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Abstract Domain analysis is the activity of identifying and representing the relevant
information in a domain, so that the information can be shared and reused in similar systems.
But until now, no efficient approaches are available for capturing and representing the results of
domain analysis and then for sharing and reusing the domain knowledge. This paper proposes
an ontology-oriented approach for formalizing the domain models. The architecture for the
multiple-layer structure of the domain knowledge base is also discussed. And finally, some
genetic algorithm-based methods have been given for supporting the knowledge sharing and
reusing.
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1 Introduction

As it was pointed out by Maymir-Ducharme in [1] that “we can no longer treat each new project
as a single, new and independent development effort and not build on previous engineering efforts and
experience” | software belonging to the same application domain has lots of similarity. This similarity
comes from the expert knowledge of the application domain. Therefore, “instead, we need to view
these systems within the context of similar systems built in the past, exploring the commonalties and
engineering the appropriate variances”. Better we do not treat the endless software development as a
series of separate projects, but treat the application domain as a whole. Then, we can first make a
thorough analysis of the domain characteristics and then make reuse of the knowledge and experiences
gained from this analysis whenever we are going to develop new software in this domain. People call
this idea domain analysis.

In the context of software reuse, the concept of domain analysis was introduced by J. Neighbors
in his Ph.D. thesis/? to refer to “the activity of identifying the objects and operations of a class of
similar systems in a particular problem domain.”®! He further pointed out that “Domain analysis is the
process of identifying, collecting, organizing, and representing the relevant information in a domain,
based upon the study of existing systems and their development histories, knowledge captured from
domain experts, underlying theory, and emerging technology within a domain. The product of domain
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analysis is domain model.” Fig.1 summarizes the inputs, outputs and agents that support the domain
analysis process.

More than 10 years passed since the concept of domain analysis was proposed. Also, many mod-
els of domain analysis have been proposed. For example, the IEEE standard ODM/! (Organization
Domain Modelling) is a delicate and well designed method. The FODAIS] (Feature Oriented Domain
Analysis) of SEI (Software Engineering Institute) is one of the most well-known methods, which pro-
duces domain information model, domain characteristics model and domain operation model. The
method of Prieto-Diaz divides the domain analysis into three phases: pre-domain analysis, domain
analysis and post-domain analysis!¥. The method of McCain, on the other hand, gives a two phase
definition: the high level domain analysis and the component domain analysis!”). The JB-OODA!®!
(Jade Bird Object-Oriented Domain Analysis, a part of the Jade Bird project[g}) method proposed a
three-stage procedure: background modelling, domain modelling and architecture modelling. This ap-
proach roughly corresponds to the three phases of the FODA approach, but the modelling techniques
are different from it.

Domain Management Domain
analysis models
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Sources of l
domain — 1 Technical literature
knowledge > |
Existing
implementations _ Taxonomies
Customer surveys Standards
| - . .
gl Do domain analysis
Functional
Expert advice models
Current, and future Domain
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>
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expert analyst
Fig.1. Domain analysis process[4].

Nowadays, domain analysis is used successfully in several different application domains, such as
the air traffic control, the flight dynamics, the public telephone exchanges and so on. These efforts
focus on identifying, classifying and storing individual reusable components, such as data and process
components and object classes. However, there are still no systematical methods for domain analy-
sis which can be followed step by step to build the complete domain models, specially the domain
requirements models or can be used to build the domain models automatically.

Since the 90’s, a more general concept, domain engineering, has been proposed. “The term domain
engineering is used to describe the technology (concepts, methods, processes and tools) developed
to extend the traditional single system engineering paradigm (referred to as application engineering)
to consider multiple (common or related) systems in order to engineer systems faster, better and
cheaper” .

According to the point of view of some researchers, even the concept domain engineering is only one
of the several levels of techniques for engineering software which are different in their levels of abstrac-
tion and scope. There should be three levels: the enterprise engineering, the domain engineering and
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the application engineering. The application engineering is concerned with a single system/application,
whereas the domain engineering takes into account multiple similar or related systems, and the en-
terprise engineering looks at an entire enterprise/organization’s high level data and operational needs.
Each of these three levels consists of three spaces, i.e., the problem space (requirements), the solution
space (design) and the implementation space (software). The relations between them are shown in
Table 1.

Table 1. Three Levels of Software Engineering Process

Problem Space | Solution Space | Implementation Space | Products

Enterprise Enterprise Enterprise Enterprise Enterprise Model

Engineering | Analysis Design Implementation Enterprise Architecture

Domain Domain Domain Domain Domain Model

Engineering | Analysis Design Implementation Domain Architecture,
Domain Assets

Application | Requirements Application Implementation Requirement Specification

Engineering | Analysis Design Design Specification
Software

R. Capilla proposed another division of domain engineering levels!!!. Though the number of levels
is also three, he considers it from the point of view of knowledge reuse. The proposed levels include the
super-domains, the semantic domains and the specialization domains. In fact, his super-domains con-
tain domain independent knowledge of the knowledge based software construction in the conventional
sense. His semantic domains contain knowledge of different application domains and include a set of
generic problem statements. So we believe his idea is deeply influenced by the work of Chandrasekaran
on generic tasks!'!l. His specialization domains are evolved from the semantic domains with more
specific knowledge of individual systems. It corresponds to the application engineering of [1].

Since the early 90’s, we have been engaged in a national key project, i.e., the Eagle project!'?,
which is a part of the Jade Bird project. In this project, we have taken a knowledge-based approach.
This approach is aiming at automatically generating information systems. The process of system
generation should be fully automatic and the integration of subsequent steps should be seamless, from
understanding the domain customers till generating the final program.

The feasibility of this approach is based on the premise that the knowledge of both the domain ex-
perts and the software engineers can be captured, represented and reused to support the development
of information systems. That is why we call this approach KISSME (Knowledge Intensive Software
System Manufacture Engineering)[l?’]. Different from the other available efforts on knowledge-based
software engineering, we have paid special attention to the representation and reuse of domain knowl-
edge. The use of domain knowledge is especially important in the automation of the early stages of
our information system development, including domain customers’ requirement determination, specifi-
cation design, conceptual modelling and architecture planning. Based on KISSME approach, we have
developed a tool called PROMIS (PROtotyping Management Information Systems)!'*~'l, With suf-
ficient domain knowledge and necessary business information from customers, PROMIS can automate
a large part of application development.

Centered in KISSME approach is the ontology-oriented domain analysis and modelling approach.
This approach is somewhat different from those approaches mentioned above. In our approach, there
are only two levels: the domain engineering and the application engineering. Our second level coincides
with their third level. But our first level includes their first level (the enterprise engineering) and second
level (the domain engineering), and still more. Namely, within domain engineering, we are not limited
to two or three levels. We allow the domain experts to construct new domain models based on higher-
level domain models. The number of levels is not limited.

This paper focuses on the formal representation and organization of the ontology-oriented knowl-
edge base in KISSME approach. It is organized as follows. Section 2 states our basic thought about
using ontology. Section 3 presents a mathematic model of ontology. The architecture of the ontology-
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oriented knowledge base is given in Section 4. Section 5 proposes a genetic algorithm-based method
for knowledge sharing and reusing. And finally at Section 6, we get some conclusions.

2 Using Ontology

2.1 Need for Ontology

Originally, ontology was a concept in the philosophy. It describes the essence and composition of
the world, as said by the philosophers. In computer science, ontology is mainly used for knowledge
representation. People who are involved in ontology researches are very different. They are distributed
in the fields of artificial intelligence and software engineering, philosophy and linguistics, and so on.

There are several well-known examples of approaches for ontology development. The Enterprise
Ontology2”! developed by Artificial Intelligence Application Institute in Edinburgh University within
the Enterprise Project is a collection of terms and definitions for providing a framework of enterprise
modelling. The second example is the TOVE[!?! (TOronto Virtual Enterprise) ontology set of the
Toronto University in the field of business processes and activities modelling.

A phenomenon we have noticed is that the major part of papers on ontology are first published
in journals or conferences which are related to artificial intelligence and knowledge engineering. This
fact should not mean that ontology is only interesting for the AI researchers. In its essence, ontology
provides a means for knowledge sharing which is very much desirable in large-scale knowledge based
projects, including the traditional software engineering projects. Nowadays, we noticed also that
more and more software engineers became interested in studying and using ontology concepts in their
research projects.

The use of ontology in software engineering has also its own roots. Remember that the entity
relationship diagram!?? of Chen can be viewed as one of the simple versions of ontology representation.
Also the conceptual graphs!?®! remind us of lots of characteristics of modern ontology researches.

In 1996, IEEE has published a standard, i.e., the IEEE standard 1074-109524 for developing
software life cycle processes. Later, Fernandez Lopez has analyzed the development methodology of
several ontology researches and compared them with this standard?l. From this analysis, we have
discovered a crucial point that prevents us from making direct benefit from the results of the current
researches on ontology. That is, almost no ontology has been designed for their use in automated
machine processing. They are mainly used for communication between human beings. Clearly, such
kind of ontologies cannot be used to automate the software production procedure.

2.2 Points for Using Ontology

Our goal is to develop a methodology of ontology-oriented domain analysis in the field of informa-
tion system modelling. Formal ontology is the prerequisite for modelling domains to support domain
knowledge sharing and reusing. However, before presenting this formalized definition, we should illus-
trate some of our main ideas as the background of this formalization. This background will help us to
understand the rather abstract notations in the formalized definition.

Idea 1 (Make Relations as Independent Knowledge Units). In a pure object-oriented
paradigm, the multilateral relations are usually attached to this or that object without enough jus-
tification. In our opinion, they are attached in a less or more arbitrary way. In our approach, two
generalizations are made with respect to the relation concept. First, with exception of the inheritance
relation, i.e., the ancestor-offspring relation, all relations are listed explicitly outside of the objects.
Objects and relations are now elements of equal importance in an ontology, just as nodes and arcs are
of equal importance in a graph. This point makes our paradigm different from the pure object-oriented
paradigm which only emphasizes to take objects as basic system elements and considers the relations
between objects only as having second order importance. Second, in our paradigm, the relations may
have any finite arity, i.e., a multilateral relation having any finite number of parameters. For example
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‘human uses a computer to write a text’ could be represented as a multilateral relation ‘text-writing
(writer, tool, written-text)’.

Idea 2 (Organize the Objects in Ontologies). A single relation may be not enough to char-
acterize the relationship among many objects. In a society, for example, there are family relations,
relative relations, friend relations, employer-employee relations, teacher-student relations, etc. All
these relations together form our society. It is natural to consider the whole set of these relations
together with the objects they connect as an ontology, the society ontology.

Grouping the objects in ontologies has another advantage. Remember that increasing grain size
of object representation has been one of the basic techniques in object-oriented analysis used to lower
down the complexity of large sized software projects. The concept of object clustering is considered as
one of the basic methods to enlarge the object grain size. But a simple merging of objects without a
rigorous definition of functional relations and interfaces among these objects may lead to chaos in the
object community. This is another reason why we need the concept of ontology.

Idea 3 (Take Objects as Basic Elements of an Ontology). This point makes our approach
different from those ontology studies reported in literature, where the researchers take concepts as
basic elements of an ontology. In most cases these concepts are considered as atoms and there is no
further explanation about the structure of these concepts. Our study about the use of ontology in
information systems modelling has shown that a pure ontology-oriented paradigm with structureless
elements seems to be not powerful enough in its description and modelling capability. But if we assume
that the components of an ontology are themselves structured, then what are the structures of these
components? Our answer to this question is natural and straightforward, i.e., they have the structure
of an object. That means, we just take objects as basic components of ontologies.

Let us use a metaphor: if we compare our paradigm with the globe where we are living, then the
objects and their inheritance hierarchies can be compared with the meridian lines and the ontologies
can be compared with the parallel lines.

Idea 4 (Let Ontologies Form Their Own Inheritance Hierarchies). It is well known that
objects may form inheritance hierarchies. The methodology based on object hierarchies is called object
oriented and that just based on a set of objects (without hierarchies) is called object based. If we have
a look at the prevalent ontology approaches from this point of view, then most of them (as far as we
have seen in the literature) can only be called ontology-based ones, not ontology-oriented ones.

What we want to do is to propose an ontology-oriented methodology that is based on hierarchies
of ontology. This decision of us has brought many technical difficulties to overcome. They include how
to define the inheritance mechanism of ontologies? What are the relations between object inheritance
and ontology inheritance? Both questions are tightly related to the structures of ontology. It is easy
to see that the inheritance of objects influences that of ontologies and vice versa.

Idea 5 (Allow Ontologies to be Nested). As it was said above, we take objects as basic
elements of an ontology. But we may pose the question: is it possible that some ontologies may
contain other ontologies as their components? Let us consider the example of chemistry once again.
The atoms serve as components of molecules. Why can’t the molecules serve as components of other
more complex molecules, the macromolecules (high polymers)?

3 A Mathematical Model for Ontology

Now that the basic thoughts about the construction of ontologies have been explained, we are

prepared to introduce a more formalized notation and definition for ontologies o
Definition 3.1 (Acyclic Cybergraph). An acyclic cybergraph can be represented as a quin-tuple
(D,P,U,V,H), where the five sets D, P, U, V, H have no non-empty intersection with each other, in

OIn the following of this paper, those concepts concerning the object-oriented method are keeping their ordinary
meanings.
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which D is called the set of descriptors, P is called the set of processors, U and V are two finite sets of
vertezes, called simple vertexes or complex vertexes, respectively, and H s a finite set of hyperplanes,
where each hyperplane is determined by a subset of U UV, headed by a name denoting this hyperplane.
Different hyperplanes have different names. A complex vertex is itself an acyclic cybergraph. FEach
element of DU PUU UV UH is said to be contained in this acyclic cybergraph.

Definition 3.2 (Nested Cybergraph). An acyclic cybergraph with a non-empty set V is called
a nested cybergraph. A nested cybergraph (D, P,U,V,H) has the nesting level 1, if each cybergraph
represented by any vertex of V' is not nested. It has the nesting level n+ 1, if the maximal nesting level
of the cybergraphs represented by the vertexes of V is n. An acyclic cybergraph, which ts not nested,
has the nesting level 0. For alln > 0, a cybergraph with nesting level n is called finitely nested.

Two vertexes x and y of U UV are called directly connected, if there is a hyperplane h of H, such
that both x and y belong to h. Each element of U UV is directly connected to the acyclic cybergraph
it belongs to. The vertexes x and y are called connected if they are directly connected, or if there is
another vertex z, such that x and z are directly connected and y and z are connected. A cybergraph
is called connected if each pair of its vertexes is connected.

Definition 3.3 (Ontology Skeleton). An ontology skeleton is a connected, finitely nested
cybergraph, where the cardinality of U UV is at least 2. The descriptors are called attributes. The

processors are called methods. The simple vertices are called object skeletons@. The complez vertices
are ontology skeletons themselves. And the hyperplanes are relations among the simple and complex
vertices.

Note that concrete ontologies may have many details and are thus not suitable for a formal de-
scription. Therefore, we define only an ontology skeleton formally. This definition should be enough
for understanding the mechanisms of concrete ontologies.

Definition 3.4 (Homomorphic Mapping). Let Oy, Oy be two ontology skeletons, Oy =
(D1, P1,U1,V1,Hy) and Oy = (D2, Py,Us, Vo, Hy). We say that there is a homomorphic mapping
M from O to Og, if

(1) M is composed of five mappings from each component of O; to that in O»:

M(O1) = {M(D1), M(Pr), M(Ur), M(V1), M (H1)}

(2) M(D,) is an identical mapping. That means, D1 is a subset of Da.

(3) M(Py) is an identical mapping. That means, P; is a subset of Ps.

(4) M(Uy) = {M(e1)|e1 € U1}, where for each ey € Uy, there is one and only one ez € Us, such that ®
(4.1) M(e1) = ez = e1; and
(4.2) M(e1) # M(ez) for e1 # ea.

(5) M(Vi) = {M(e1)|er € V1}, where for each e; € Vi, there is one and only one ez € V5, such that
(5.1) M : e — ez is a homomorphic mapping; and
(5.2) M(e1) # M(ez) for e1 # ea.

(6) M(Hy) = {M(h1)|h1 € H1}, where for each hy € Hy, there is one and only one hy € Ha, such that

(6.1) name(hz) = name(h1); and
(6.2) cardinality(h1) = cardinality(h2); and
(6.3) M(h1) = {M(hhy)|hh1 € h1}, where for each hhy € hi, there is one and only one hhs € hy, such
that if hhi is an object class, then M (hh1) = hha > hhy and if hhy is an ontology skeleton then M (hhi) is a
homomorphic mapping and M (hh1) # M (hh2) for hhy # hhs.
Property 3.5. Let Oy, Oz, O3 be three ontology skeletons. If there is a homomorphic mapping

M; from Oy to Oz and a homomorphic mapping My from Oy to Os, then the composition Ma(My) is
a homomorphic mapping from Oy to Os.

@An object skeleton is indeed an object class.

OLet b1, by be two objects. We use the notation b; < by (or, what is the same: by > b1) to denote the fact that by
is an ancestor of by. We also use the notation b1 < b2 (or, what is the same: by > b1) to denote (by = by or by < ba).
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Definition 3.6 (Ancestor Relation of Ontology Skeleton). Let O; and Oy be two ontology
skeletons. We say that Oy is an ancestor of O, (or, what is the same, O2 is an offspring of Oy) if

there is a non-identical homomorphic mapping@ M from Oq to Oz. O; is called a father of Os, if
O; s an ancestor of Oz, but there is no ancestor of Oz, which is an offspring of Oy.

Definition 3.7. Let Oy = (D4, P1,U1, V1, Hy) be a father of Oy = (D2, Py, Us, Vo, Hy). Then Oo
has a short notation OY) = (D%, P3, U5, V3, HY), in which

(].) D/2 = D2 —Dl, P2/ = P2 —Pl;

(2) Uy ={a'|qz € Uy — Uy,a’ is a short notation of x};

(3) Vi ={a'|Fx € Vo — V1,2’ is a short notation of x};

(4) Hy = {2'|3x € Hy — Hy, 2’ is produced from = by replacing any ontology skeleton z contained

in x with a short notation of z}.;

Definition 3.8 (Inheritance). Let Oy = (Dq, P1,Uy, Vi, Hy) be a father of Oy = (Da, Py, Us, Vs,
H,). And let M be the homomorphic mapping from O1 to Os. If O}, which is denoted by (D}, Ps, U},
Vs, HY), is the short notation of Oy, then the restoration of an ontology Oz from its short notation O}
is called inheritance. In this procedure, O} inherits from Oy:

(1) Anythmg OfDl, Pl, U1 n Ug, V1 n V2 and H1 n HQ;

(2) Anything of z/M(z)" for z € Uy, where y/x means those attributes and methods which belong

to y, but not to x, M(z)' means the short notation of M(z);

(3) Anything of z//M(z)" for z € Vi, where y//x means those things x inherits from y;

(4) Anything of z//M(z)" for z € Hy.

A hyperplane inherits everything which its ontology skeletons and objects inherit.

Definition 3.9. An ontology skeleton together with all its son ontologies is called an ontology
skeleton class. This ontology skeleton is then called the root of this ontology skeleton class. All
ontology skeletons of this class, which have no sons, are called leaves of this class.

4 Architecture of Knowledge Model Base (KMB)

4.1 Design Principle of KMB

Definition 4.1 (Ontology). If O = (D, P,U,V, H) is an ontology skeleton. Replace the elements
in D and P by real attributes and methods. Replace the object skeletons in U and H by corresponding
objects. Replace the ontology skeletons in V' and H by corresponding ontologies. The result is called
an ontology.

The KMB is composed of ontologies organized according to different business aspects and different
application domains. During the design of KMB architecture, we have paid attention particularly to
the following points:

e For the same application domain and the same kind of business, different managers will have
different ideas for their information systems. We know that supermarket managers may have different
opinions with respect to how detailed their information management should be. For example, their
daily accounting should be made on a single piece ware basis or only made on the department or shop
(for chained supermarkets) accounting basis? Which data should be included in their data tables? Do
they need a data warehouse? If yes, how does it look like? Also the decision support models they use
may be different. After all, the use of a certain information system means that in some sense people
are following certain principles and strategies of management.

@t Oy = (D1, P1,U1, Vi, H1), Oz = (D2, P2,Us, Va2, H2) be two ontology skeletons. A non-identical homomorphic
mapping M from O; to Oz is a homomorphic mapping from O to O3 satisfying the following extra constraints: (1) D;
is a proper subset of Da; or (2) P; is a proper subset of Ps; or (3) Let e1 € Uy, e2 € Ua. If M(e1) = e then e2 > e1;
or (4) Let ey € V4, e3 € Vo. Then M : ey — ez is a non-identical homomorphic mapping; or (5) Let hy € H; and
ho € Ha. M(h1) = {M(hh1)|hh1 € hi1}, there is one and only one hha € ha, such that if hhq is an object class, then
M(hhy) = hha > hhy.
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e Some application domains may form hierarchies. For example, a domain model about the area
of commerce business may have sub-models such as single shop models, supermarket models, chained
shop models, etc.

e Different application domains may have overlapping domain knowledge. For example, every enter-
prise or government institution has a personal department. In most situations, a financial department
is also indispensable.

e Definition of application domains is not unique. The concept application domain is quite vague.
There is no unique standard about the division of application domains. There are even fewer standards
about the business functions contained in some particular application domains. They are different with
respect to countries and variable with respect to time.

e There are many factors which may influence the effectiveness of a domain model. Apart from the
managers, the rapidly changing market situation affects also their use. And the government policies
play also an important role, which determine the taxes, incomes, inputs, outputs of a country or of an
area and thus directing the consumption of people. It would be not wise to include all of them in a
single model.

4.2 Family of Knowledge Models

Definition 4.2 (Generalized Acyclic Cybergraph). A generalized acyclic cybergraph
is a siz-tuple (D, P,U,V,H,I), where D, P and U are the same as in Definition 3.1. H is a set of
hyperplanes, where each node of each hyperplane is a simple node or a compound node. A simple node
is an element of UUV. A compound node may be an and-node and(S) or an or-node or(T'), where S
and T are subsets of U UV . An element of V is itself a generalized acyclic cybergraph.

I is a mapping. It maps each m € H to a non-negative integer number, called irrelevance degree of
m with respect to this generalized acyclic cybergraph. Further, it maps each node n of each m € H to
a non-negative integer number, called irrelevance degree of n with respect to m.

As for the situation of compound nodes, each vertex v in an and-node has the irrelevance degree
0 with respect to the node it belongs to. Each vertex v in an or-node has the quasi irrelevance degree
0 with respect to the node it belongs to. That means, none of the vertices contained in an or-node is
necessary to that node (and to the hyperplane it belongs to), but the set of vertices in an or-node as a
whole is necessary for that node.

A generalized acyclic cybergraph with a non-empty set V is called a nested cybergraph. The
concept of nesting in Definition 3.2 applies also for generalized acyclic graphs.

Two vertices ¢ and y of U UV are called directly connected, if there is a hyperplane h € H, such
that = and y are nodes of h or belong to the nodes of h. The vertices ¢ and y are called connected if
they are directly connected, or if there is another vertex z, such that x and z are directly connected
and y and z are connected. A generalized cybergraph is called connected if each pair of its vertices is
connected.

Definition 4.3. Denote the irrelevance degree of x with respect to y as ID(z,y), the quasi
irrelevance degree of x with respect to y as QID(x,y) and the upper bound as UB. Then we have:

(1) ID(z,y) = 0 if y is an ancestor of x;

(2) UB(ID(z,z2)) = max(ID(z,y), ID(y, 2));

(3) Point 2 is still valid if we replace ID(x,y) with UB(ID(z,y)) and/or ID(y, z) with UB(ID(y, z));

(4)

4) For any x contained in y,
ID(z,y) = min{u|u is « UB(ID(x,y))}
(5) UB(QID(x, z)) = max(QID(z,y), QID(y, z));

(6) Point 5 is still valid if we replace QID(z,y) with UB(QID(z,y)) and/or QID(y,z) with
UB(QID(y, 2));
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(7) Point5 is still valid if we replace QID(x,y) with ID(x,y) or UB(ID(z,y)), or replace QID(y, z)

with ID(y, z) or UB(ID(y,z)). But not both;

(8) QID(z,y) = min{u| u is a UB(QID(z,y))};

(9) In all the cases mentioned above, we say that x has a finite irrelevance degree (or finite quasi

irrelevance degree) with respect toy. In any other case, the irrelevance degree of x with respect
toy is ‘o’

Obviously, the larger this irrelevance degree is, the more the irrelevance is. If ID(z,y) =n, n =0
means z is necessary for y. In the following we will see that this definition is meaningful.

Definition 4.4 (Weighted Ontology Skeleton). A weighted ontology skeleton is a con-
nected, finitely nested generalized acyclic cybergraph, where the cardinality of U UV s at least 2. The
descriptors are called attributes. The processors are called methods. The simple vertices are object
skeletons. The complex vertices are weighted ontology skeletons themselves. And the hyperplanes are
relations among the simple and complex vertices.

Definition 4.5 (Sub-Homomorphic Mapping of Weighted Ontology Skeleton). Let O; =
(D1, Py, Uy, Vi,Hy, 1), Oy = (Da, P2,Us, Va, Ha, I5) be two weighted ontology skeletons. We say that
there is a sub-homomorphic mapping M from O to Os, if

(1) M is composed of siz mappings from each component of Oy to that in Oy :

M(01) = {M (D), M(Pr), M(Ur), M(V1), M(Hn), M (1)}

(2) The sub-mapping {M(D;), M(Py), M(Uy), M (V1), M(Hy)} is a homomorphic mapping from

(D1, Py, Uy, V1, Hy) to (D2, Py, Uz, Vo, Hy) defined in Definition 3.4, with the additional condition:
(2.1) each and-node and(S) is mapped to an and-node and(T), where S is a subset of T}
(2.2) each or-node or(S) is mapped to an or-node or(T), where T is a non-empty subset of S.

(3) M(Iy) is an identical mapping such that I (a,z) = Iy(M(a), M(z)), where I (a,x) is the
irrelevance degree of a with respect to x.

Similarly, we can define weighted ontologies and use the concept of sub-homomorphic mapping to
define their inheritance and class hierarchies.

In the remains of this paper, we keep the name ontology instead of weighted ontology. But we should
remember that the knowledge stored in our KMB is all in form of the weighted ontologies. Also, we
use the name entity to stand for ontology or object.

Definition 4.6 (Connection Graph). Let g be an ontology. g with all other entities which
have a finite irrelevance degree (or quasi irrelevance degree) with respect to g forms a set, called the
connection graph with g as its root.

Definition 4.7. Let g and h be entities. If the (quasi) irrelevance degree of h with respect to g is
a finite number n, h is also called (quasi) n-connected to g. Additionally, each ancestor entity is
0-connected to all its offspring entities. If a is n-connected to b, b has an irrelevance degree m with
respect to ¢, then a is max(n, m)-connected to c.

Definition 4.8 (Relevance Graph). Given a set S of entities. For each n and each entitye € S,
all entities of S, which are at most n-connected to e form an n-connected relevance graph with e as
1ts root.

Note that the connection property is not symmetric. If h is n-connected to g, then g is not
necessarily n-connected to h.

Definition 4.9 (Maximal Connection). Let K be a KMB. If there is an integer m > 0, such
that for any pair of entities g and h of K, where h is n-connected to g, n is not larger than m. And
there is at least a pair (g,h) of entities, where h is m-connected to g. Then we call m the mazimal
connection of K.

Note that a maximal connection exists for each KMB since KMB is always finite.

Definition 4.10 (Knowledge Model). A knowledge model KM is a set of entities which exist
in KMB in form of an n-connected relevance graph for a fired n and with a fized root, satisfying the
following conditions:
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(1) there is no x € KM, such that x is contained in x;

(2) there is no x € KM, such that © is an ancestor of x;

(3) there are no x,y € KM, such that © is contained in y and there is an ancestor-offspring relation

between x and y or between y and x;
(4) assume H,G € KM are ontologies. If entity a is contained in H, entity b is contained in G
and H is an ancestor of G, then b is not an ancestor of a.

The ‘contain’ relation and the ‘ancestor-offspring’ relation mentioned above are all meant in tran-
sitive sense. We say that KM has the extension degree n.

A KMB K is complete if with any entity £ € K, all of the entities mentioned in E exist in K.
A KMB is perfect if each entity of K is contained in some knowledge model. Henceforth, we only
consider complete and perfect KMB.

Let the root ontology R be fixed and let the extension degree n vary from 0 to m (maximal
connection of the knowledge base), we get a series of knowledge models all of which have the same
root R. We say also that R represents this series of models.

Ezample 1. We use A, B,C, ... to denote ontologies, P,Q, R, ... to denote hyperplanes, a,b,c,...
to denote objects, a triple («,n, ) to denote that the irrelevance degree of o with respect to 3 is n,
a triple [a, n, 3] to denote that « is n-connected to § (but o does not have a finite irrelevance degree
with respect to ) and a(n) (in the body of an ontology definition) to declare that the irrelevance
degree of a to its ontology is n. If

A contains P(0) C contains D(0),C(2)
P contains B(0),C(1),D(2),a(0) cis father of a
B contains Q(0), R(2),b(1) a is father of b and d

Then we have

((P,B,a,b,d,Q,D),0,4) ((B,Q,D,a,b,d),0,p)
(D,0,Q) ((C,b),1,(A, P))
(b,1,B) (a,0,c

(R,2,(A, B,P)) (C,2,(A,B,P,Q))
((b,d),0,(a,c)) ((@,D),0,B)
[¢,0,(a,b,d, P, A)] [a,0, (b,d)]
[e,1,(4, B, P)]

5 Build Virtual Domain Models: A Genetic Approach

There are a big variety of business types in the real world. We are even justified to say that
there are no two enterprises (companies) in the world, which are identical in all aspects of information
processing. It would be nice to construct a model for each business type and to store all these models
in KMB. But this is impossible. With the knowledge model base defined above, we can only keep the
most basic models in KMB and try to build new ones whenever the user has the need. These new
models which are built instantly are called virtual domain models since they do not belong to the set
of most conventional models in the relevant field.

Definition 5.1 (Information System Ontology Skeleton). Information system ontology
skeleton is an ontology skeleton which is structured as ({ EntInf},{},{},{Org, Dat},{Use(Org, Dat)}).

This is an abstract ontology skeleton (class or type) for information systems. In which, EntInf is
the type descriptor, Org and Dat are two other ontology types it contains. ‘Use(Org, Dat)’ means that
there is a relationship ‘Use’ between ontology Org and Dat. This ontology skeleton means that any
information system contains two parts: organization and data, and this system is for capturing how
organization use data.

Definition 5.2 (Domain Model). A domain model is a knowledge model (for a fized extension
degree n) with an information system ontology as its root.
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Definition 5.3 (Virtual Domain Model). A virtual domain model VDM is a domain model
(for a fized extension degree n) and with at least one of the following characteristics:
(1) All of its entities exist in KMB, but they are not forming an n-connected relevance graph;

(2) Some of its entities do not exist in KMB, but each of them is a variation of some entity in
KMB, where entity A is called a variation of entity B, if A and B have the same name and
the same father, but with different contents;

(3) Some of its entities come from outside by user input.

We also say that this VDM has the extension degree n.

In the rest of this section, we give the skeleton of our approach for constructing virtual domain
models. Detailed description of these methods can be found in [12]. In this approach, we consider the
KMB as a world of domain models, which, like the living things, form a population. This population
will experience a procedure of evolution, multiplying, propagation and development during the process
of software reuse. This population of domain models grows steadily together with the change of the
reuse environment. It comes also closer and closer to the real world of application domains. For
the reason explained above we make use of terminology from genetics for the classification of these
techniques. They are selection, clone, mutation, crossover, synthesis and transgenic production.

Definition 5.4. The basic operations for constructing a virtual domain model include:

(1) Selection means to chose one or some ezxisting domain models or entities, which are erpected
to serve as the best raw material for further elaboration.

(2) Clone means to copy an existing entity or an intermediate product to be further elaborated into
the final product.

(3) Mutation means to change the content of a selected entity or an intermediate product.

(4) Crossover means to combine (whole or part of) two or more domain models to get a new one.

(5) Synthesis means to integrate several smaller entities to a larger one.

(6) Transgenic means to add (or delete) some entities to (or from) a domain model to get a new
one.

In the following, we give some case studies to show that these operations are meaningful.

Case Study 1 (Clone). Let R be an ontology of information system ontology skeleton and n an
integer number. Required is to construct a domain model with R as the root and n as the extension
number.

Ezample 2. The user wants a domain model for three-star hotels, i.e., R = ‘hotel information
system’ and n = 3.

Sometimes, we want to build a domain model by combining two existing domain models. As we
will see below, this is a complicated problem and the required operation will raise a lot of technical
problems. At this place, we are satisfied with the solution of only a humble sub-problem of it.

Case Study 2 (Crossover). Given are two names R and T representing two series of domain
models. Required is to construct a minimal domain model W which contains one model from each of
the two series.

Ezample 3. The user wants to combine the domain models of hotel and shopping center.

Sometimes we do not want to start from a given domain model, but want to construct a new domain
model from a given set of knowledge units.

Case Study 3 (Synthesis). Given is a set S of entities. Required is to construct a domain model
DM which contains all entities of S.

Case Study 4 (Transgenic-1). Given is an ontology R of information system ontology skeleton
and a set S of entities. Required is to construct a domain model with R as root and containing S.

Ezample 4. A bank has the business of accepting deposits and providing credits. A post office has
the business of mail and remittance service. Now the Chinese post offices have opened a new service
of accepting deposits, which is originally only a part of the bank business.

Case Study 5 (Transgenic-2). Given are a domain ontology knowledge base K with the maximal
connection m, an ontology R of information system ontology skeleton, a non-negative number n < m
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and a set S of entities. Required is to construct a domain model with R and extension number n,
which includes S.

Ezample 5. The user wants a domain model of three-star hotels with shopping centers. (Assume
that the user does not know whether a three-star hotel normally has a shopping center or not).

Sometimes we do not want to add some knowledge units to a domain model, but on the contrary,
we want to delete some knowledge units from it.

Case Study 6 (Transgenic-3). Given is the name R of an ontology of information system
ontology skeleton and two sets S and T of entities. Required is to construct a domain model with R
as root, which contains S, but does not contain 7.

Ezxample 6. Some ‘sleep-inn’ type hotels do not provide restaurant service.

Case Study 7 (Transgenic-4). Given is the name R of an ontology of information system
ontology skeleton and an entity F, which is not n-connected to any domain model with R as root for
any extension degree n. Required is to construct a domain model with R as root and containing the
entity F.

Note that this entity £ does not necessarily exist in the knowledge base before. It can be added to
the knowledge base by the user on the spot.

Ezample 7. The manager of a supermarket wants to have a new kind of daily business report which
may mean a new data view object and a new data processing object.

Case Study 8 (Transgenic-5). Given are the name R of an ontology of information system
ontology skeleton and a finite set of n-connected relevance graphs, each with an entity as root. All
roots of these relevance graphs are not n-connected to any domain model with R as root for any
extension degree n. Required is to construct a domain model with R as root and containing all these
relevance graphs.

Ezample 8. A computer company is going to expand its business area to include some new ser-
vices such as local area network integration, supermarket MIS development and electronic business
consultation.

Case Study 9 (Transgenic-6). Given is a domain model DM with R as root and an extension
degree n. Let F be an entity, which is j-connected to R. We have j < n < m, where m is the maximal
connection of the KMB. Required is to construct a sub-model of DM with R as root and not containing
the entity F.

Ezample 9. A special tax sort of the Haidian District has been removed. Consequently, the MIS of
the Haidian tax bureau does not need to print a table for this tax each month.

Case Study 10 (Transgenic-7). Given a domain model DM with R as root. Given are also a
finite set S of entities. Each of these entities is j-connected to DM for some j, j < n < m, where m is
the maximal connection of the KMB. Required is to construct a minimal sub-model of DM with R as
root and not containing any of these entities.

Ezample 10. A supermarket will close its video product department, computer device department
and camera and fine instrument department. This would not mean, however, that anything involved
in the information processing of these three departments should be deleted. For example, some invoice
formats of the three removed departments are the same as those used in other departments. We delete
only those elements that are only needed by these three departments, but not needed by other ones.

6 Conclusions

Nowadays, there exist many ontologies/?627). In summary, we can get the following main types of
ontologies.

e Knowledge representation ontologies capture the representation primitive used to formalize knowl-
edge in knowledge representation paradigms. The representative example is the Frame-Ontology!?®!
which has been implemented in KIF 3.0[29],
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e General ontologies include vocabularies related to things, events, time, space, causality, behavior,
function, etc. The CYC ontology[®! is a common sense ontology.

e Domain ontologies are reusable in a given domain. They provide vocabularies about the concepts
within a domain and their relationships. The EngMath!®!l, PhysSys[®? and TOVE are well-known
domain ontologies.

e The linguistic ontologies contains linguistic concepts and the relationships between these concepts.
The Generalized Upper Model®3! and WordNet®4 are most illustrative linguistic ontologies.

e Task ontologies!!] provide a systematic vocabulary of the terms used to solve problems.

As our formal ontology is designed for representing the domain knowledge resulted by domain
analysis, we mainly focus on the structure of the domain. We provide mechanism for representing
domain concepts and various relationships between concepts. This formalization reveals that the
conceptualization of the domain models could be represented as a multiple layer conceptual connection
graphs. This kind of formal structure is the prerequisite for automatic knowledge sharing and reusing,
i.e., knowledge sharing between computers or computer systems.

In terms of the above categories, what we have done in this paper could be categorized as a
knowledge representation ontology. Different from the most representative knowledge representation
ontology, i.e., Frame-Ontology which is implemented in KIF 3.0 based on first-order logic, our ontology
combines the algebra approach and the concept graph approach, that makes our ontology representa-
tion more intuitive and more structured. On the one hand, we extend the concept graph by allowing
the concept nodes having their own structure. Each concept node is an object and has the structure
of object. On the other hand, we use algebra mapping, i.e., the homomorphic mapping, to capture
the inheritance hierarchy of ontologies in different levels of abstraction. So, we have two kinds of
inheritance, i.e., object inheritance and ontology inheritance. The former is inheritance for concepts
and the latter for structure. This feature makes our ontology representation more flexible. Of course,
the inheritance mechanism is also very complicated. But that is beyond the scope of this paper and
will be one of our further research topics.

And finally, based on this formalization, some operations for sharing and reusing domain knowledge
have also been discussed.
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