
Chapter 3

A Logical Foundation for the Semantic Web

In this chapter, we will develop a framework for reasoning about the Semantic Web. We will
start with a basic logic approach and gradually refine it to deal with the problems of representing
knowledge on the Web.

3.1 An Initial Approach

A requirement for the Semantic Web is the ability to associate explicit meaning with the content
of resources. We will do this by embedding a logical language in the resources and providing a
denotational semantics for it. Many of the knowledge representation languages and structures dis-
cussed in Chapter 2, such as semantic networks, frame systems, and datalog, can all be formulated
in first-order logic. For this reason, and because first-order logic is well-understood, we will use
it as our basis. In order to use this framework with systems that cannot be described in first-order
logic (e.g., probabilistic logics, temporal logics, higher-order logic), one must reformulate what
follows to correspond to the desired logic.

First we must define our domain of discourse. The main objects of interest are internet re-
sources and entities that are described by them. An internet resource is anything that provides
information via the Internet, such as a web page, newsgroup, or e-mail message. We will use R
to refer to the set of these resources. The domain of discourse, on the other hand, is the collec-
tion of things that are described or mentioned by internet resources, including potentially internet
resources themselves. We will use D to refer to this set.

We will assume that we have a first-order language L with a set of non-logical symbols S. The
predicate symbols of S are SP � S, the variable symbols are SX � S, and the constant symbols
are SC � S. For simplicity, we will not discuss function symbols, since an n-ary function symbol
can be represented by a n+1-ary predicate. The well-formed formulas of L are defined in the
usual recursive way. We will use W to refer to the infinite set of well-formed formulas that can be
constructed in L.

Let K : R!2W be a function that maps each resource into a set of well-formed formulas.
We call K the knowledge function because it extracts the knowledge contained in a resource and
provides an axiomatization for it.

We will define an interpretation I in the standard way. It consists of the domain of discourse D
(as defined above), a function IC : SC ! D that maps constant symbols to elements of the domain,
and a set of functions IPn : SP ! Dn that map n-ary predicate symbols to sets of n-tuples formed
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from the domain. If a formula � is true with respect to an interpretation I, then we write I j= �
and say that I satisfies � or that I is a model of �. Given a set of sentences �, if an interpretation
I satisfies every � 2 � then we write I j= �.

One way to consider the Semantic Web is to think of each resource as specifying an independent
theory, that is, there is no interaction between the theories. In this approach, each resource must
specify the complete theory that is needed to reason about it. For example, a genealogy web page
that contains information on one’s ancestors should include the following axioms that provide basic
semantics for the ancestorOf predicate:

parentOf(x; y)! ancestorOf(x; y)

ancestorOf(x; y) ^ ancestorOf(y; z)! ancestorOf(x; z)

However, a disadvantage of the independent theory approach is that all other geneal-
ogy pages must replicate the axioms that define the basic genealogy predicates. Further-
more, if one resource contained the fact ancestorOf(alice; bill) and another contained the fact
ancestorOf(bill; carol), then we would be unable to conclude ancestorOf(alice; carol), be-
cause we cannot combine the theories.

In order to prevent the Semantic Web from becoming a billion unrelated islands, there needs to
be a way to combine the information contained in the resources. We will state this as a fundamental
principle of the Semantic Web:

Principle 3.1 The Semantic Web must provide the ability to combine information from multiple
resources.

Given this proposition, let us consider an approach to combining the resources. We define a
naive integrated theory NIT as the union of the well-formed formulas generated by the set of
resources.

Definition 3.2 Given a set of resources R, a naive integrated theory is:

NIT (R) =
[

r2R

K(r)

At first glance, this seems to be a sufficient approach. Since the formulas of all resources are
combined, the axiomatization of any domain needs only to be expressed in a single resource, and
it is possible to deduce things that require premises from distinct resources. However, upon closer
inspection, problems with this approach begin to emerge.

Recall that the Web is a decentralized system and its resources are autonomous. As a result,
different content providers are free to assign their own meanings to each nonlogical symbol, thus
it is likely that multiple meanings will be assigned to many symbols. Different axiomatizations
for the same symbols may result from the polysemy of certain words, poor modeling, or even
malicious attempts to break the logic.

To resolve the problem of accidental name conflicts, we will assume that the constants SC of
L are URIs. Since URIs provide hierarchical namespaces (as described in in Section 2.1.2), they
can be used to guarantee that constants created by different parties will be distinct.

Other problems are more complex. As pointed out by Guha [46, Section 2.6], a theory usually
has an implied background theory that consists of its assumptions. To combine a set of theories
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accurately, we need to make some of these assumptions explicit. For example, if one theory about
stock prices assumed that the day was yesterday and another assumed that the day was today,
an integrated theory should attach the date to each assertion. Guha calls this process relative
decontextualization. Relative decontextualization may also involve mapping synonymous terms,
or in the more complex case, different representational structures that have the same meaning. Note
that in order to perform relative decontextualization, one must first know the contexts associated
with the two theories. We will distinguish between simple combination, in which no relative
decontextualization is performed, and integration, in which it is performed.

Principle 3.3 Semantic web resources can only be integrated after they have undergone relative
decontextualization.

One way to avoid the need for relative decontextualization is to create a standardized vocabu-
lary with official definitions for each symbol, However, to handle all expressions that might appear
on the Web, the vocabulary would have to be enormous, making it nearly impossible to standardize,
comprehend, and later change as necessary.

3.2 An Ontology-Based Approach

Recall from Section 2.2.3 that an ontology provides a common vocabulary to support the sharing
and reuse of knowledge. When two parties agree to use the same ontology, they agree on the mean-
ings for all terms from that ontology and their information can be combined easily. Unfortunately,
there is no widely accepted formal definition of an ontology. In this section and the next two, we
will formally define ontologies that are applicable to the Semantic Web.

3.2.1 Ontology Definitions

Let us think of an ontology as simply a set of symbols and a set of formal definitions, along the
lines of Farquhar, Fikes, and Rice [30]. We will assume that the formal definitions are written in
the language L. We can now define an ontology:

Definition 3.4 Given a logical language L, an ontology is a tuple hV;Ai, where the vocabulary
V � SP is some subset of the predicate symbols of L and the axioms A � W are a subset of the
well-formed formulas of L.

As a result of this definition, an ontology defines a logical language that is a subset of the language
L, and defines a core set of axioms for this language. Since the ontology defines a language, we
we can talk about well-formed formulas with respect to an ontology.

Definition 3.5 A formula � is well-formed with respect to an ontology O = hV;Ai, iff � is a well-
formed formula of a language L0, where the constant symbols are SC and the variable symbols are
SX , but the predicate symbols are V .

We can also define what it means for an ontology to be well-formed.
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Definition 3.6 An ontology O = hV;Ai is well-formed if every formula in A is well-formed with
respect to O.

We will now provide meaning for ontologies by defining interpretations and models for them.
First, we define a pre-interpretation that maps each constant symbol of the language to the domain
of discourse.

Definition 3.7 A pre-interpretation of L is a structure that consists of a domain D and a function
that maps every constant symbol in SC to a member of D.

Every L-ontology uses the same pre-interpretation. Since the symbols from SC are URIs, their
intended interpretation is fixed by the URI scheme or by their owners. For this reason, it is as-
sumed that these interpretations are universal. An interpretation of an ontology consists of the
pre-interpretation and a mapping of the predicate symbols of L to relations on the domain.

Definition 3.8 An interpretation of an ontology consists of a pre-interpretation and a function that
maps every n-ary predicate symbol in SP to an n-ary relation on D.

We can now define a model of an ontology.

Definition 3.9 A model of an ontology O=hV;Ai is an interpretation that satisfies every axiom in
A.

Thus an ontology attempts to describe a set of possibilities by using axioms to limit its models.
Some subset of these models are those intended by the ontology, and are called the intended models
of the ontology. Note that unlike a first-order logic theory, an ontology can have many intended
models because it can be used to describe many different states of affairs.

Note that we chose to have the interpretation of an ontology assign relations to every predicate
symbol in the language L, not just those in the ontology. This makes it possible to compare
the models of different ontologies that may have separate vocabularies. Since we are treating
ontologies as disjoint, this is not significant now. However, it will become important when we
begin to discuss ontologies that can extend other ontologies and reuse their vocabulary. Also note
that the intended interpretations of an ontology will limit the relations that directly or indirectly
correspond to predicates in its vocabulary, while allowing any of the possibilities for predicate
symbols in other domains.

3.2.2 Resource Definitions

Now we need to associate an ontology with each resource. If we let O be the set of ontologies,
then we can create a function C : R ! O, which maps resources to ontologies. We call this
the commitment function because it returns the ontology that a particular resource commits to.
When a resource commits to an ontology, it agrees to the meanings ascribed to the symbols by that
ontology. Because C is a function, a resource can only commit to a single ontology, but in Section
3.3.3 we will show how a single ontology can combine multiple ontologies, thus overcoming this
limitation.

The vocabulary that a resource may use is limited by the ontology to which it commits.
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Definition 3.10 A resource r is well-formed if C(r) = O and K(r) is well-formed with respect to
O.

That is, a resource is well-formed if the theory given by the knowledge function is well-formed
with respect to the ontology given by the commitment function.

We now wish to define the semantics of a resource. When a resource commits to an ontology,
it has agreed to the terminology and definitions of the ontology. Thus every interpretation of an
ontology is an interpretation of the resources that commit to it, and an interpretation that also
satisfies the formulas of a resource is a model of that resource.

Definition 3.11 A model of a resource r, where C(r) = O, is a model of O that also satisfies every
formula in K(r).

3.2.3 Simple Ontology Perspectives

Using the definitions above, we could once again create a separate theory for each resource, know-
ing that the ontologies provide reusable sets of axioms that do not need to be repeated for each
resource in the same domain. However, this approach would still prevent us from combining in-
formation from different resources, and thus be in conflict with Principle 3.1. Instead, we will
consider a way to create larger theories that combine resources which share ontologies. We will
attempt to divide the Semantic Web into sets of resources that share a context, and thus can be
combined without relative decontextualization. We will call these divisions perspectives, because
they provide different views of the Semantic Web.

We need some guidelines for determining how to construct the perspectives. Each perspective
will be based on an ontology, hereafter called the basis ontology or base of the perspective. By
providing a set of terms and a standard set of axioms, an ontology provides a shared context. Thus,
resources that commit to the same ontology have implicitly agreed to share a context. To preserve
the semantics intended by the author of each ontology and resource, we will require that the models
of each perspective be a subset of the models of its basis ontology and of each resource included
in the perspective. Thus, the perspective must contain the axioms of the ontology and the formulas
of each resource that commits to it.

Definition 3.12 Given a set of ontologies O = fO1; O2; : : :; Ong where Oi = hVi; Aii, a simple
ontology perspective based on ontology Oi is:

SOPi(R) = Ai [
[

fr2RjC(r)=Oig

K(r)

With this approach, we have a separate logical theory for each ontology. Each of these theories
includes the axioms of the ontology that serves as its basis and the theories of each resource that
commits to that ontology. Since each resource in the perspective agrees to the meanings ascribed
to the symbols by the perspective’s ontology, there will be no name conflicts between different
resources in the perspective. Additionally, since only one ontology is used in each perspective,
there is no possibility of axioms from another ontology having unintended side effects.

Although the simple ontology perspective approach solves many problems, it greatly restricts
interoperability of resources. The only resources that can be integrated are those that commit to the
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same ontology. Obviously, this is too restrictive; some content providers may find that an existing
ontology would be suitable if only a few minor additions were made. It would be unfortunate
if a new, incompatible ontology had to be created for this purpose. Furthermore, if information
concerning a domain is provided independently from different sources, then it is likely that the
sources will want to use the terminology that is convenient for them. These needs can be summed
up in a single principle.

Principle 3.13 A semantic web ontology should be able to extend other ontologies with new terms
and definitions.

This principle requires that ontologies be able to reference other ontologies, and to provide axioms
that relate new terms to the terms in these other ontologies.

3.3 Ontology Extension

Two prominent themes in ontology research are reusability and composability. It is recognized
that ontology construction is a difficult and time-consuming task, so the ability to create standard
modules for specific purposes is appealing. In theory, if standard ontologies existed for common
tasks, much of the ontology design process could occur by assembling a number of existing mod-
ules, and simply modeling the unique aspects of the domain as needed. A useful consequence of
ontology reuse is that all ontologies that reuse a given module will use the same vocabulary and
axioms to model similar concepts. In the previous section, we described how different resources
can reuse ontologies, but now we will consider ontologies that reuse other ontologies.

In most existing ontology work, reuse is handled by providing a mechanism that allows an
ontology to extend another ontology (see Section 2.2.3). Essentially, when an ontology extends
another, it includes the axioms and vocabulary of that ontology and any ontology extended by the
second ontology. Using this framework, it is possible to design taxonomies of ontologies, with
high-level generic ontologies at the top, and more specific ontologies at the bottom. Thus it is pos-
sible to have a top-level ontology that defines common concepts such as Person and Organization,
which is extended by industry specific ontologies, that are in turn extended by corporation specific
ontologies, and so on.

Unlike work in schema integration, ontology extension integrates ontologies at schema (on-
tology) design time. When a new ontology is created, its relationships to other ontologies are
specified. This process greatly reduces the semantic heterogeneity of the ontologies, while accom-
modating differences where necessary. When an existing term is needed, it is simply borrowed
from another ontology; when the terms from other ontologies are unsuitable, a new term can be
created and axioms can be used to describe its relationship to existing terms. Section 3.5 discusses
the practical problems of such an approach.

3.3.1 Ontology Extension Definitions

We can formally define ontology extension as follows:

Definition 3.14 Given ontologies O1 and O2, O1 is said to extend O2 iff all models of O1 are also
models of O2.
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Note that this definition depends on the ability to compare the models of two different ontologies.
Recall from Section 3.2.1 that the predicate interpretation function of an ontology is defined for all
predicate symbols of L, not just those in the ontology’s vocabulary. Thus since every interpretation
of every ontology has a set of tuples associated with each predicate symbols, it is possible to
compare the tuples for each predicate symbol and determine whether one interpretation is a subset
of another.

Now let us add the concept of ontology extension to our formalism. We will refine our defini-
tion of an ontology to include the set of ontologies extended by it. Definition 3.4 can be thought of
as a special case of this definition, where O = hV;A; ;i.

Definition 3.15 Given a logic L, an ontology is a three-tuple hV;A;Ei, where the vocabulary
V � SP is some subset of the predicate symbols, the axioms A � W are a subset of the well-
formed formulas, and E � O is the set of ontologies extended by O.

This new ontology definition requires us to reconsider the definitions from Section 3.2. Many
of the definitions are unchanged, but well-formedness with respect to an ontology, the well-
formedness of ontologies, and the models of an ontology need to be redefined. However, before
we can discuss the new definitions, we need to consider the uniqueness of the vocabulary symbols
used by ontologies and define the concept of ancestor ontologies.

When different ontologies are used, they may assign different meanings to the same symbol. In
the previous section, we ignored this fact because each ontology was used to form a separate theory.
However, when ontologies include other ontologies, reasoners that assume that a symbol means
the same thing when used in different contexts risk incorrect inferences. Therefore we will assume
that unless otherwise stated, identical symbols in different ontologies represent distinct concepts, as
advocated by Wiederhold [92]. In our framework, we will achieve this by prefixing each predicate
symbol with its source ontology and a colon, for example ont:symbol. When we refer to symbols,
we will use either qualified names or or unqualified names, where a qualified name includes the
prefix, while an unqualified name does not. To prevent ambiguity, all unqualified names have
exactly one corresponding qualified name, which is the name formed by adding the prefix of the
ontology in which the name appears, or in the case of resources, the ontology committed to by the
resource. The functionQ : name! qname performs this mapping, where qname � name � SP
and 8x; x 2 qname $ Q(x) = x. For convenience, we will write the set of names resulting from
applying Q to each member of a set N as Q(N).

An ancestor of an ontology is an ontology extended either directly or indirectly by it. If O2 is
an ancestor of O1, we write O2 2 anc(O1). In this case, we may also say that O1 is a descendant
of O2. The formal definition of an ancestor is:

Definition 3.16 Given ontologies O1 = hV1; A1; E1i and O2 = hV2; A2; E2i, O2 2 anc(O1) iff
O2 2 E1 or there exists an Oi = hVi; Ai; Eii such that Oi 2 E1 and O2 2 anc(Oi).

An ontology should have access to all symbols defined in its ancestors, and likewise a formula
of that ontology should still be well-formed if it uses symbols from the ancestor ontologies. Thus,
we need to redefine what it means to be well-formed with respect to an ontology. First, we must
identify the vocabulary accessible to an ontology. This is the union of its own vocabulary and that
of all of its ancestors. The vocabulary of an ontology is a set of unqualified names, but the extended
vocabulary can be a mixture of qualified and unqualified names. This is because we must use the
qualified names of the ancestor ontologies to guarantee that there are no name conflicts.
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Definition 3.17 The extended vocabulary V �
i of an ontology Oi = hVi; Ai; Eii is Vi [S

fjjOj2anc(O)gQ(Vj).

Now we modify Definition 3.5 to say that a formula is well-formed with respect to an ontol-
ogy if it is well-formed with respect to a language where the predicate symbols are given by the
extended vocabulary of the ontology.

Definition 3.18 A formula � is well-formed with respect to an ontology O = hV;A;Ei iff � is a
well-formed formula of a languageL0, where the constant symbols are SC and the variable symbols
are SX , but the predicate symbols are V �.

We also need to modify the definition of a well-formed ontology. In addition to using the
new definition of well-formedness with respect to an ontology, we must consider aspects of the
extended ontologies. Besides requiring that they be well-formed, we also must prevent cycles of
ontology extension.

Definition 3.19 An ontology O = hV;A;Ei is well-formed iff A is well-formed with respect to O,
all ancestors of O are well-formed, and O is not an ancestor of O.

Finally, let us redefine a model of an ontology. In particular, all models of an ontology should
also be models of every ontology extended by it.

Definition 3.20 Given an ontologyO = hV;A;Ei, if E = ; then a model of O is an interpretation
that satisfies every formula in A, otherwise a model of O is a model of every ontology in E that
also satisfies every formula in A.

3.3.2 Example of Ontology Extension

In Figure 3.1, we demonstrate how ontology extension can be used to relate the vocabularies of dif-
ferent domains, thus promoting interoperability. When two ontologies need to refer to a common
concept, they should both extend an ontology in which that concept is defined. In this way, con-
sistent definitions can be assigned to each concept, while still allowing communities to customize
ontologies to include definitions and rules of their own for specialized areas of knowledge.

The problems of synonymy and polysemy can be handled by the extension mechanism and use
of axioms. An axiom of the form P1(x1; : : : ; xn) $ P2(x1; : : : ; xn) can be used to state that two
predicates are equivalent. With this idiom, ontologies can create aliases for terms, so that domain-
specific vocabularies can be used. For example, in Figure 3.1, the term DeptHead inOU2 means the
same thing as Chair in OU due to an axiom in OU2. Although this solves the problem of synonymy
of terms, the same terms can still be used with different meanings in different ontologies. This is
not undesirable, a term should not be restricted for use in one domain simply because it was first
used in a particular ontology. As shown in the figure, different ontologies may also use the same
term to define a different concept. Here, the term Chair means different things in OU and OF

because different axioms are used to define it.
Figure 3.1 is easier to understand when shown graphically as in Figure 3.2. In this figure, we

have assigned meaningful names to each ontology and used arcs to indicate two common types
of axioms: renames is used for axioms that state two predicates are equivalent and isa is used for
axioms of the form C(x) ! P (x), to go along with the intuition that this means that all members
of a class C are also members of a class P . We will say more on the usage of idioms in a semantic
web language in Chapter 4.
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OG = hfThing; Person;Objectg;
fPerson(x)! Thing(x);
Object(x)! Thing(x)g;
;i

OU = hfChairg;
fChair(x)! OG : Person(x)g;
fOGgi

OF = hfChairg;
fChair(x)! OG : Object(x)g;
fOGgi

OU2 = hfDeptHeadg;
fDeptHead(x)$ OU : Chair(x)g;
fOUgi

OF2 = hfSeatg;
fSeat(x)$ OF : Chair(x)g;
fOFgi

Figure 3.1: Example of ontology extension.

Thing

Person Object
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general-ontology

univ-ont

univ-ont-2
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renames renames

Figure 3.2: Graphical depiction of Figure 3.1.
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3.3.3 Extended Ontology Perspectives

If we include ontology extension in our semantic web language, then how does that affect interop-
erability? Often, traditional ontology work has assumed that reuse was a mechanism to ease the
construction of a single unified ontology. It had not considered that a number of related ontologies
might be used to structure different data sets. For example, if two resources commit to different
ontologies, where one ontology is an ancestor of the other, then it should be possible to integrate
data from these sources.

However, since different ontologies can be provided by different sources, it is important that
new ontologies do not automatically require a reinterpretation of existing data. Thus an extending
ontology should provide the ability to reason about existing resources in new ways, but should not
supersede the ontology that it extends. Otherwise, accidental or malicious ontologies could have
serious side effects on existing portions of the Web. This point is important enough to deserve a
principle.

Principle 3.21 Each ontology should provide a different perspective on a set of resources, and no
ontology should change the perspective of another.

Given this principle and our new definition of an ontology, how can we define a perspective
that maximizes integration? We will assume that an ontology which includes another does not
attempt to change the intended meaning of the ontology and will contain any axioms necessary for
decontextualization with respect to it. Thus, we can refine our ontology perspectives from Section
3.2 to include resources that commit to any ontologies that are ancestors of the perspective’s basis
ontology. We wish for our perspectives to be the intersection of the models of the ontology and all
included resources. In the case of an ontology, its models are determined by its axioms and those
of its ancestors, while the models of a resource are determined by its knowledge function and the
ontology to which it commits. Thus, a new kind of perspective an be defined as follows:

Definition 3.22 Given a set of ontologiesO = fO1; O2; : : :; Ong where Oi = hVi; Ai; Eii, then an
extended ontology perspective based on ontology Oi is:

EOPi(R) = Ai [
[

fjjOj2anc(Oi)g

Aj [
[

fr2RjC(r)=Oi _ C(r)2anc(Oi)g

K(r)

With extended ontology perspectives, there is a separate theory for each ontology, but some
theories may have overlapping axioms and ground atoms, depending on how the basis ontologies
are related. A perspective contains the axioms of its basis ontology, the axioms of all of its ancestor
ontologies, and the formulas from all resources that commit to the defining ontology or one of its
ancestors. Thus, two perspectives that are based on ontologies with a common ancestor will have
that ancestor’s axioms in common, and will have the formulas of all resources that commit to that
ancestor in common as well.

A desirable property of these perspectives is that a perspective based on an ontology entails all
of the sentences that are entailed by any perspectives based on ancestors of the ontologies. This
ensures that any conclusions sanctioned by a resource are valid conclusions in any perspective that
includes the resource. We will show that extended ontology perspectives satisfy this property.
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Theorem 3.23 Given two ontologiesO1 and O2 such that O2 2 anc(O1), if EOPO2
(R) j= �, then

EOPO1
(R) j= �.

Proof Let O1 = hV1; A1; E1i and O2 = hV2; A2; E2i. We will prove the theorem by showing that
EOPO1

(R) is a superset of each of the parts of EOPO2
(R). First, because O2 2 anc(O1), A2 2

EOPO1
(R). Second, due to Definition 3.16, anc(O1) � anc(O2), thus the Ai of all ontologies

Oi 2 anc(O2) are also 2 EOPO1
(R). Finally, since O2 2 anc(O1) and anc(O1) � anc(O2),

all K(r) such that C(r) = O2 or C(r) 2 anc(O2) are in EOPO1
(R). Therefore, EOPO1

(R) �
EOPO2

(R). Since FOL is monotonic, if EOPO2
(R) j= �, then EOPO1

(R) j= �.

As it turns out, simple ontology perspectives are a special case of extended ontology perspec-
tives. When no relevant ontologies extend any other ontologies, the two functions are equivalent.

Theorem 3.24 Given a set of ontologies O = fO1; O2; : : : ; Ong, where 8Oi 2 O; Oi =
hVi; Ai; ;i, then EOPi(R) = SOPi(R).

Proof If we substitute ; for Ei in Definition 3.22, then anc(Oi) = ; and the set of j such that
Oj 2 anc(Oi) is empty. Therefore, the corresponding union is ;. Additionally, since C is a total
function, the set of r such that C(r) 2 anc(Oi) is empty, which reduces the union condition to
fr 2 RjC(r) = Oig. Thus the definition reduces to:

EOPi(R) = Ai [
[

fjjOj2anc(Oi)g

Aj [
[

fr2RjC(r)=Oi _C(r)2anc(Oi)g

K(r)

= Ai [ ; [
[

fr2RjC(r)=Oig

K(r)

= Ai [
[

fr2RjC(r)=Oig

K(r)

= OPTi(R)

Extension is useful in overcoming one of the limitations imposed by the commitment function.
This function only allows each resource to commit to a single ontology, however with extension,
a virtual ontology can be created that represents multiple ontologies committed to by a single
resource. For example, given two ontologies O1 = hV1; A1; E1i and O2 = hV2; A2; E2i, the
ontology Ounion = h;; ;; fO1; O2gi is equivalent to their union. A resource that needed to commit
to O1 and O2 could instead commit to Ounion.

3.4 Ontology Evolution

The Web is a dynamic place, where anyone can instantaneously publish and update information. It
is important that this ability is not lost when we provide more structure for the information. People
must be able to publish semantic web ontologies as easily as other documents, and they must
be allowed to revise these ontologies as well. While good design may prevent many ontological
errors, some errors will not be realized until the ontology is put to use. Furthermore, pressing
information needs may limit the time that can be applied to design particular ontologies, resulting
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in the need to improve the ontologies later. More philosophical arguments concerning the need for
ontology revision are made by Foo [34].

Most ontology systems do not manage the problem of ontology change. Often this is because
these systems are prototypes used for research purposes, and thus any dependencies are insignifi-
cant. For centralized systems, a change to the ontology can be synchronized with the corresponding
changes to any dependent information, making change management unnecessary.

The developers of Ontolingua, a language used in the distributed development of ontologies,
made the decision to ignore prior versions of an ontology. Farquhar, Fikes, and Rice [30] state
that the inclusion feature in Ontolingua does not result in a “cut and paste” of the contents because
“this interpretation would result in unfortunate version dependencies.” However, this ignores the
problem that the included ontology could change in a way that would make all of its including
ontologies invalid.

One area where the problem of ontology change has been examined are medical terminology
systems. Medical terminologies often consist of hierarchies of concepts, and sometimes include
synonyms and properties. A number of different systems are used for different purposes, and the
terminologies are frequently merged or mapped to each other, so that information from different
systems can be combined. However, due to a number of factors, such as new medical knowledge
and corrections of errors, the individual terminologies will continue to evolve. Since these termi-
nologies are used in real systems, management of ontology change is a critical issue. Oliver et
al. [77] discuss the kinds of changes that occur in medical ontologies and propose the CONCOR-
DIA concept model to cope with these changes. The main aspects of CONCORDIA are that all
concepts have a permanent unique identifier, concepts are given a retired status instead of being
physically deleted, and special links are maintained to track the retired parents and children of each
concept. However, this approach is insufficient for managing change on the Semantic Web. In the
next sections, we will discuss the kinds of changes that might occur, and present a revised ontology
definition that can describe these changes.

3.4.1 Ontology Evolution Examples

When we decide to change an ontology, then we must consider that in a distributed ontology
framework such as the one needed by the Semantic Web, there will often be dependencies on it.
We will illustrate the issues with examples of ontology change within our framework. In Figure
3.3, we demonstrate what happens when a new term is added to the ontology. In the example, OU ,
r1, and r2 represent a simple university ontology and two resources that commit to it. Recall that
an ontology is three-tuple hV;A;Ei where V is its vocabulary, A is its set of axioms, and E is the
set of ontologies extended by it. Also recall that K is the knowledge function that maps resources
to formulas. Thus, OU consists of a single term Faculty, while r1 and r2 are resources that use the
Faculty predicate. At some later point in time, O0

U , r01, r
0
2, and r03 represent the state of relevant web

objects. Here, the ontology O0
U represents a new version OU which includes terms that represent

subclasses of Faculty. When an ontology designer adds terms in this way, it is likely that he will add
axioms, such as Professor(x)! Faculty(x) to help define the terms. Note that r01 and r02 are r1
and r2, respectively at the later point in time. Because K(r01) = K(r1) and K(r02) = K(r2), these
resources have not changed. Since the vocabulary V 0 of O0

U is a superset of V , r1 and r2 are still
well-formed with respect O0

U . Once OU has been revised to O0
U , we can create resources that use

the new terms in O0
U ; r03 is an example of such a resource that contains an assertion about drjones.
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OU = hfFacultyg;
;;
;i

K(r1) = fFaculty(drdoe)g
K(r2) = fFaculty(drsmith)g

O0
U = hfFaculty; AssistProf; AssocProf; Professorg;

fAssistProf(x)! Faculty(x);
AssocProf(x)! Faculty(x);
P rofessor(x)! Faculty(x)g
;i

K(r01) = fFaculty(drdoe)g
K(r02) = fFaculty(drsmith)g
K(r03) = fAssocProf(drjones)g

Figure 3.3: Adding terms to an ontology.

OM = hfCd; Tapeg;
;;
;i

K(r1) = fCd(whiteAlbum)g
K(r2) = fTape(darkSide)g

O0
M = hfCdg;

;;
;i

K(r01) = fCd(whiteAlbum)g
K(r02) = fTape(darkSide)g

Figure 3.4: Deleting a term from an ontology.

All of the resources can be integrated with an extended ontology perspective. For example, if
R = fr01; r

0
2; r

0
3g, then in EOPO0

U
(R), Faculty(drdoe), Faculty(drsmith), and Faculty(drjones) are

all true. Since we are assuming a monotonic logic, if we add terms and axioms to an ontology,
then we know that the logical consequences of a perspective based on it will either be unchanged
or increased.

However, if a term is deleted from the ontology then existing resources may become ill-formed.
An example of this is presented in Figure 3.4. Here, we have a simple music store ontology that
defines the classes Cd and Tape. Resource r1 makes an assertion about an instance that is a Cd,
while resource r2 makes an assertion about an instance that is a Tape. Assume that at some point
in the future, tapes become obsolete, and the decision is made to remove Tape from the ontology.
If resource r2 is not changed, then it becomes ill-formed because the ontology it commits to no
longer includes the predicate used in its assertion. Since the resource may be not be owned by the
ontology designer (for example, if it is a specific record store that is reusing the ontology), it is
impossible to ensure that it will be updated when the ontology changes.
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OU = hfClassg;
;;
;i

K(r1) = fClass(ai)g
K(r2) = fClass(databases)g

O0
U = hfClass; Courseg;

;;
;i

K(r01) = fClass(ai)g
K(r02) = fClass(databases)g
K(r03) = fClass(algFall2001)g
K(r04) = fCourse(algorithms)g

Figure 3.5: Changing the meaning of a term from an ontology.

This leads us to another principle:

Principle 3.25 The revision of an ontology should not change the well-formedness of resources
that commit to an earlier version of the ontology.

In practice, strict deletion will probably occur rarely. It is more likely that a term will be
removed because it can be merged with another term, or a different name is preferred. If the
meaning of the term is changed, then a significant problem can arise. For example, consider
Figure 3.5, where Class used to mean “a subject matter of instruction,” but was changed to mean
“a particular offering of a course,” so that Course could be used for the old meaning. In this case,
old resources such as r01 and r02 that used the term would be using it incorrectly in the context of the
new ontology. However, since they would still be well-formed, there is no way to automatically
detect the problem. As a result, false conclusions may be drawn from the information.

One possible solution to the ontology evolution problem is to require that revisions of ontolo-
gies be distinct ontologies in themselves. Then each resource can commit to a particular version
of an ontology. For example, if in Figure 3.4, C(r01) = OU and C(r02) = OU , then both resources
commit to the version of the ontology that still has the term Tape. Since the ontology committed
to by the resources does not physically change, they cannot become ill-formed unless the ontology
changes.

Although treating each ontology version as a separate ontology solves the problems with delet-
ing terms, it creates problems for integrating data from resources that commit to different versions
of the ontology. Consider the example in Figure 3.3. Here, C(r01) = OU , C(r02) = OU and
C(r03) = O0

U . Because OU and O0
U are different ontologies, and neither extends the other, then any

resources that commit to them would be partitioned in separate theories. That is, the vocabularies
are treated as distinct even though in fact they are just different formalizations of the same concept.
We will formulate the need to integrate resources that commit to different versions of an ontology
as a principle.

Principle 3.26 Resources that commit to a revised ontology can be integrated with resources that
commit to compatible prior versions of the ontology.
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In this principle, we need to define what is meant by “compatible.” In cases such as the one
examined in Figure 3.3, the newer version of an ontology is usually a better formalization of the
domain than a previous version, (i.e., it is a closer approximation of the intended models). Thus, it
would be useful if we could use the new perspective to reason about resources that committed to
the older version. However, to do this, we need some way to indicate when the ontology revision
is simply a refinement of the original ontology. In the next section, we augment our definition of
ontology for this purpose.

3.4.2 Ontology Revision Definitions

We introduce the notion of backwards-compatibility to describe revisions that include all terms
defined in the previous version and have the same intended meanings for them, although the ax-
iomatizations may be different. This indicates that reasoners can safely assume that descriptions
that commit to the old version also commit to the revision.

Definition 3.27 An ontology O2 is backwards-compatible with an ontology O1 iff every intended
model of O1 is an intended model of O2 and V1 � V2.

Since the definition of backwards-compatible depends on knowledge of the intended models of
an ontology, it cannot be computed automatically, instead it must be specified by an ontology’s
author. This is driven by the fact that ontologies only specify a theory partially, and that the
intended meaning of a term may change even though the ontology’s theory remains the same.
Since the ontology can only restrict unintended models, there is no way to formally describe the
intended models of an ontology. For example, if an ontology with a rather sparse axiomatization
changed the term Chair to mean something you sit on as opposed to the head of a department, then
if no relations or rules needed to be changed, any reasoning agent would be unaware that the term
means different things in different versions. Thus backwards-compatibility must be indicated in an
ontology definition. However, syntactic compatibility, such as whether V1 � V2, can be checked
automatically, and when backward compatibility is specified, syntactic compatibility should be
verified.

We will refine Definition 3.15 to include the concepts of an ontology revising another ontology
and for an ontology to be backwards-compatible with older versions.

Definition 3.28 Given a logic L, an ontology is a five-tuple hV;A;E; P;Bi, where the vocabulary
V � SP is some subset of the predicate symbols, the axioms A � W are a subset of the well-
formed formulas, E � O is the set of ontologies extended by O, P � O is the set of prior versions
of the ontology, and B � P is the set of ontologies that O is backwards compatible with.

Definition 3.15 is a special case of this definition, where P = ; and B = ;. All of the definitions
from Section 3.3 still hold, although the five-tuple structure should be substituted for the three-tuple
one where necessary.

We will also name two special cases of ontologies.

Definition 3.29 A top-level ontology is an ontology O = hV;A;E; P;Bi, where E = ;.

Definition 3.30 A basic ontology is an ontology O = hV;A;E; P;Bi, where E = P = B = ;.
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Thus top-level ontologies are ontologies that have no ancestors; they are at the top of the ontol-
ogy hierarchy. Every ontology must have at least one top-level ontology as an ancestor. Basic
ontologies are top-level ontologies that have no prior versions.

Note that backwards-compatibility does not require that the revision contains a superset of
the axioms specified by the original version. This allows axioms to be moved to a more general
included ontology if needed.

3.4.3 Compatible Ontology Perspectives

Given the new definition of ontology, we can define a method of integration that incorporates
backward-compatibility.

Definition 3.31 Given a set of ontologies O = fO1; O2; : : :; Ong where Oi = hVi; Ai; Ei; Pi; Bii,
then a compatible ontology perspective based on ontology Oi is:

COPi(R) = Ai [
[

fjjOj2anc(Oi)g

Aj [
[

fr2RjC(r)=Oi _ C(r)2anc(Oi)g

K(r)

[
[

fr2RjC(r)2Big

K(r) [
[

fr2Rj9j;Oj2anc(Oi) ^ C(r)2Bjg

K(r)

Like extended ontology perspectives, this method creates perspectives based upon different
ontologies. Each perspective contains the axioms of its basis ontology, the axioms of its ances-
tors, and the assertions of all resources that commit to the basis ontology or one of its ancestors.
However, these perspectives also include the assertions of resources that commit to any ontologies
with which the basis ontology is backwards-compatible, and those of any resources that commit to
ontologies that the base’s ancestor ontologies are backwards-compatible with.

It should be mentioned that this method does not ensure that the perspective is logically con-
sistent. The word compatible is used here in the sense of backward-compatibility, as defined in
Section 3.4.2. The problem of inconsistency is discussed in Section 3.6.

As with extended ontology perspectives, a desirable property of compatible ontology perspec-
tives is that a perspective based on an ontology entails all of the sentences that are entailed by
any perspectives based on ancestors of the ontologies. We will show that compatible ontology
perspectives satisfy this property.

Theorem 3.32 Given two ontologiesO1 and O2 such that O2 2 anc(O1), if COPO2
(R) j= �, then

COPO1
(R) j= �.

Proof Let O1 = hV1; A1; E1i and O2 = hV2; A2; E2i. We will prove the theorem by showing
that COPO1

(R) is a superset of each of the parts of COPO2
(R). Since compatible ontology per-

spectives build on extended ontology perspectives, the proofs for the first three sets are identical.
Since O2 2 anc(O1), then every r such that C(r) 2 B2 is also in the fifth set of COPO1

. Fi-
nally, since anc(O1) � anc(O2), then for each r such that Oj 2 anc(O2) ^ C(r) 2 Bj, then also
Oj 2 anc(O1)^C(r) 2 Bj . Therefore, the fifth set of COPO1

subsumes that of COPO2
. Since all

sets that form COPO2
are subsets of the sets that form COPO1

, COPO1
(R) � COPO2

(R). Since
FOL is monotonic, if COPO2

(R) j= �, then COPO1
(R) j= �.
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Also, if no ontologies revise any other ontologies, then compatible ontology perspectives are
equivalent to extended ontology perspectives.

Theorem 3.33 Given a set of ontologies O = fO1; O2; : : : ; Ong, where 8Oi 2 O; Oi =
hVi; Ai; Ei; ;; ;i, then COPi(R) = EOPi(R).

Proof If we substitute ; for Bi in Definition 3.31, then the set of r 2 R such that C(r) 2 Bi is
empty because there are no r such that C(r) 2 ;. Therefore, the corresponding union is ;. Like-
wise, the set of r 2 R such that Oj 2 anc(Oi)^C(r) 2 Bj must be empty, and the corresponding
union is ;. Thus the definition reduces to:

COPi(R) = Ai [
[

fjjOj2anc(Oi)g

Aj [
[

fr2RjC(r)=Oi _ C(r)2anc(Oi)g

K(r) [ ; [ ;

= Ai [
[

fjjOj2anc(Oi)g

Aj [
[

fr2RjC(r)=Oi _ C(r)2anc(Oi)g

K(r)

= EOPi(R)

Technically, the Semantic Web should not allow ontologies to arbitrarily revise other ontolo-
gies. Unlike, ontology extension, revision implies that a change has been authorized by the on-
tology’s owner. Potential mechanisms for ensuring this include requiring older versions to point
to their revisions, requiring revisions to be placed in the same directory of the same server as the
ontology being revised, or to be signed by the same entity.

3.5 Ontology Divergence

As discussed earlier, an important aspect of this framework is that interoperability is achieved
through ontology reuse. That is, the preferred method of ontology development is to extend ex-
isting ontologies and create new definitions only when existing definitions are unsuitable. In this
way, all concepts are automatically integrated. However, when there is concurrent development of
ontologies in a large, distributed environment such as the Web, it is inevitable that new concepts
will be defined when existing ones could be used. Even when ontology authors have the best in-
tentions, they may be unaware of similar efforts to describe the same domain, and their ontologies
may be widely used by the time the problem is noticed. As a result there will be a tendency for the
most specific ontologies to diverge and become less interoperable. In these situations, occasional
manual integration of ontologies is needed.

This section discusses the types of semantic heterogenity that may occur in ontologies and
presents a method for resolving ontology divergence within the framework presented earlier in this
chapter. The ideas described here are a refinement of those presented in an earlier paper [52].

3.5.1 Domain Differences

The divergence of ontologies increases the semantic heterogeneity (see Section 2.4) of the Se-
mantic Web. However, the use of first-order logic as our model results in a more restricted set
of possible differences than those typically described by work in database schema integration.
Wiederhold [91] describes four types of domain differences, which we paraphrase here:
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context: a term in one domain has a completely different meaning in another

terminology: different names are used for the same concepts

scope: similar categories may not match exactly; their extensions intersect, but each may have
instances that cannot be classified under the other

encoding: the valid values for a property can be different, even different scales could be used

Each of these differences can be resolved within our semantic web framework. Context differ-
ences are due to polysemous terms, and are handled by treating terms in each ontology as distinct.
The other differences require the use of articulation axioms [19, 28], which are similar in purpose
to lifting rules [46, Section 3.2]. An articulation axiom is simply an axiom that describes how to
relate terms from two different ontologies. We will now demonstrate how to resolve the domain
differences described above using axioms.

Terminological differences are synonyms, and as such can be handled using the equivalence
idiom described in Section 3.3.2. For example, if it was determined that Employee in Okmart

meant the same thing as StaffMember in Owalmart, then the articulation axiom would be:

Okmart : Employee(x)$ Owalmart : Sta�Member(x)

Scope differences require mapping a category to the most specific category in the other domain
that subsumes it. Thus, if we knew that every FighterPilot in Oaf is a JetPilot in Ofaa, then we
would create the articulation axiom:

Oaf : FighterP ilot(x)! Ofaa : JetP ilot(x)

Encoding difference are somewhat trickier. The problem is that different sets of values are
used to describe the same data. These sets may have different cardinalities or may be infinite.
An example of value sets with different cardinalities may be two rating schemes for movies. One
scheme uses fPoor,Fair,Excellentgwhile the other uses integers 1-5. In this case, individual values
could be mapped as in:

Osiskel : Rating(x; Excellent) $ Oebert : Rating(x; 5)

Other differences may be due to different units, such as meters versus feet. Articulation axioms
to resolve these sorts of encodings would require the use of arithmetic functions, as in:

Oenglish : Foot(x; l)! Ometric : Meter(x; �(l; 0:3048))

Note that arithmetic functions are simply functions whose domains range over integers or real num-
bers, and thus do not require any special treatment in first-order theory. However, such functions
can be problematic in reasoning algorithm implementation. For example, unit conversion may
introduce inaccuracies due to floating point arithmetic and rounding. This can get compounded
if ontologies have rules for translating both ways. For example, if a reasoner translated 3 feet to
0.914 meters, it better not then apply the opposite rule and get a length of 2.999 feet as well. Such
a process could go on ad infinitum. An even more difficult encoding difference is due to different
textual representations. Consider “Smith, John” versus “John Smith.” An articulation axiom to
establish name correspondences in general would require a function that can take the last-name-
first form and convert it to the first-name-first form. Although this is easy in theory, in practice it
requires a large list of pre-defined functions or a complex language for defining functions.
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Figure 3.6: Methods for resolving ontology divergence.

3.5.2 Resolving Ontology Divergence

Ontology integration typically involves identifying the correspondences between two ontolo-
gies, determining the differences in definitions, and creating a new ontology that resolves these
differences. The process for aligning ontologies can be performed either manually or semi-
automatically. Chimaera [69] and PROMPT [75] are examples of tools that help users to align
ontologies. However, it is important to note that simply creating a new integrated ontology does
not solve the problem of integrating information on the Web. When the web community has syn-
thesized the ontologies (that is, other web pages and ontologies come to depend on them), all of
the dependent objects would have to be revised to reflect the new ontology. Since this would be an
impossible task, we instead suggest three ways to incorporate the results of an ontology integration
effort, each of which is shown in Figure 3.6. In this figure, we assume that O1 and O2 are two
ontologies which have some domain overlap and need to be integrated.

In the first approach, we create a third ontology, called a mapping or articulation ontology, that
can translate the terminologies of the two ontologies. In the example, the mapping ontology is
OM . In order to map the terminologies, OM must extend both O1 and O2, and provide a set of
articulation axioms T as described above. Note that OM does not add any vocabulary terms, thus
OM = h;; T; fO1; O2g; ;; ;i. The advantage of a mapping ontology is that the domain ontologies
are unchanged; thus, it can be created without the approval of the owners of the original ontology.
However, since it is like any other ontology, it can be made publicly available and used by anyone
who would like to integrate the ontologies. The disadvantages are that the integration only occurs
in the perspective that is based on the mapping ontology, if the source ontologies are revised then
a new mapping ontology must be created, and a set of articulation axioms are needed for each
additional ontology that covers the domain.

Another approach to implementing integration is to revise each ontology to include mappings to
the other. First, we create a new version of each ontology, called a mapping revision. Each revision
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extends the original version of the other ontology and includes a set of articulation axioms, allow-
ing it to translate the terms from that ontology. Since each revision leaves the original vocabulary
unchanged, and (assuming the articulation axioms are correct) does not change the intended mod-
els, it is backward-compatible with the original version. Thus, in the example where O0

1 is the map-
ping revision ofO1 andO0

2 is the mapping revision ofO2, if T1 is the set of articulation axioms from
the vocabulary of O2 to that of O1 and T2 is the set of articulation axiom from the vocabulary of O1

to O2, then O0
1 = hV1; A1 [ T1; fO2g; fO1g; fO1gi and O0

2 = hV1; A2 [ T2; fO1g; fO2g; fO2gi.
This ensures that perspectives based on O0

1 and O0
2 will integrate resources that commit to O1 and

O2. The advantage of this approach is that the articulation axioms are inserted into the latest ver-
sions of the ontologies, ensuring that they will apply to later backward-compatible revisions. The
main disadvantage is that due to the nature of revision (see page 38), it can only be performed by
the owners of the original ontologies.

A common disadvantage of the mapping ontology and mapping revision approaches is that
they ignore a fundamental problem: the overlapping concepts do not belong in either domain, but
are more general. The fact that two domains share the concept may mean that other domains will
use it as well. If this is so, then each new domain would need a set of articulation axioms to map
it to the others. Obviously this can become unwieldy very quickly. A more natural approach is to
merge the common items into a more general ontology, called an intersection ontology, which is
then extended by revisions to the domain ontologies. First, we create a set of terms and axioms that
standardize the commonalities betweenO1 andO2, referred to as VN andAN , respectively. We then
create a new ontology ON , where ON = hVN ; AN ; ;; ;; ;i. Then we determine a set of articulation
axioms T1 and T2 that translate from ON to O1 and O2, respectively. When combined with AN ,
these will allow us to conclude some formulas already in A1 and A2; we will refer to the sets of
these formulas as D1 and D2. Formally, � 2 D1 iff � 2 A1 and AN [ T1 j= � (similarly for D2).
Now we can define the revised ontologies O0

1 and O0
2. O0

1 = hV1; A1 �D1; fONg; fO1g; fO1gi
and O0

2 = hV2; A2 �D2; fONg; fO2g; fO2gi. Note that as with the mapping revisions approach,
the revised ontologies retain the vocabulary and do not change the intended models, so they can be
backward-compatible.

3.6 Inconsistency

If the logical language used by the Semantic Web is rich enough to express inconsistency, then an
inconsistency within a single resource or one that exists between a pair of resources will result in
one or more perspectives that are inconsistent. For example, since first-order logic is monotonic,
if K(r1) = fAg and K(r2) = f:Ag then any perspective which contains both r1 and r2 is in-
consistent. As is well known, such an inconsistency trivializes first-order logic, allowing anything
to be proven. However, the distributed nature of the Web makes it impossible to guarantee that
inconsistencies will not be stated. This results in another principle of the Semantic Web:

Principle 3.34 An inconsistency due to a single resource or a pair of resources should not make
an entire perspective inconsistent.

Although perspectives solve some of the problems of handling distributed ontologies, logical
inconsistency is still a danger. A perspective can become inconsistent in three ways: if the basis
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ontology is inconsistent with one of its ancestors, if a resource is inconsistent with the basis ontol-
ogy (or an ancestor), or if two resources are inconsistent with each other. If an ontology is designed
carefully, then inconsistency between it and one of its ancestors can be prevented. We will require
that a valid ontology must be consistent with all of its ancestors. When a resource commits to an
ontology, it implicitly agrees to the intended models of the ontology. If the resource includes an
assertion that is inconsistent with the ontology, then this agreement is violated. Therefore, it is
safe to assume that such resources are invalid and can be excluded from all perspectives. However,
there is still the problem that two resources which commit to the same ontology could be incon-
sistent. If so, any perspective that included this ontology’s resource would be inconsistent. Due
to the dynamic nature of resources, a resource’s validity should not depend on any other resource.
However, given the distributed nature of the Web, it is impossible to prevent two resources from
contradicting each other. Thus, perspectives created using the approaches described above will
likely become inconsistent, and cannot be easily fixed. Indeed, this could even be the form of a
new, insidious, and incredibly simple denial of service attack: publish an inconsistency and watch
the Semantic Web grind to a halt. Clearly, there must be a way to prevent or resolve potential
inconsistencies.

A common way to handle inconsistencies is through some form of nonmonotonicity. In non-
monotonic logics, certain statements are considered defaults, and are only true if it they are not
inconsistent with more explicit information. Often, an implicit assumption in these theories is that
the most recent information is correct and that it is prior beliefs that must change. On the Web, this
assumption cannot be made; if anything, more recent information that conflicts with prior beliefs
should be approached with skepticism. Additionally, inconsistencies on the Web will often be due
to fundamental disagreements, and thus neither statement can be considered the “default.”

The (primarily philosophical) field of belief revision [38] focuses on how to minimize the over-
all change to a set of beliefs in order to incorporate new inconsistent information. A representation
of an agent’s knowledge at some point in time is called an epistemic state, and a change of knowl-
edge leads to a new epistemic state via an epistemic change. The three types of epistemic changes
are expansions, revisions, and contractions. An expansion adds an assertion that is consistent with
the existing epistemic state. A revision adds an assertion that is inconsistent with existing be-
liefs, and requires that some knowledge be retracted in order to determine the new epistemic state.
Finally, a contraction removes an assertion, which may lead to the removal of other assertions
that depend on it. Gardenförs [38] presents a series of postulates describing epistemic changes.
An important criterion is that of minimal change, that is, the only changes made to the epistemic
state are those required to accommodate the new information. In the case of revision, this may
require choosing between equally adequate alternatives. In such cases, the relative epistemic en-
trenchment of the beliefs (which determines how important they are), may be used to choose an
epistemic state. However, on the Semantic Web, it is unclear how the epistemic entrenchment of
an assertion should be determined. Furthermore, it is unclear that maintaining a single consistent
set of beliefs makes sense in a distributed knowledge system.

The chief problem with nonmonotonic logic and theories of belief revision is choosing which
set of assertions should constitute the “beliefs” of the Semantic Web. Assumption-based truth
maintenance systems (ATMSs) [21] present an alternative. In an ATMS, multiple contexts are
maintained, where each context represents a set of consistent assumptions. Thus it is is possible
to consider the truth of a formula with respect to a particular context, or to determine the set
of contexts in which a formula is true. If we assume that each ontology and resource must be
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internally consistent, then there can be contexts that assume that each is individually true. More
complex contexts can be formed from these by assuming that multiple ontologies or resources
are true at the same time. However, if there are n ontologies and resources, then there could be
as many as 2n possible contexts. Although contradictions can automatically be propagated from
simpler contexts to the complex contexts that contain them, management of contexts would be a
serious problem on the Semantic Web. The Web already contains over a billion resources (web
pages), and many more resources are added every day. Each new resource would have to be
compared with every existing context to determine which new consistent contexts can be formed.

A different solution is to limit the language so that it is not possible to express logical incon-
sistencies. In first-order logic, this can be done by omitting negation.1 Other logics, particularly
description logics, include features such as cardinality constraints and the specification of disjoint
classes, which can lead to inconsistency. The main argument against limiting the language to
prevent logical inconsistency is that inconsistency can be a sign that two theories should not be
combined. Still, the advantage of limiting the language is that it does not have the computational
or philosophical problems associated with the other methods.

Unlike the previous sections, we do not suggest a solution to the problem of inconsistency here.
We have discussed the relative benefits of various alternatives, but believe that only future research
will determine the best choice for the Semantic Web. In Section 4.1, we will discuss the choice
made for the SHOE language.

3.7 Scalability

Throughout this chapter, we have used first-order logic as the basis for our discussion of the Se-
mantic Web. However, sound and complete reasoning in first-order logic is intractable, meaning
that there is no polynomial-time algorithm that solves the problem. Thus, first-order logic systems
will not scale to the quantity of formulas that would be expected on the Semantic Web. So then
how can the problem of scalability be handled in a practical setting?

One approach is to use reasoning methods that are not sound and complete. Resource-bounded
reasoning algorithms (that limit the computation time, number of steps, etc.) are quite common
and would be applicable for many Semantic Web applications. In many cases, it is not necessary
to know all of the answers on the Semantic Web, only a handful of correct ones will suffice. Given
the extent of the Web, it is unlikely that any reasoner will have access to all of the assertions, so it
is improbable that even one which used a sound and complete algorithm would be truly complete
in the global sense.

Another approach to scalability is to reduce the expressivity of the language. This has been
an important direction for the knowledge representation community which has tried to character-
ize the computational complexity of languages with various features. Starting with Brachman and
Levesque [11], the complexity of different forms of description logics has been computed, and lan-
guages have been developed that attempt to maximize expressivity while minimizing complexity.
Even so, subsumption is intractable in many description logics.

An alternative to description logics is to use Horn logic. It has been shown that although Horn-

1Here we mean only omission of the logical operator, and not of other logical connectives that can be rewritten by
using negation, such as implication.
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logic and the most common description logics can express things the other cannot, neither is more
expressive than the other [8]. Thus the relative advantages of the two languages depend on the kinds
of constructs viewed as most useful to the Semantic Web. In Section 3.6, we discussed the problems
inherent in languages that include negation or other features that may lead to inconsistency; most
description logics face these problems due to the presence of cardinality restrictions. Horn logic
on the other hand can not be logically inconsistent. Furthermore, if we restrict the language to
datalog, which is a minor variant of Horn logic, then polynomial reasoning algorithms such as the
magic sets technique can be used.

As in Section 3.6, we do not provide a solution to scalability problem here. This is another
difficult issue, and only future use of the Semantic Web will determine the right combination of
language features and query methods. In Section 4.1 we will explain the choice made for the SHOE
language, and in Section 5.2 will discuss the use of reasoning systems with different inferential
capabilities.

3.8 Semantic Web Queries

The design of a semantic web language requires consideration of how the language will be used.
The Semantic Web can be used to locate documents for people or to answer specific questions
based on the content of the Web. These uses represent the document retrieval and knowledge base
views of the Web.

The knowledge base view uses the logical definition of queries: a query is a formula with
existentially quantified variables, whose answers are a set of bindings for the variables that make
the formula true with respect to the knowledge base. But what is a knowledge base in the context of
the Semantic Web? In order to resolve a number of problems faced by the Semantic Web we have
extensively discussed means of subdividing it. Theoretically, each of these perspectives represents
a single model of the world, and could be considered a knowledge base. Thus, the answer to a
semantic web query must be relative to a specific perspective.

Consider the set of ontologies and resources presented in Figure 3.7. There are three compatible
ontology perspectives generated from this data: COPG(R), COPU(R), and COPF (R). Based
on Definition 3.31, different ontologies and resources appear in each perspective. For example,
COPG(R) includes the axioms from OG and the knowledge from r1 and r2. It does not include
r3 or r4 because these commit to other ontologies. COPU(R) includes the axioms from OU and,
because OG is an ancestor of OU , those of OG. It also includes the resources r1, r2, and r3, which
commit to these ontologies. On the other hand, COPF (R) includes axioms from OF and OG, and
the resources r1, r2, and r4. As a result, the answer to any particular query depends on which
perspective it is issued against. As shown in Figure 3.8, the answer to Person(x) in COPG(R) is
just fbobg because from this perspective the axioms and resources of OU are irrelevant. However,
in COPU(R), the answer is fbob; kateg because we have the axiom from OU that tells us every
Chair is a Person. Also note that in COPF (R), the answer is fbobg because OF includes OG.
When we ask a query such as Chair(x), then the variety in answers is even greater. In COPU(R)
the answer is fkateg while in COPF (R) it is frecliner29g. This is because the perspectives
decontextualize the term Chair differently. Also note that in COPG(R), the query is ill-formed
with respect to the ontology that serves as the basis of the perspective (i.e., the ontology does not
include Chair in its vocabulary), and thus there can be no answers.
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OG = hfThing; Person;Objectg;
fPerson(x)! Thing(x);
Object(x) ! Thing(x)g;
;;
;;
;i

OU = hfChair; Person;Objectg;
fChair(x) ! OG : Person(x);
P erson(x)$ OG : Person(x);
Object(x) $ OG : Object(x)g
fOGg;
;;
;i

OF = hfChair; Person;Objectg;
fChair(x) ! OG : Object(x);
P erson(x)$ OG : Person(x);
Object(x) $ OG : Object(x)g
fOGg;
;;
;i

C(r1) = OG

K(r1) = fPerson(bob)g
C(r2) = OG

K(r2) = fObject(sofa52)g
C(r3) = OU

K(r3) = fChair(kate)g
C(r4) = OF

K(r4) = fChair(recliner29)g

Figure 3.7: Example ontologies and resources.

Perspective
Query COPG(R) COPU(R) COPF (R)
Person(x) bob bob; kate bob
Object(x) sofa52 sofa52 sofa52; recliner29
Chair(x) n=a kate recliner29

Figure 3.8: Query answers for different perspectives.
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From the point of view of most agents, the Semantic Web can be seen as read-only. This is
because most web pages can only be updated by their owners via the file mechanisms on their
servers. A file is either saved or unsaved, and only saved files are available via HTTP. Thus, the
update of a file becomes a single transaction and many issues that are important to databases, such
as concurrency and serializability are not significant. Although web pages usually have a single
writer, there are many web pages that change frequently. If the agent reaccesses such pages in the
middle of the query, it may be presented with a different set of assertions. For these reasons, it
is recommended that for the duration of each query, reasoning systems cache the assertions of all
resources used in the query.

Document retrieval queries can locate a document that represents a concept, which may or may
not be partially defined, or locate a document that has specified metadata. Here, metadata is data
about the document itself, such as its author or modification date. When the domain of the language
includes resources, then the knowledge base view subsumes the the document retrieval view. That
is, we can specify the relationship between a document and the concept that it represents, and we
can describe both the document and the concept independently.

3.9 Summary

In this chapter, we have gradually developed a formal model for describing the Semantic Web. The
foundation for this model is first-order logic, but we found that we needed ontologies to represent
common background knowledge and provide reusable vocabularies. We then presented a method
of partitioning ontologies and resources to ensure that only those that shared the same context were
integrated. We extended this model with the ability to specify ontology inclusion, so that content
providers could describe their own information needs while still reusing existing ontologies. This
allows us to increase the integration of distributed resources, as is done with extended ontology per-
spectives. We further extended the model to deal the problem of ontology evolution, and discussed
the issue of backward-compatibility. This resulted in compatible ontology perspectives which can
integrate resources that commit to any ancestors of an ontology as well as resources that commit
to forward-compatible prior versions of the ontology. We discussed how extension alone would
be insufficient for integrating resources in a distributed ontology environment, and discussed the
problem of ontology divergence. Another important issue in distributed environments is the in-
ability to preserve integrity constraints and the likelihood of global inconsistency. The size of the
Web makes scalability an important issue and possible approaches were also discussed. Finally,
we talked about queries on the Semantic Web, and how they depend on perspectives.
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