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Abstract

An understanding knowledge and its representation entails an understanding of mean-
ing, any unit of information with an associated meaning represents some unit of knowl-
edge. Similarly any unit of information which represents a fact in some particular con-
text by definition has a meaning in the designated context. This paper introduces a
theory of meaning together with an associated vehicle for knowledge representation.
The knowledge representation vehicle presented, is basically a generalization of the
knowledge representation vehicle used for representing knowledge in intensional type
logic. Additionally, a language allowing the expression of arbitrarily complex claims,
is introduced together with definitions for the truth-value and the significance of ex-
pressions in this language. Finally the notion of a logical document based upon which
a formalization of a knowledge acquisition process in introduced. The subject matter
presented in this paper will serve as the formal foundation for a system for discourse
representation.
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Preface

This paper presents an anatomy of knowledge and its representation together with a
definition of a notion of the meaning of a logical expression called the significance of
said expression. Based on this the notion of a logical document is defined. Logical
documents are intended to serve as the formal foundation of a discourse representation
system. The first chapter provides a definition of a knowledge representation model to-
gether with associated terminology and concepts. The second chapter introduces a lan-
guage allowing the expression of arbitrarily complex claims, together with a definition
of the truth-value and significance of expressions in this language. Chapter 3 illustrates
how first order predicate logic, extensional type logic and intensional type logic rela-
tion to the knowledge representation system defined in chapter one. The fourth chapter
considers how concepts from Category Theory can be represented by the knowledge
representation models introduced in chapter one. The fifth Chapter defines the notion
of a logical documents and discourse grammars. Finally the sixth chapter introduces a
model for knowledge acquisition called tutoring grammars.
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Chapter 1

A model for knowledge
representation

1.1 Introduction

Let us recognize that, fundamentally, any unit of information, with an associated mean-
ing, represents a unit of knowledge. Elaborating on this chain of thought allows three
key concepts to be recognized, namely functions or associators f which associate units
of information r to other unit of information i. This recognition motivates the following
definition of a model for knowledge representation.

1.2 Definitions

1.2.1 The Universe of Discourse

1.2.1.1 Definition

A Universe of Discourse I is defined as or set of strings over an alphabet Σ with the
following properties:

1. Each string i
�

I has as an associated string, i � 1 � I called the inversion of i, for
which it holds that i ��� i � 1 � � 1.

2. Associated with each i
�

I is an integer called the address of i denoted by
address � i � . It is understood that for no two elements i1 � i2 of I, it is true that
address � i1 � � address � i2 � . Additionally is holds that address � i � ��� address � i � 1 � .

3. address � ε � � 0 where ε represents the empty string. For the inversion of the
empty string it holds that ε � 1 � ε
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1.2.1.2 Terminology

Let I be a Universe of Discourse over an alphabet ∑. Each i
�

I is called an identity.
Such an identity is said to represent a unit of meaning or an identifier. The set of
integers representing addresses of elements in I is called the address space of M. The
address space A of I is denoted by addressspace � M � . The identity function for I is
defined as a function identity : A � I mapping the address of an element i

�
I to the

element i such that i � identity � address � i � � and i � 1 � identity � � address � i � � .

1.2.1.3 Tuples, Sets and Functions in the Universe of Discourse

Let I be a Universe of Discourse over an alphabet ∑. When a tuple t � � t1 � t2 ������� � tn � is an
element I, it is understood that t is represented as a string over the form � address � t1

� � address � t2 � ������� � address � tn � � ,
where each ti � 1 � i � n � . The inverse t � 1 is defined as an element in I of the form
� � address � t1 � � � address � t2 � ������� � � address � tn � � . Similarly when a mathematical set
s ��� e1 � e2 ������� � ek 	 is an element of I, s is represented in I as a string of the form:
� address � e1

� � address � e2
� ������� � address � ek

� 	 , where each ei � 1 � i � k � . The inverse
s � 1 is an element of I of the form: � � address � e1

� � � address � e2
� ������� � � address � ek

� 	 .
Where A � addressspace � I � , a function f : A � A is called an associator. When an
associators f is an element of I the inverse of f is an associator representing the inverse
relation of f represented.

1An associator is said to define a semantic perspective of a universe of discourse.
The codomain of an associator f is said to represent the domain of discourse of f .

1.2.1.4 Significance tokens

Let I represent a universe of discourse over an alphabet ∑. Every i
�

I is called uni-
verse specific significance token. The address of every i

�
I is called a normalized

significance token. A reference to a significance token is a reference to a universe
specific significance token or a normalized significance token, as determined by the
context.

1.2.2 Knowledge representation models

A knowledge representation model M is defined as a quintuple � ∑ � F � I � T � P � where:

� ∑ represents a set of symbols.

� I Universe of Discourse over Σ
� F subset of I, represents a set of associators

� T subset of I represents a set of tuples tuples of arbitrary arity.

� P subset of I is a set of sets where each p
�

P is a called a tuple set or a property
set. Each property set p

�
P of cardinality k can be written as � address � t1

� � address � t2 � ������� � address � tk � 	
while each ti

�
T � 1 � i � k � is a tuple of the same arity.

1By virtue of the fact that sets of units of meaning are also units of meaning it can always be insured that
inverse relation of an associator f : A 
 A is also a unary function f � 1 : A 
 A and thus also an associator.
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1.3 Some terminology

1.3.1 Referers, assertions, claims and units of knowledge

Let M � � ∑ � F � I � T � P � represent a knowledge representation model. Where f
�

F and
r� i � addressspace � M � , the triple � address � f � � r� i � is called an assertion or a claim.
The inverse assertion of � address � f � � r� i � denoted � address � f � � r� i � � 1 is defined as
� address � f � 1 � � � r� � i � . An assertion � address � f � � r� i � is said to be true or valid if and
only if f � r � � i, an assertion is said to be false or invalid otherwise. A valid assertion
is defined to represent a unit of knowledge. A unit of knowledge is also called an asso-
ciation. If for any f

�
F , f � r � � i is a unit of knowledge then r is called a referer in M,

while i is said to be the reference of r according to f .

1.3.2 The significance of assertions and knowledge representation
models

Let M � � ∑ � F � I � T � P � represent a knowledge representation model. The knowledge
content or significance S of a knowledge representation M, denoted S � M � is defined
as the set of units in knowledge of M. Where f

�
F and r� i � addressspace � M � , and

� address � f � � r� i � is an assertion, the significance of the assertion � address � f � � r� i � , de-
noted S � address � f � � r� i � � is defined as: S � address � f � � r� i � � � � address � f � � r� i � 	 , which
is a set of one element containing the assertion.

1.3.3 Synonyms, synonym sets and homonyms

Consider the knowledge representation model M ��� ∑ � F � I � T � P � . Let R represents the
set of all referers in M while r1 � r2 are two distinct referers in M. r1is said to be a
synonym of r2 if there exists associators f1 � f2

� F for which it holds that f1 � r1
� �

f2 � r2
� . The synonym set of a referer r � R is defined as the set of all synonyms of r

which exist in M. If f1 � r1
� � f2 � r1

� for any f1 � f2
� F then r1 is called a homonym in

M.

1.3.4 Semantic resolution, semantic diversity, scope and size

Let M � � ∑ � F � I � T � P � be a knowledge representation model. The semantic resolution
of a knowledge representation model M is defined as the cardinality of the set of refer-
ers in M. The semantic resolution of an association f

�
F is defined as the cardinality

of the domain of f . The cardinality of the universe of discourse is called the scope of
M. The cardinality of the set of associators is called the semantic diversity of M. Thus
the semantic diversity of M is defined as the number of semantic perspectives defined
in M. The size of M is defined as the cardinality of the set of units of knowledge.

1.3.5 Composing associators; the inheritance intuition

Let M � � ∑ � F � I � T � P � be a knowledge representation model. Let the domain of an
associator f

�
F be denoted Dom � f � . When f1 � f2

�
F are associators then a string f
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of the form: � f1 : f2
� is also an associator. The associator f is defined as:

f � r � �
�

f1 � r � if r
�

Dom � f1
�

f2 � r � otherwise

1.3.6 Derivations, extensions and translations

Let M � � ∑ � F � I � T � P � be a knowledge representation model. Let f � � F, f � is said to be
a derivation of f if and only if each referer r in the domain of f is also a referer in the
domain of f � . If f � is a derivation of f , it is said that f � is an extension of f , if and only
if all units of knowledge u defined by f are also defined by f � , while the cardinality of
the domain of f is smaller than the cardinality of the domain of f � . If f � is derived from
f , it is said that f � is an translation of f , if and only if, the cardinality of the domain of
f equals the cardinality of the domain of f � .
1.3.7 The notion of a sub universe, a parallel universe and a super

universe

1.3.7.1 Defining a sub universe

Let M � � ∑ � F � I � T � P � and M � � � ∑ � � F � � I � � T � � P � � knowledge representation models,
while the address space of M is represented by A � M is said to be a sub universe of M �
if and only if the following holds for M and M � :

� the knowledge content of M is smaller than the knowledge content of M �
� the semantic diversity of M is smaller than the semantic diversity of M �
� where f

�
F and r � i � A , each assertion � address � f � � r� i � that is a unit of knowl-

edge in M must also be a unit of knowledge in M �
1.3.7.2 Defining a parallel universe

Let M � � ∑ � F � I � T � P � and M � � � ∑ � � F � � I � � T � � P � � knowledge representation models,
while the address space of M is represented by A � M � is said to be a parallel discourse
universe of M if and only if the following holds for M and M � :

� the knowledge content of M equals the knowledge content of M �
� the semantic diversity of M equals the semantic diversity M �
� Where f

�
F and r� i � A , each assertion � address � f � � r� i � that is a unit of knowl-

edge in M must also be a unit of knowledge in M �
It is equally valid to state that M and M � are parallel universes if and only if the signif-
icance of M equals S � M � the significance of M � .
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1.3.7.3 Defining a super universe

Let M � � ∑ � F � I � T � P � and M � � � ∑ � � F � � I � � T � � P � � knowledge representation models,
while the address space of M is represented by A � � M is said to be a super universe of
M � if and only if the following holds for M and M � :

� the knowledge content of M is greater than the knowledge content of M �
� the semantic diversity of M is greater than the semantic diversity of M �
� where f � F � and r� i � A � , each assertion � address � f � � r� i � that is a unit of knowl-

edge in M � must also be a unit of knowledge in M.
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Chapter 2

About the truth-value and the
significance of logical
expressions

2.1 Introduction

In the previous chapter a definition was provided for the concept of a claim relative to
a knowledge representation model. Using the principle of semantic compositionality
this chapter will pursue the following avenues:

� The definition of the truth-value of expressions in a language for intensional
higher order logic.

� The definition of the significance of expressions in language for intensional
higher order logic. The concept of the the significance of logical expression
is deemed a necessity by recognition of the fact that it is logically incorrect to
assume that an assertion has no meaning if the assertion in question is false. The
fact that sentences which are logically false can be translated from one natural
language to another serves as a confirmation of this fact.

� A mapping of Frege’s notions of the Sinn and the Bedeutung of expressions unto
the models for knowledge representation and meaning introduced in this paper.

This chapter thus introduces a language for logic together with a definition of the truth-
value and significance of expressions in this language.
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2.2 A theory of meaning

2.2.1 Significance expressions

Let M � � ∑ � F � I � T � P � be a knowledge representation model. Let f � F , r� i � I and
t1 ������� � tk � I. A significance expression of for M is an expression defined as:

� f � � r � � � i � and f � : r � � t �1 ������� � t �k � are significance expressions where f � � f is f � or
a variable; r � � r or r � is a variable, i � � i or i � is a variable. Additionally t �1 ������� � t �k
are variables or elements of the universe of discourse I.

� if ϕ is a significance expression � ϕ is also a significance expression

� Where ϕ � ψ are significance expressions � ϕ � ψ � � � ϕ � ψ � and � ϕ � ψ � are also a
significance expressions

� If ϕ is a significance expression then � vϕ and � vϕ are also significance expres-
sions. where v is variable

� Nothing else is a significance expression

2.2.2 Assignments and assignment sets

An assignment b for a model M � � ∑ � F � I � T � P � is a function which maps variables to
objects in I. So the expression y � b � x � denotes that y

�
I is the identity bound to the

variable x by the assignment b. An assignment b � is a member of the assignment set for
an assignment b and an identity d

�
D denoted by b � x � d � if and only if the assignment

b relates to the assignment b � as in the following:

� b � � y � � b � y � when d �� y

� b � � y � � d when d � y

2.2.3 The value assignment function

The value assignment function WM � f � b for a model M � � ∑ � F � I � T � P � of a language L,
an associator f

�
F and an assignment b is defined as follows:

� WM � f � b � r � � f � r � if r is a constant

� WM � f � b � r � � b � r � if r is a variable

2.2.4 The valuation function

Let L represent the set of significance expressions for a knowledge representation
model M � � ∑ � F � I � T � P � . The valuation function VM � b for M and an assignment b
is a function from L to � true � f alse 	 . The valuation function VM � b is defined as:

13



� VM � b � � f � r � � i � � � true if and only if f � � r � � � i � where f � � WM � f � b � f � , r � �
WM � f � b � r � and i � � WM � f � b � i � . To put another way: � address �WM � f � b � f � � � address �WM � f � b � r � � � address �WM � f � b i
must be a unit of knowledge in M.

� VM � b � � f : r � t1 ������� � tk � � � � true if and only if f � � r � � � i � where f � � WM � f � b � f � ,
r � � WM � f � b � r � and i � � WM � f � b � i � . Furthermore address � p � � i � and p � P and
� address � WM � f � b � t1 � � ��������� � address � WM � f � b � tk � � � � p.

� VM � b � � � ϕ � � � true if and only if VM � b � ϕ � � f alse

� VM � b � � ψ � ϕ � � � true if and only if VM � b � ψ � � VM � b � ϕ � � true

� VM � b � � ψ � ϕ � � � true if and only if VM � b � ψ � � true or VM � b � ϕ � � true

� VM � b � � ψ � ϕ � � � true if and only if VM � b � ψ � �� VM � b � ϕ � � true.

� VM � b � � x � ϕ � � � true if and only if there exists an i
�

I for which it holds that
VM � b � x � i � � true

� VM � b � � x � ϕ � � � true if and only if for all i � I it holds that VM � b � x � i � � true

2.2.5 The significance, true significance and meaning

2.2.5.1 The significance of a significance expression

The significance of a significance expression is defined as a set of assertions defined in
the following section. Let L represent the set of significance expressions for a knowl-
edge representation model M � � ∑ � F � I � T � P � . Let A � addressspace � M � represent the
address space of M. The significance function SM � b for M and an assignment b is a
function from L to POW � A � A � A � , where POW � A � A � A � represents the power set
of the A3. SM � b is defined as:

� SM � b � � f � r � � i � � � � � address � f � � � address � r � � � address � i � � � 	 where f � � WM � f � b � f � ,
r � � WM � f � b � r � and i � � WM � f � b � i � .

� SM � b � � f : r � t1 ������� � tn � � � � � address � f � � � address � t � � � address � r � � � 	 where f � � WM � f � b � f � ,
t � � � address �WM � f � b � t1 � � ������� � address �WM � f � b � tn � � � and r � is a addresses � r1 ������� � rk 	
where address � WM � f � b � r � � � r � .

� SM � b � � � ϕ � � � SM � b � ϕ � � 1, where SM � b � ϕ � � 1 is SM � b � � ϕ � � with all assertions � f � r� i �
in SM � b � � ϕ � � are replaced by their inverse assertions � � f � � r� � i � .

� SM � b � � ψ � ϕ � � � SM � b � ψ ��� SM � b � ϕ �
� SM � b � � ψ � ϕ � � � SM � b � ψ ��� SM � b � ϕ �
� SM � b � � ψ � ϕ � � � SM � b � ψ � � SM � b � ϕ � which represents the difference between

SM � b � ψ � and SM � b � ϕ � .
� SM � b � � � xϕ � � � SM � b � x � i � � ϕ � if and only if there exists an i

�
I for which it holds

that VM � b � x � i � � ϕ � � true, otherwise S � � � xϕ � � � /0
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� SM � b � � � xϕ � � ��� i � � n �
i � 1 S � VM � b � x � identity

�
i � � � if and only if for all i

�
I it holds that

VM � b � x � i � � true and n is the cardinality of I.

The meaning of a significance expression ϕ for an assignment b is defined as SM � b � ϕ � ,
which is a set of ternary tuple and as such SM � b � ϕ � � I.

2.2.5.2 The true significance of significance expressions

Let ϕ represent a significance expression for knowledge representation model M �
� ∑ � F � I � T � P � . The true significance of ϕ, denoted T � ϕ � is defined as the sub set of the
significance of ϕ which are units of knowledge in M. In general the true significance
T � ϕ � of a significance expression ϕ for a model M represents a definition of a sub
model of M.

2.3 Capturing intensional phenomena

2.3.1 Introduction

The purpose of this section is to illustrate by example how certain intensional phenom-
ena can be captured by the theory of meaning presented in this chapter.

2.3.2 Temporal and modal logic

The knowledge representation system introduced in chapter one supports the represen-
tation of temporal knowledge. This fact is quickly recognized when one considers a
knowledge representation model M � � ∑ � F � I � T � P � for which all units of knowledge in
M have the form � address � f � � address � � r� t � � � address � i � � where f � r� t � i � I and t rep-
resents a the in time and the tuple � r� t � � I. Let ϕ be a significance expression for M.
Examples of valid significance expression for M are provided in the following table.

Significance expression Description
� x � f � � r� t � � � i � According to f , r refers to i at time t

� x � x � � r� t � � � i � there exists a world x in which r refers to i at the moment t time
� x � x � � r� t � � � i � in all possible worlds r refers to i at the moment t in time

f � � r� t � � � i According to f , r believes i at the moment t in time.Where SM � b � � ϕ � � � i

2.4 Über Sinn und Bedeutung

This section presents an attempt to map the concepts of the Sinn (the sense) and the
Bedeutung (the reference) as introduced by the German logician and mathematician
Frege unto the knowledge representation framework introduced in this paper.

2.4.1 Mapping Sinn and Bedeutung

Let M � � ∑ � F � I � T � P � be a knowledge representation model and � f � r� i � is a unit of
knowledge in M. At first, one might be inclined to associate Frege’s notion of Sinn of
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a name with the referer r of a unit of knowledge. However this would be in conflict
with Frege’s idea that a particular Sinn always has the same Bedeutung. To be in
harmony with Frege it is thus chosen that the concept of the Sinn corresponds with
f � r � representing the application of the function f to the referer r. Frege’s concept of
the Bedeutung readily allows its self to be associated with the reference i of the the unit
of knowledge.

2.4.2 More on the mapping of Sinn and Bedeutung

According to Gamut [ref 1] Frege associated the concepts of Sinn and Bedeutung not
only with names but also with sentences. To be able capture this some more machinery
is needed. Let M � � ∑ � F � I � T � P � be a knowledge representation model and SM � b be
the significance function for M. To be able to capture Frege’s Sinn and Bedeutung for
sentences we agree that for this purpose of this section the following holds:

� the recognition of the fact that the significance of all significance expressions are
also elements of I, because the significance of a significance expression is a set
of tuples.

� all significance expressions (as defined above) are elements of the universe of
discourse I of M.

� For x � y for which it holds that the significance SM � b � � x � � y it holds that there
exists a particular associator f

�
F for which it holds that f � address � x � � �

address � y � .

Harmony with Frege concepts of the Sinn and Bedeutung for sentences are thus ob-
tained in a conceptually pure way.
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Chapter 3

What is the relation with
knowledge representation in
predicate logic?

3.1 Introduction

In the first chapter of this paper a general model for knowledge representation was in-
troduced. The purpose of this chapter to to illustrate that the knowledge representation
model introduced in chapter one is more expressive than the knowledge representation
models used in when in the definition of semantics for intentional type logic. In fact the
knowledge representation model introduced in this paper may be viewed as a general-
ization of the knowledge representation models of predicate logic, inspired by chapter
1 of ref [1].

3.2 Essential components of first order predicate logic

3.2.1 Introduction

For the purpose of this section the essentials of first order predicate logic are summa-
rized as follows:

� A set of objects D called the domain of discourse, a finite set of predicates P, and
a set of constants C.

� A function I the domain of which is � P � C � which assigns elements of C to ele-
ments D and assigns properties p � P to subsets of D � D2 � D3 ������� � Dk for a natural
number k. So that any n tuple � c1 ������� � cn

� � Dn can be assigned a property p, and
any constant c can refer to an element d

�
D. In addition it holds that no prop-

erty p �� D. A model M is defined as a pair � D � I � . I is called the interpretation
function of M.
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� A language L for a model M � � D � I � allowing properties of objects in the model
to be queried and asserted.

� An assignment function b which maps variables in L to elements of D.

� A valuation function which given an assignment b defines if an utterance e in the
language L is true or false for a model M � � D � I � . This function is said to define
the semantics of first order predicate logic relative to L,b and M.

3.2.2 Mapping first order predicate logic models

This section illustrates how knowledge represented in models of first order predi-
cate logic can be represented by the models introduced in chapter one. Let Mo �
� ∑ � F � Io � To � Po

� represent a knowledge representation model. Let Mp ��� Dp � Ip
� repre-

sent a model for a first order predicate language. Let Cp represent the set of constants
which form a subset of the domain of Ip, while Pp represents the subset of the domain
the of Ipwhich are predicates. The universe of discourse Ioof M is partitioned into
four disjoint subsets F � Do � Po � Co, such that there respectively exists a one to one, onto
mapping from Do � Po and Co to Dp � Pp and Cp. The interpretation function Ip of Mp

corresponds to an associator f
�

F , where it is understood that f is the only associator
in Mo. When Ip � s � � d then f � address � s � � � address � d � � , where s

� � Po
� Co
� � and

d
�

Do �

3.3 Essential components of extensional type logic

3.3.1 Introduction

The basic intuition of extensional type logic knowledge is to generalize first order pred-
icate logic by adding predicate constants to the domain of discourse of first order pred-
icate logic, so that it becomes possible to state facts about predicates. For the purposes
of this paper the essentials of extensional type logic are summarized as follows:

� A set of objects D called the domain of discourse, a finite set of predicates P, and
a set of constants C, where P� C � D.

� A function I the domain of which is � P � C � which assigns elements of C to
elements D and assigns properties p

�
P to subsets of D � D2 � D3 ������� � Dk for a

natural number k. So that any n tuple � t1 ������� � tn � � Dn can be assigned a property
p, and any constant c can refer to an element d � D. A model M is defined as
a pair � D � I � . I is called the interpretation function of M. The distinguishing
property for extensional logic relative to first order predicate logic is that for all
predicates p and constants c it holds that p � c � D.

� A language L for a model M � � D � I � allowing properties of objects in M to
be queried and asserted. Since properties are also elements of the domain of
discourse L must also provide means to assert and query properties of properties.

� An assignment function b which maps variables in L to elements of D.
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� A valuation function which, given an assignment b, defines if an utterance e in
the language L is true or false for a model M � � D � I � . This function is said to
define the semantics of extensional logic relative to L � b and M.

Thus as a result of the way in which models for extensional logic are defined, exten-
sional logic allows us to make statements about objects, about relations between objects
and also about the relations themselves.

3.3.2 Mapping extensional type logic models

This section illustrates how knowledge represented in models of extensional type logic
can be represented by the models introduced in chapter one. Let Mo ��� ∑ � F � Io � To � Po

�
represent a knowledge representation model. Let Mp � � Dp � Ip

� represent a model
for a extensional type logic language. Let Cp represent the set of constants which
form a subset of the domain of Ip, while Pp represents the subset of the domain the of
Ipwhich are predicates. The universe of discourse Ioof M is partitioned into four disjoint
subsets F � Do � Po � Co, such that there respectively exists a one to one, onto mapping from
Do � Po and Co to Dp � Pp and Cp. The interpretation function Ip of Mp corresponds to
an associator f

�
F, where it is understood that f is the only associator in Mo. When

Ip � s � � d then f � address � s � � � address � d � � , where s
� � Po

� Co
� � and d

�
Do �

3.4 Essential components of intensional logic

3.4.1 Introduction

Models M � � D � I � for first order predicate logic and extensional type logic are defined
using a single domain of discourse D and interpretation function I. For intensional
logic the existence of multiple interpretation functions is allowed. So statements of
fact can now be made from different perspectives. For the purposes of this paper the
essentials of intensional logic allow themselves to be summarized as follows:

� A set of objects D called the domain of discourse, a finite set of predicates P, and
a set of constants C, where P� C � D.

� A set I of interpretation functions the domain of which is � P � C � , which as-
sign elements of C to elements D and assign properties p

�
P to subsets of

D � D2 � D3 ������� � Dk, for a natural number k. So that any n tuple � t1 ������� � tn � � Dn

can be assigned a property p, and any constant c can refer to an element d
�

D.
A model M is defined as the pair � D � i � i � I. i is called the interpretation function
of M.

� A language L for a model M � � D � I � allows properties of objects in the model
to be queried and asserted relative to a particular interpretation function i

�
I.

Since properties of elements are also in the the domain of discourse, L must also
provide means to query and make assertions about properties of properties.

� An assignment function b which maps variables in L to elements of I.

19



� A valuation function which given an assignment b defines whether an utterance
e in the language L is true or false for a model M ��� D � I � . This function is said
to define the semantics of extensional logic relative to M and L.

As as result of the way in which models for intensional logic are defined, intensional
logic allows us to make statements about objects, relations and also about relationships
between objects relative to different contexts.

3.4.2 Mapping intensional type logic models

This section illustrates how knowledge represented as models for intensional type logic
can be represented by the models introduced in chapter one. Let Mo � � ∑ � F � Io � To � Po

�
represent a knowledge representation model. Let Mp ��� Dp � Ip

� represent a model for
a intensional type logic language. For each interpretation function in i

�
Ip there exists

a corresponding associator f
�

F such that for all s � d it holds that if i � s � � d then
f � address � s � � � address � d � � where d

�
D o s � d � Io.

3.5 What are the unique properties of the knowledge
representation model?

The previous sections of this chapter have substantiated that knowledge representation
for first order predicate logic, extensional type logic and intensional type logic can
be represented by the knowledge representation model defined in chapter one. This
section considers distinguishing properties of the knowledge representation models
defined in chapter one. Let Mo � � ∑ � F � Io � To � Po

� , while Mp � � Dp � Ip
� represents a

knowledge representation model for intentional type logic. Unique properties of the
knowledge representation model presented in this paper relative to knowledge repre-
sentation models in intentional type logic are enumerated here:

� all associators f
�

F are functions from the A � A where A represents the address
space of Mo which allows any element i

�
Io be a referer and also a reference,

this is not possible in models for intentional type logic Mp.

� associators (or interpretation functions in the terminology of predicate logic) are
part of the universe of discourse. This makes it possible to make assertion about
the possible worlds as identified by their respective interpretation functions. This
is not possible in models for intentional type logic Mp

� since it is possible that an associator f
�

I while f �� F it is possible to assign
properties to associators (or worlds) which do not function as such in Mo (be-
cause they are not elements of F).

� tuples and tuple sets are part of the universe of discourse Mo. In the case of
models for intentional type logic Mp this not the case
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Chapter 4

How does the knowledge
representation model relate to
Category Theory?

4.1 Defining categories

According to the Stanford Encyclopedia of Philosophy define a category Category the-
ory is a generalized mathematical theory of structures. One of its goals is to reveal
the universal properties of structures of a given kind via their relationships with one
another. 1 Formally, a category C can be described as a collection O, the objects of C,
which satisfy the following conditions:

� For every pair a � b � O, there is a collection Mor � a � b � , namely, the morphisms
from a to b in C. When f is a morphism from a to b, we write f : a � b.

� For every triple a � b � c � O, there is a partial operation from pairs of morphisms
in Mor � a � b � � Mor � b � c � to morphisms in Mor � a � c � , called the composition of
morphisms in C. When f : a � b and g : b � c , � g � f � : a � c is their compo-
sition.

� For every object a
�

O, there is a morphism identitya
�

Mor � a � a � called the
identity on a.

� Finally, morphisms have to satisfy two axioms:

– Associativity: if f : a � b, g : b � c and h : c � d, then h � � g � f � �
� h � � g � f � .

– Identity: if f : a � b, then � identityb � f � � f and � f � identitya
� � f .

1The definition of Categories presented here is quite literally taken from this Encyclopedia.
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4.2 Mapping categories

Mapping Category Theory unto the knowledge representation models introduces in
Chapter one is a matter defining a knowledge representation model M � � ∑ � F � I � T � P �
which respects the requirements of Category Theory. The concept of a morphism in
Category Theory allows its self to me mapped to associators. For every pair a � b � I,
there is a collection Mor � a � b � , namely, the morphisms or the associator set from a to
b in a category C. Since knowledge representation models place no restrictions on the
properties of associators (or morphisms if you prefer), it is clearly to that knowledge
representation models can be crafted which about the requirements of Category Theory.
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Chapter 5

About Discourse Grammars
and Logical Documents

5.1 Introduction

This chapter introduces the definition of a discourse grammar. The definition used here
is basically a dotted grammar (as in ref [31]), where the set of terminal symbols of
the grammar corresponds to the universe of discourse of a knowledge representation
model. Practical systems based discourse grammars would likely add the notions of
grammar variables or place-holders as found in two level grammars, attribute gram-
mars or affix grammars.1

5.2 Discourse grammar

A discourse grammar, GM for a knowledge representation model M � � ∑m � Fm � Im � Tm � Pm
�

is defined as a quadruple � M � N � T � S � P � where

� N is a non empty finite set of nonterminal symbols

� T is a non empty finite set of terminal symbols, such that each t � T is a normal-
ized significance token in for M.

� S element of N is a distinguished symbol called the start symbol

� P is a set of rewriting rules called production rules of the form:
ω1 � Aω2 � ω3 � ω4 A

�
N

ω1 � ω2 � ω3, and ω4 are elements � N � T ��� . The symbol A is called the subject of the pro-
duction rule ω1 � Aω2 � ω3 � ω4. ω1 � Aω2 is called the left-hand side of the production
rules while ω3 � ω4 represents the right-hand side.

1My current experimental implementation uses recording grammars [ref 31] and place-holders similar to
those in attribute grammars.
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5.3 Documents and document types for discourse gram-
mars

A document x for a discourse grammar GM � � N � T � S � P � , M � � ∑m � Fm � Im � Tm � Pm
� is

an element of T � for which there exists a finite sequence ω1 , ω2, ... ωn � n � 1 � , of
strings in � N � T � � � � N � T ��� , defined as:

ω1 � � S

ωi � BiCi � DiEiFi

ωn � x �

For ωi � 1the following holds:

1. Di
�

N then ωi � 1 � BiIi � JiFi and pi � Ci � DiEi � Ii � Ji is a production rule where
� 1 � i � n � 1 � .

2. Di
� T then wi � 1 � BiCiDi � EiFiwhere � 1 � i � n � 1 � .

The set of documents which is generated by a discourse grammar D is called the doc-
ument type defined by GM.
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Chapter 6

Modeling knowledge acquisition

6.1 Introduction

This chapter introduces a formalism which is an attempt to model the process of learn-
ing. The formalism presented combines discourse grammars and knowledge represen-
tation models together with some additional machinery intended to allow simple but
sophisticated learning models to be developed. 1

6.2 Token expressions

Let M ��� ∑ � F � I � T � P � be a knowledge representation model, while ϕ represents a sig-
nificance expressions for M. A token expression for M is defined as follows:

� all normalized the significance tokens in M are token expressions

� when t represents a token expression for M, � t and � t also represent token
expressions called assert statements and retract statements respectively

6.3 Tutoring grammars

A tutoring grammar GM , for a knowledge representation model M � � ∑m � Fm � Im � Tm � Pm
�

is defined as a quadruple � N � T � S � P � where

� N is a non empty finite set of nonterminal symbols

� T is a non empty finite set of terminal symbols, such that each t
�

T is a token
expression for M.

� S element of N is a distinguished symbol called the start symbol

1The material introduced here may be viewed as a formalization of the assert and retract statements the
reader may be familiar with from the Prolog logical programming language.
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� P is a set of rewriting rules called production rules of the form:
ω1 � Aω2 � ω3 � ω4 A � N

ω1 � ω2 � ω3, and ω4 are elements � N � T ��� . The symbol A is called the subject of the pro-
duction rule ω1 � Aω2 � ω3 � ω4. ω1 � Aω2 is called the left-hand side of the production
rules while ω3 � ω4 represents the right-hand side.

6.4 Lessons and courses for tutoring grammars

A lesson x for a tutoring grammar GM � � N � T � S � P � , M � � ∑m � Fm � Im � Tm � Pm
� is an

element of T � for which there exists a finite sequence ω1 , ω2, ... ωn � n � 1 � , of pairs
� m � � N � T � � � � N � T ��� � where m is a knowledge representation model and � N � T � �
� � N � T ��� is a sentential form of GM , defined as:

ω1 � � M ��� S �

ωi ��� Mi � BiCi � DiEiFi
�

ωn � � Mn � x � �

For ωi � 1the following holds:

1. Di
�

N then ωi � 1 � � Mi � BiIi � JiFi
� and pi � Ci � DiEi � Ii � Ji is a production rule

where � 1 � i � n � 1 � .
2. Di

�
T then the following holds for wi � 1:

(a) If Di is an assert statement � address � S � ϕ � � then wi � 1 � � M �i � BiCiDi � EiFi
�

where � 1 � i � n � 1 � and is M �i is a knowledge representation model for
which it holds that S � M �i � � S � Mi

��� S � ϕ � .
(b) If Di is a retract statement � address � S � ϕ � � then wi � 1 � � M �i � BiCiDi � EiFi

�
where � 1 � i � n � 1 � and M �i � S � Mi

� � S � ϕ � which is the difference be-
tween the knowledge content of Mi and the significance of S � ϕ � .

(c) otherwise wi � 1 ��� Mi � BiCiDi � EiFi
� .

The set of lessons which is generated by a tutoring grammar D is called the course
defined by G. A set of courses is called a curriculum.
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Chapter 7

Conclusion

By generalizing the knowledge representation model of first order predicate logic as
introduced by Alfred Tarski, this paper has introduced a knowledge representation ve-
hicle supporting a formal representation of intensional phenomena. A language for
representing knowledge was introduced together with definitions for the truth-value
and significance of expressions in this language. Based on the significance of logical
expressions, discourse grammars and logical documents where introduced. Finally a
formalism for modeling knowledge acquisition was introduced.
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