix bl: <http://uri/Bridged LAN#> .

@prefix bd: <http://uri/BridgedLAN#> .

@prefix Is: <http://uri/BridgedLAN#> .

@prefix br: <http://uri/BridgedLAN#> .

#prefixes for all BridgedLAN classes

@prefix brLAN: <http://uri/BridgedLAN#> .

@prefix extended: <http://uri/Bridged LAN#> .

#A) Classes
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# Section 8 BRIDGING
# fragment 8.1 First bridging ontology fragment
# Class BridgedLAN
bl:BridgedLAN brLAN:classOf extended:LANS ;
rdfitype owl:Class ;
rdfitype gufo:Kind ;
rdfs:subClassOf gufo:Object ;
rdfs:superClassOf bl:Cycles ;
rdfs:superClassOf bl:NoCycles .
# fragment 8.1 First bridging ontology fragment
# Class LAN_ Segment
Is:LAN segment brLAN:classOf extended:LANs ;
rdf:itype owl:Class ;
rdf:itype gufo:Role ;
rdfs:subClassOf gufo:Object .
# fragment 8.1 First bridging ontology fragment
# Class Bridge
br:Bridge brLAN:classOf extended:LANS ;
rdf:itype owl:Class ;
rdf:type gufo:Kind ;
rdfs:subClassOf gufo:Object .
# fragment 8.2 Second bridging ontology fragment
# Class BroadcastDomain
bd:BroadcastDomain brLAN:classOf extended:LANSs ;
rdfitype owl:Class ;
rdfitype gufo:Mode ;
rdfs:subClassOf gufo:Object .
# B)Multiplicities
# multiplicityConstraints
#URL-like prefixes
@prefix gufo: <http://uri/gentleufo#> .
@prefix rdf: <http://www.w3.0rg/1999/02/22-rdf-syntax-ns#> .
@prefix owl: <http://www.w3.0rg/2002/07/owl#> .
@prefix rdfs: <http://www.w3.0rg/2000/01/rdf-schema#> .
#adhoc prefixes (blank nodes)
@prefix bl: <http://uri/Bridged LAN#> .
@prefix Is: <http://uri/BridgedLAN#> .
@prefix br: <http://uri/BridgedLAN#> .
# Multiplicities of Is, br and bd - class <<Kind>> BridgedLAN
bl:BridgedLAN rdfs:subclassOf owl:Restriction ;
owl:onProperty bl:ls ;
owl:minCardinality 2 .
bl:BridgedLAN rdfs:subclassOf owl:Restriction ;
owl:onProperty bl:br ;
owl:minCardinality 1 .
bl:BridgedLAN rdfs:subclassOf owl:Restriction ;
owl:onProperty bl:bd ;
owl:Cardinality 1 .
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# Multiplicities of bl - class <<Role>> LAN Segment

Is:LAN_Segment rdfs:subclassOf owl:Restriction ;

owl:onProperty 1s:bl ;

owl:minCardinality 0 ;

owl:maxCardinality 1 .

# Multiplicities of ft bl Is fa - class <<Kind>> Bridge.

# bl is renamed to bl2 because of flattening and loose of context.

# Is is renamed to 1s2 because of flattening and loose of context.

br:Bridge rdfs:subclassOf owl:Restriction ;

owl:onProperty br:ft ;

owl:Cardinality 1 .

br:Bridge rdfs:subclassOf owl:Restriction ;

owl:onProperty br:bl2 ;

owl:maxCardinality O ;

owl:maxCardinality 1 .

br:Bridge rdfs:subclassOf owl:Restriction ;

owl:onProperty br:1s2 ;

owl:minCardinality 2 .

br:Bridge rdfs:subclassOf owl:Restriction ;

owl:onProperty br:fa ;

owl:Cardinality 1 .

# C) Wellformedness constraints

# Well-formedness constraints for relationship between classes bridgedLAN and
BroadcastDomain

# quantified well-formedness constraints.

# relationships between BridgedLAN and BrodcastDomain

# conceptualization of the predicate V b: bd e self € b.bl) and

# the predicate V b: bl e self € b.br)

#adhoc prefixes (blank nodes) qc for quantified constraints

@prefix qc: <http://uri/quantifiedConstraints#> .

#URL-like prefixes

@prefix rdf: <http://www.w3.0rg/1999/02/22-rdf-syntax-ns#> .

@prefix rdfs: <http://www.w3.0rg/2000/01/rdf-schema#> .
#Skolemization: bd is a one element set and b is thus instantiated by a unique element
called inst1 (cf. <<Kind>> BridgedLAN)

qc:instl rdf:itype qc:bd .

qc:bd rdfs:subClassOf qc:powerBrodcastDomain .

#selfBL represents the instance (self) of the class being used (BridgedLAN)
qc:selfBL rdf:itype qc:BridgedLAN .

#Skolemization: bl is a one element set and b is thus instantiated by a unique element
called inst2 (cf. <<Mode>> BoradcastDomain)

qc:inst2 rdf:itype qc:bl.

qc:bl rdfs:subClassOf qc:powerBridgedLAN .

# selfBD represents the instance (self) of the class being used (BroadcastDomain)
qc:selfBD rdfitype qc:BroadcastDomain .

#constraints

qc:selfBL qc:belongsTo qe:bl .

qc:selfBD qc:belongsTo qc:bd.
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94.1 Implementation and Querying of Our OntoObject-Z Ontology

In the following we give just a few samples illustrating a partial implementation of our
OntoObject-Z ontology on a SPARQL (Fuseki) server (cf. Figure 10). This figure
shows an implementation for the bridging of VLANs. The value 100.00 in the field
status indicates that the sematic triples were uploaded and checked for correctness. The
implementation allows us to query the uploaded data sets (cf. Figures 11 and 12) and
also to infer new semantic triples from existing ones (cf. Figure 13). This permits to use
our ontology as a knowledge-based system (cf. Subsection 9.4.2).

e Implementation of OntoObject-Z modules

\& Apache Jena Fuseki £ datasets g manage @ help server status ‘

/my_dataset

@ query & add data @ edit @ info

Upload files /my_dataset/data

Load data into the default graph of the currently selected dataset, or the given named graph.
You may upload any RDF format, such as Turtle, RDF/XML or TRiG.

Dataset graph name

name size speed status actions
BridgedLANSpec3.t  4.52kb 4.72kb/s 2 upload now
Triples uploaded: 52 -

tl

° remove

Figure 10: Partial Implementation for the Bridging of VLANs

e A First Example on Querying of the Implemented Ontology

Figure 11 shows a query of the ontology asking for all classes used in Module
8.1.
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# Queries on BridgedLANSPEC3.ttl

PREFIX owl: <http://www.w3.0rg/2002/07/owl#> < ’
PREFIX rdfs: <http://www.w3.0rg/2000/01/rdf-schema#>

PREFIX rdf: <http://www.w3.0rg/1999/02/22-rdf-syntax-ns#>

PREFIX gufo: <http://uri/gentleufo#>

PREFIX bl: <http://uri/BridgedLAN#>

PREFIX bd: <http://uri/BridgedLAN#>

PREFIX 1ls: <http://uri/BridgedLAN#>

PREFIX brLAN: <http://uri/BridgedLAN#>

PREFIX extended: <http://uri/BridgedLAN#>

SELECT ?Class
WHERE
{?Class brLAN:classOf extended:LANs . }

Figure 11: Example of a query requesting the OntoObject-Z classes used in Module 1

The query returns all the OntoObject-Z classes used in Module 8.1 and a
related class from Module 8.2 (cf. Table 1).

Class
1<http://uri/BridgedLAN#BridgedLAN>
2<http://uri/Bridged LAN#Bridge>
3<http://uri/Bridged LAN#BroadcastDomain>

4<http://uri/BridgedLAN#LAN_segment>

Table 1: Results of a query on all OntoObject-Z classes used in a given OntoObject-Z
module

¢ Querying the Multiplicities of Reference Attributes to OntoObject-Z classes

Figure 12 shows a query of the ontology asking for minimal multiplicities of all
reference attributes connecting the class (<<Kind>> BridgedLAN) to all related classes
used in Module 8.1.
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/my_dataset/ JSON v Turtle v

PREFIX owl: <http://www.w3.0rg/2002/07/owl#>

PREFIX rdfs: <http://www.w3.org/2000/01/rdf-schema#> < ’
PREFIX rdf: <http://www.w3.0rg/1999/02/22-rdf-syntax-ns#>

PREFIX gufo: <http://uri/gentleufo#>

PREFIX bl: <http://uri/BridgedLAN#>

PREFIX bd: <http://uri/BridgedLAN#>

PREFIX 1s: <http://uri/BridgedLAN#>

PREFIX brLAN: <http://uri/BridgedLAN#>

PREFIX extended: <http://uri/BridgedLAN#>

SELECT ?minCardinality

WHERE

{bl:BridgedLAN rdfs:subclassOf owl:Restriction .
bl:BridgedLAN owl:onProperty bl:ls .
bl:BridgedLAN owl:minCardinality ?Cardinality .}

Figure 12: Example query requesting the minimum multiplicities of reference
attributes linking a class to all associated classes in a given module

The query returns the minimal multiplicities of all reference attributes connecting
the class (<<Kind>> BridgedLAN) to all related classes used in Module 8.1. (cf.
Table 2).

minCardinality

Table 2: Results of a query on the minimum multiplicities for all reference attributes
linking an OntoObject-Z class to the associated classes used in a given module

9.4.2  Using SPARQL CONSTRUCT query to infer new knowledge

SPARQL allows to infer new knowledge from existing one thanks to the use of
CONSTRUCT queries. SPARQL CONSTRUCT queries are different from SELECT
and ASK queries. “CONSTRUCT allows to create RDF graphs from existing RDF
data”. More concretely, the user defines a pattern of data to extract from RDF semantic
triples and constructs a new RDF graph based on the defined pattern. For more details
on the use of SPARQL CONSTRUCT queries and their differences from SELECT and
ASK queries, the user can consult for instance [Asad, 19].

In this section we illustrate the use of SPARQL CONSTRUCT by a simple example
related to the part 3 of our case study (cf. Figure 13). It allowed us to infer a new RDF
semantic triple from those related to the hierarchy “headed” by the OntoObject-Z class
(<<Kind>> BridgedLAN).
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/my_dataset/query JSON v Turtle v

1 # Bridged LAN superclasses < >

# Inference using SPARQL CONSTRUCT

# Prefixes

v PREFIX rdf: <http://www.w3.0rg/1999/02/22-rdf-syntax-ns#>
PREFIX owl: <http://www.w3.0rg/2002/07/owli#>
PREFIX rdfs: <http://www.w3.0rg/2000/01/rdf-schema#>
PREFIX bl: <http://uri/BridgedLAN#>
PREFIX sp: <http://xmlns.com/foaf/0.1/>

CONSTRUCT { ?x sp:socOf ?y }

1
1
1 # infering superclasses of Bridged LAN class
1
1 WHERE { ?x rdfs:superClassOf ?v }

Figure 13: Illustration of the construction of inference patterns

Table 3 illustrates the inference of new knowledge from existing data. From semantic
triples describing a given hierarchy, a new semantic triple belonging to that hierarchy
is derived. The fact that (<<Kind>> BridgedLAN) class is a superclass of (<<Relator>>
SpanningTreeProtocol) class is not among the existing semantic triples, but is derived
from them.

subject predicate object
1<http://uri/BridgedLAN#NoCycles> <http://xmlIns.com/foaf/0.1/soc... <http://uri/BridgedLAN#SpanningT...
2 <http://uri/BridgedLAN#BridgedL... <http://xmlns.com/foaf/0.1/soc... <http://uri/BridgedLAN#NoCycles>
3<http://uri/Bridged LAN#BridgedL... <http://xmIns.com/foaf/0.1/soc... <http://uri/BridgedLAN#Cycles>
4 <http://uri/BridgedLAN#BridgedL... <http://xmIns.com/foaf/0.1/soc... <http://uri/NoCycles#NoCycles>

5<http://uri/BridgedLAN#BridgedL... <http://xmlns.com/foaf/0.1/soc... <http://uri/Cycles#Cycles>

Table 3: Illustration of inferring new knowledge from existing data

10 Results and Discussion

In this section we discuss the results obtained throughout the research presented in this
paper.
e In this paper, we proposed a set of OntoObject-Z constructs, called meta-
schemas, that serve as a means to assist in structuring full-scale ontologies.
Thanks to these meta-schemas, the constructed ontologies gain in modularity
and scalability, since our modules communicate simply via reference
attributes, thus providing more flexibility to the designer to group different
classes into modules (representing so-called ontology fragments). This is a
first result of this paper. Compared to ontologies built with graphical
languages, which are more readable for small ontologies, ontologies built with
OntoObject-Z do not lose readability when they increase in size.
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e The construction of an ontology for local area network structures is a second
result of this paper. Unlike the ontology presented in [Bettaz, 24], built with
OntoUML and partially implemented in OntoObject-Z, the ontology presented
in this paper is fully specified in OntoObject-Z. Besides modularity and
scalability, all aspects of ontologies built in OntoObject-Z are expressed in a
single language. The choice to build an ontology using a language based on
Object-Z is dictated by the need to rely on a “stand-alone” formal language
([Kim, 00], [Baumeister, 15]). Unlike OntoUML which relies on a “semi-
formal” language (UML) to specify data structures and another language
(OCL) to specify their accompanying constraints, OntoObject-Z is a stand-
alone language in the sense that it allows to formally specify both data
structures and their accompanying constraints within the same framework.
Another notable difference is that UML is more popular in industry, while
Object-Z is more popular in academia. This comparison is likely reflected
between OntoUML and OntoObject-Z. Is this an advantage for OntoUML
based languages? The answer is left to the reader.

e  Another comparison with the work of [Bettaz, 24] is that the ontology of
VLAN structures exposed in this paper is conceptualized in RDF/RDFS and
implemented in a Turtle, thus providing the interested user with a knowledge-
based system that can be queried and also used for reasoning. This can be
considered as a third result of this work. Compared to [Bettaz, 25], this work
emphasizes structural aspects, while the work in [Bettaz, 25] emphasizes
behavioural aspects through the mapping of BPMN into OWL.

11 Conclusions

The results mentioned in section 10 show that the objectives set for this research work
are fully achieved, also answering our research questions.

Extending our experiments on the use of OntoObject-Z to the construction of other
ontologies for computer networks and their communication protocols be an interesting
research avenue for the near future. Concretely, we plan to start with the construction
of an ontology for the Multiprotocol Label Switching (MPLS). Specifying structures
with OntoObject-Z and specifying behaviours using an appropriate ontological
language is a medium-term goal. The use of a formal method [Lawvere, 98] for the
transformation of OntoUML + OCL into OntoObject-Z can contribute to the automatic
implementation of ontologies built in OntoUML + OCL into ontologies built in
OntoObject-Z and to the realization of formal proofs of the correctness of the
implementation.
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