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Abstract

A new knowledge representation method based on object-oriented computing and
fuzzy theory is proposed. Many types of knowledge representation have been studied,
for example, frame [Minsky 75], script [Schank 77] and semantic network [Charniak 85].
In this paper, we assume that humans have limited masses of knowledge, and that the
masses are not independent but mutually related with each other. Then we make a
model of one’s intellectual actions. We call a mass of knowledge a chunk, and we regard
it as an object in object-oriented computing. For representing vague knowledge, we
use fuzzy relations of type 2 which relates between chunks. Fuzzy relations of type 2
is an extension of fuzzy relations. We regard inference in this model as moving from
one chunk to another by way of the relation between the chunks.

As an application of this model, an information retrieval system is dealt with.

1 Introduction

We call a space where knowledge is stored a knowledge space, and we suppose that knowledge
is divided into modules and is put in the knowledge space. We call these modules, or masses
of knowledge, “chunks”. Chunks are not put at random in the knowledge space but are put
according to the relations between chunks.

It is more natural if we do not regard the relations between chunks as crisp relations
(i.e. having relations or not between chunks) but as vague(fuzzy) relations. To show the
relations between chunks, we use fuzzy relations of type 2 which is an extension of fuzzy
relations. The fuzzy relations of type 2 are obtained by extending the fuzzy relations in the
same manner the fuzzy sets of type 2[Mizumoto 76] are obtained by extending the fuzzy
sets[Zadeh 65]. A given chunk has relations with itself, in short self-relations.

In our proposed knowledge representation, an inference is regarded as consciousness
moving from one chunk to another by way of the relation between the chunks. Generally,
since a chunk has more than one relation with other chunks, we can infer in parallel by
moving consciousness in parallel. We can implement the above inference mechanism by
regarding a chunk as an object in object-oriented concurrent computing.

The purpose of our proposed knowledge representation is to model the flexibility of
one’s thought process and information processing with object-oriented computing and fuzzy
theory. By taking the case of information retrieval as an example, it will be shown that
a machine based on a model of human thought process and information processing can be
very useful. An example of information retrieval in using fuzzy theory is in [Miyamoto 89].



However, our approach is different from it in that we use fuzzy relations of type 2 for
relations between keywords and we retrieve documents in stages and also in parallel by
grouping keywords.

2 Relations between Chunks and Inference

In this section, first we mention the reason we connect chunks with fuzzy relations of type
2. Then we describe a method of inferring by using the fuzzy relations of type 2.

2.1 The Relations between Chunks

The fuzzy sets of type 2 can be defined as an extension of ordinary fuzzy sets. A fuzzy set
of type 2 A in a universal set X is characterized by a fuzzy membership function 4 which
is a fuzzy set between [0,1]. In general, if we express the mapping of set U to set V as VU,
we can express the fuzzy membership function as follows. !

pa: X = [0,1 (1)

where J is the subset of [0,1]. We also call pa(z) a fuzzy grade, where z is an element of
X.

We can similarly define fuzzy relations of type 2 as an extension of ordinary fuzzy
relations. The fuzzy relations of type 2 are the fuzzy sets of type 2 where the cartesian
product X x V(X and Y are sets) is a universal set and are characterized by the following
fuzzy membership function pg,.

PR, : X xY = 1[0,1)7 (2)

The purpose of our proposed knowledge representation is to model the flexibility of
one’s thought process and information processing with object-oriented computing and fuzzy
theory. Next we investigate one’s thought process and information processing [Sugeno 87].

We may regard “language” as an important element in one’s thought process. In our
everyday life, whenever we think consciously, we always think with language. We can not
imagine thinking without any language. So we can consider language and thinking to be the
same thing. Like thinking, communication is one of the fundamental human actions, and it
is also done by using a language. So we can say that language is indispensable in everyday
life. We can also say that language is essential for the human existence. In fact, linguists
claim that what distinguishes human beings from other animals is not the use of tools but
the use of language.

Language is indispensable in one’s thought process and fuzziness always exists in lan-
guages. Generally, the ambiguity in a language means multiple meanings. It is inevitable
that the number of words in languages are finite because the number of alphabetic characters
is finite and the length of words is limited. By contrast, the things language has to describe
is infinite. This must be the principal reason for the occurrence of multiple meanings. But
the general ambiguity of language is not multiple meanings but the vagueness which exists
in each meaning. The term “articulation” in the field of linguistics means to cut off part

1Since the grade of fuzzy set of type 2 is a fuzzy set in J C [0, 1], the ordinary fuzzy set is renamed as a
fuzzy set of type 1. Similarly, we can define a fuzzy set of type n (n = 1,2,---) as follows.

In-1
)
pa X —[0,1]"1

where Ji, Ja, - -+, Jo—1 are the subsets of [0,1].



of the continuous world and assign a word to it. Since language itself is not continuous, we
can regard articulation as the dispersion of the continuous world. In linguistics, articulation
is emphasized to be arbitrary as it is independent of the structure of the objective world,
although it is dependent on the subject’s arbitrariness. For example, rainbow is articulated
into seven colors in Japanese but six colors in English (i.e. red, orange, yellow, green, blue,
purple). So articulation is indicated to be arbitrary and independent of the optical structure
of a rainbow. The region we cut off from the objective world is labeled by using language.
What this label points to seems to be a definite object. But if we look at its perimeter,
we will find some indefinable vagueness. This vagueness inevitably occurs because of the
dispersion of the continuous world with incontinuous language.

As shown above, ambiguity(fuzziness) in language always exists. We can also say that
the existence of language depends on vagueness. So we can also say that vagueness in
thinking always exists. The unquestionable difference between humans and machines is
that we human beings can recognize vagueness in the objective world, and effectively judge
and make a decision even in uncertain situations without excluding vagueness in the thought
process .

Since we can consider language and one’s thought to be the same thing, it seems appro-
priate to express relations between chunks, or masses of knowledge used in one’s thought
process, with natural language. For example, we can express the similarity between concepts
that knowledge has by using the terms, “relation very”,“relation more or less”, “relation
slightly” and so on. It is clear that we can not express these relations by using two-valued
logic. It is possible to express these relations by using numbers between [0,1]. But since
we express relations between knowledge with natural language, we may lose the vagueness
in the concept that knowledge has and the ambiguity in language. So, it seems more ap-
propriate to express relations between knowledge by using fuzzy sets. In short, we express
relations between knowledge(chunks) by using fuzzy relations of type 2 which is an extension
of fuzzy relations.

2.2 A Method of Inference

We use fuzzy relations of type 2 for inference. First we describe the composition of fuzzy
relations of type 2, and then parallel inference with an object-oriented concurrent computing.

2.2.1 Composition of Fuzzy Relations of Type 2

We use two operators U and M in the composition of fuzzy relations of type 2. We can define
Ll and M as an extension of V (max) and A (min) defined in the interval [0, 1] by using the
extension principle [Zadeh 75a]. Let X and Y be fuzzy sets of J(a subset of [0,1]), and U
and M are defined as follows, where z; € X, y; € Y.

(32 x () /i) U (3 oy (y5)/5)
i (ex (@) A py (y5))/ (@i V y;)

XnY = (3 px(wi)/z:) N2, py (Y5)/y5)
= > i(x (@) Apy ()] (@i Ay;)

Let X, Y and Z be sets. We can also define the composition of fuzzy relations of type
2RoS,where RC X xY and S C Z x Y, as follows.

XuyYy 3)

(4)

ROS¢>,U/R05(IU,Z):Uy[/JR(ic,y)ﬂ,U/S(z,y)], :cEX,yEY,zEZ (5)



2.2.2 Parallel Inference

Suppose each chunk has a state of knowledge representing the state of the chunk. The state
of knowledge is the knowledge in the chunk and their respective fuzzy grades.

We regard one chunk as one object in object-oriented concurrent computing. An infer-
ence is regarded as consciousness moving from one chunk to another by way of the relation
between the chunks. Using the concept of object-oriented computing, we represent this
inference as follows. Consciousness moving from one chunk to another is equal to sending
a message. The state of knowledge in the chunk is sent as the message. The chunk that
receives the message makes its own state of knowledge with the received state of knowledge
and the relation between the chunks, or to be exact, the composition of fuzzy relations of
type 2 of the received state and the relation between chunks.

Generally, since a chunk has more than one relation with other chunks, when we start
inferring at a chunk, we do not send a message one by one. We can infer in parallel by
sending messages to all the chunks related to the chunk at the same time.

3 Application to Information Retrieval

We deal with information retrieval as an example for our proposed knowledge representation.
We regard knowledge and chunk as keywords and their subsets respectively. Each keyword
has documents which has the concept that the keyword has.

Let’s compare information retrieval done by using a machine and by a human at a
reference corner in a library. When we retrieve documents with a machine, it is necessary to
know the keywords representing exactly the contents of the searched documents. But, with
a human in a reference corner, even if we do not know the exact keywords for the searched
documents, we can find corresponding documents. In case of retrieving with a human, it
may be inferior to a machine in speed and in accuracy. But even if we do not know the
exact keywords, we can find needed documents because of the flexibility of one’s thought
process and information processing, and because we use approaches which do not make a
fetish of precision and exactness but are tolerant with imprecision and partial truths. This
application attempts to realize this human characteristic.

In this section, first we describe the inference method in the information retrieval system
and explain the inference process with an example. Next we describe the objects which we
need for the implementation of the information retrieval system. We also show an example of
the information retrieval system which we implemented with the object-oriented concurrent
language ABCL/1 [Yonezawa 87].

3.1 Inference Method in Information Retrieval System

We need two fuzzy relations of type 2. One is a relation between the user and keywords,
and the other is a relation between keywords. The relation between the user and a keyword
shows how much the user is interested in the keyword. The relation between keywords shows
how much one keyword is related to another.

An inference in the information retrieval system means that when relation K between
keywords is given and then relation U between the user and a keyword is given, we infer
from K and U a new relation U’ between the user and a keyword. We use a composition in
fuzzy relations of type 2 for inferring U’ from K and U:

U =UoK
& pur (user, key') = Ukey[pu (user, key) N pk (key', key)], (6)
(user, key) € U, (key', key) € K, (user, key') € U’



In general, the set of fuzzy grades is not closed under the logical connectives. So we
must transform the result of the composition into a given fuzzy grade by using a concept
called linguistic approximate[Zadeh 75].

When we transform a result of the composition into a given fuzzy grade, we should select
the most similar fuzzy grade to the result. We express the similarity between fuzzy grades
with Euclidean distance as

d(s,5%) = \/Z_ms(xn ~ - (22))? ()

where S and S* are fuzzy grades. The smaller d is, the more similar S is with S*.
By defining the similarity between fuzzy grades as (7), a number of possible fuzzy grades
may be gotten for a result. In this case, we choose the greatest fuzzy grade.

3.2 A Method of Inference

For example, we give a set of keywords as

K = {keyl, key2, key3, key4, keyb, key6b,
keyT, key8, key9, keyl0, keyll, key12}

We divide the universal set K into four subsets K1, K2, K3, K4. There are direct relations
between only K1 and K2, K1 and K4, K2 and K 3. For instance, each subset is as follows.

K1 = {keyl, key2,key3}, K2 = {keyd,key5,key6}
K3 = {key7, key8,key9}, K4 = {keylO,keyll, keyl2}

We also define each keywords for some documents as follows.

keyl---bookl, key2---book2, key3---book3
key4 - - -bookd, key5---bookb

keyT - - - book6, book7

keyll - - - book8, book9, book10, book11

We relate between keywords by using fuzzy relations of type 2.
We regard each subset as an object chunk. These relations are as follows

K1---chunkl, K2---chunk2
K3---chunk3, K4---chunk4

The above relations are shown in Figure 1(Rij(i,7 = 1,2, 3,4) is the relation between
chunki and chunkj).

Inputs to this information retrieval system are conjunctions and disjunctions of keywords.
We do not allow negation as inputs. We also assume the followings.

o Object createChunk creates each chunk and object createChunki (i = 1,2,---) has
information regarding each chunk(keywords, relations between keywords, etc). For
instance, when creating chunk3, first createChunk3 is sent a message [:new] and then
createChunk3 sends a message [:create argl arg2 ---](argl, arg2,--- are information
regarding chunk3) to createChunk.

e There is an object retrievalSystem and an object controller. Object controller is cre-
ated by object createController.
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Figure 1: The Relation between Chunks

Given the structure shown in Figure 1, the process of retrieval to the inputs (keyl and key7) or key4
is as follows.

1. Stage 0

(a) Object retrievalSystem receives (keyl and keyT) or key4 as a message.

(b) The retrievalSystem transforms the input (keyl and key7) or key4 into the con-
junctive normal form (keyl or key4) and (key7 or key4).

(c¢) The retrievalSystem divides keywords into clauses. Keyl or key4 and key7 or key4
will be called clausel and clause2 respectively.

(d) The retrievalSystem creates the same number of controllers as clauses, in this
case two, by sending a message [:new] to createController. The two controllers
will be called controllerl and controller2.

(e) The retrievalSystem sends clausel and clause2 to controllerl and controller2
respectively as messages.

(f) Each of the controllers checks which chunk has the keywords in clausel and
clause2. In this case, clausel’s keyl and key4 belongs to chunkl and chunk2
respectively, clause2’s key7 and key4 belongs to chunk3 and chunk?2 respectively.

(g) controllerl — Controller] sends a message [:new] to createChunkl and create-
Chunk2, and creates chunkl and chunk2 respectively. The system infers at
chunkl and chunk2. The results of the inference in chunkl are keyl, key2,
key3 and their respective fuzzy grades with the user. In chunk2, key4, keyb,
key6 and their respective fuzzy grades with the user are the results. So the
results of this controller are keyl, key2, key3, key4, keyb, key6 and their
respective fuzzy grades with the user.

controller2 — Controller2 sends a message [:new] to createChunk3 and create-
Chunk2; and creates chunk3 and chunk2 respectively. The system infers at
chunk3 and chunk2. The results of the inference in chunk3 are key7, key8,
key9 and the respective fuzzy grades with the user. In chunk2, key4, key5,
key6 and the respective fuzzy grades with the user are the results. So the



results of this controller are key4, key5, key6, key7, key8, key9 and their
respective fuzzy grades with the user.

(h) The results of stage 0 of the inference is the conjunction of the fuzzy logic [Zadeh 75]
of the results in the controllerl and the controller2. In short, they are key4, keyb,
key6 and their respective fuzzy grades with the user. So what the system shows
to the user are documents related to key4, key5, key6 and their respective fuzzy
grades with the user. The fuzzy grade for the degree of interest for the user in the
document is the grade between the keyword and the user. For example, suppose
that the keyword key4 relates directly to documents d1, ..., dm and the fuzzy
grades between key4 and the user is “interest little”. Then the fuzzy grade for
the documents d1, ..., dm will also be “interest little”.

2. Stage 1

(a) controllerl — In the inference starting at chunkl, since chunkl relates to
chunk2 and chunk4, chunkl sends a message [:new] to createChunk2 and
createChunk4, and creates chunk2 and chunk4 respectively. Chunkl sends
the result of stage 0 of inference (at chunkl) as a message to chunk2 and
chunk4 where inference is to continue. In the same way, in the inference
starting at chunk2, inference continues at chunkl and chunk3. The result of
the controllerl is the disjunction of the fuzzy logic of the results of the in-
ference started at chunkl and the results of the inference started at chunk?2.
The result is keyl, key2, ..., keyl2 and their respective fuzzy grades with
the user.

controller2 — In the inference starting at chunk3, the system continues infer-
ring at chunk2. In the inference starting at the chunk2, the system continues
inferring at chunkl and chunk3. The result of the controller? is the disjunc-
tion of the fuzzy logic the results of the inference started at chunkl and the
results of the inference started at chunk3. The result is keyl, key?2, ..., key9
and their respective fuzzy grades with the user.

(b) The result of stage 1 of the inference is the conjunction of the results of controllerl
and the results of controller2. That is, they are keyl, key2, ..., key9 and their
respective fuzzy grades with the user. So what the system shows to the user are
documents related to keyl, key2, ..., key9 and their respective fuzzy grades with
the user.

Should we want to infer more deeply, we should infer stage 2, stage 3, and so on of the
inference. We show the process of this inference in Figure 2.

3.3 Representation of Relations

We use “relation-very”, “relation-more-or-less”, “interest” and “interest-slightly” as the
fuzzy grades between keywords, and between the user and a keyword. Next, we describe
how these fuzzy grades are represented.

For example, suppose we define a universal set of fuzzy grades as

J=0+01+02+03+04+05+06+0.7+08+09+1 (8)

where + stands for the union in fuzzy sets. In this case, the fuzzy grades “relation” and
“interest” are given as follows.

relation = interest = 0.5/0.7 + 0.7/0.8 +0.9/0.9+ 1/1 9)
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Figure 2: The process of the inference

If we define the fuzzy grades “relation” and “interest” as in (9), we can define the other
W W

fuzzy grades, for example, “relation-very”, “relation-almost”, “interest-more-or-less”, “interest-
rather” | etc , with the concept of a linguistic hedge[Zadeh 72] as follows.

relation-very = 0.25/0.7 + 0.49/0.8 + 0.81/0.9+ 1/1

relation-almost = 0.5/0.7 +0.6/0.8 +1/0.9 + 1/1

interest-more-or-less = 0.3/0.5 + 0.5/0.6 + 0.7/0.7+ 0.9/0.8 + 1/0.9 + 1/1
interest-rather = 0.27/0.7+1/0.8 + 0.39/0.9

(10)

We can express relations between keywords and relations between the user and a keyword
by using matrices, and use the above fuzzy grades as their elements. For example, R12 of
Figure 1 is as follows.

relation relation-rather relation-almost
R12 = | relation-more-or-less relation relation (11)
relation-almost relation relation-rather

The elements of line 1 in the above matrix “relation”, “relation-rather” and “relation-
almost” express the fuzzy grades of the relations between chunkl and chunk4, chunk5 and
chunk6.

Let Rul be the relation between the user and keywords in chunkl(Figure 1), and then
we can express Rul as follows.

Rul = [ relation-very relation-slightly relation ] (12)

When representing the composition of fuzzy relations of type 2 with matrices, the oper-
ations of addition and multiplication are replaced by L and M respectively.

3.4 An Implementation of the Information Retrieval System with
an Object-Oriented Concurrent Language

Roughly speaking, we need three objects in the information retrieval system. These ob-
jects are retrievalSystem, controller and chunk. Furthermore, for creating controller and
chunk we have objects createController and createChunk respectively. We also have objects
createChunki (i = 1,2, ---) for having the information regarding each chunk.

The role of these objects are as follows.

e retrievalSystem — This is the interface of this system. This handles the inputs and
outputs, and decides how many controllers are to be created.



e createController — This creates object controller.

e controller — This decides how many chunks are to be created. A controller deals with
a sentence connecting keywords by disjunction only, and each controller is connected
by conjunction.

e createChunk — This creates object chunk.

e chunk — This holds a subset of keywords, fuzzy relations between keywords, etc.
Inference takes place here.

e createChunki (¢ = 1,2,---,n) — This contains the information regarding each
chunk. It sends the information of a chunk as a message to createChunk where the
chunk is created.

The following is an example of this information retrieval system.

<ABCL/1> [main <= [:query]]
*%% Welcome to Fuzzy Retrieval System *xx

*** Input Your Interested Keywords
? (or (and keyl key7) key4)

*%% RESULT ***

(book4 interest-very)
(book5 interest)

ok ok ok ok ok Kok ok o

Would you like to continue?(yes/no)yes

*x% RESULT *%x*

(book4 interest-very)
(book5 interest)

(book6 interest-rather)
(book7 interest-rather)
(book1 interest-rather)
(book2 interest-rather)
(book3 interest-rather)
ok e o o o ke ok sk sk ok o o

Would you like to continue?(yes/no)yes

*kkx RESULT **%

(book4 interest-very)
(book5 interest)

(book1 interest-rather)
(book2 interest-rather)
(book3 interest-rather)
(book8 interest-rather)
(book9 interest-rather)
(book10 interest-rather)
(book11l interest-rather)



(book6 interest-rather)
(book7 interest-rather)
sk ok sk ok ok ok ok ok ok ok ok ok ok ok

Would you like to continue?(yes/no)no

thank you!!!
Next Retrieval?(yes/no)no

good-bye!!!
<ABCL/1>

4 Conclusion

We proposed a new knowledge representation method and described an information retrieval
system as its example. The purpose of this paper is to model the flexibility of one’s thought
process and information processing. We compared humans and machines in the case of
information retrieval. With humans, even if we do not know the exact keywords for the
searched documents, we can find corresponding documents. The purpose of this informa-
tion retrieval system is to be able to find corresponding documents even without accurate
knowledge.

We can apply our proposed knowledge representation and the information retrieval sys-
tem to a distributed environment.
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