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Introduction

The notion of a fuzzy set was first suggested by Zedeh (1965). Since then fuzzy
set theary, together with directly related theories in fuzzy logic and fuzzry .
algorithms, have increasingly found applicetions in areas vhare ordinary set
theory ias inedequate.

One such area concerns the techniques required for the recognition of patterns,
It is the intention in this paper to introduce the idea of a fuzzy set and to
indicate some ways in which fuzzy sets cen be applied to speech recognition.
Particular reference is made to reseasrch inte speech recognition in the
department of electrical and electronic engineering at the Polytechnic of the
South Bank.

Fuzzy sets

The theery of fuzzy sets concerns a subset A of a universal set € where the
boundary between membership and non-membership in A is not precise. The value

1 is usually assigned to members that definitely belong to A, whereas value 0 is
assigned to membera that definitely do not belong to A. :

Formally, & fuzzy set A in € can be defined as o set of ordered pairs
Az L), pax)) , xe€,

in which ma(x) is a membership function representing the grade of membership of
x In A. The height of a fuzzy set & ig the supremum of pM s (x) over A and A is
said to be parmal if its height is 1. OQtherwise A is called subnormal.
Membership functions consistent with the specifications of a set are said to be
adnissible. Otherwvise membership functions are called non-admissible,

As a simple illustration, Fig. 1 shows three different admissible membership
functions MeT (x), MaE {x)  end Mg (x) corresponding to & fuzzy
set B specified as the set of real numbers "close to" 0, Here the universel set
in question is the set of real numbers, ie, € = R, The membarship functions
are given as

1 _ 1l m1ez
Me (= 0 atherwise

q _ L -x/2 Ix£2
P (x) = {D otherwise

1
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Fig'. 1 Admissible membership functions

Clearly ,IA:'(x) corresponds to the ordinary {non-fuzzy) set of points in the
clpsed interval [-2, 2] , since each and every point in this integval is assigned
a value 1 wheress remaining points in ® are assigned value O. P {x) end pgi(x)
ensure that transition between membership and nop-membership is gradual rather
than sbrupt. However it can be argued that pma=(x) gives a better representation
for the set B as specified since it contains information that member x = 3, for
example, is not as close to 0 ag member x = 2. a® (x) on the other hand
asgigna x = 3 and x = 2 exactly the same value, namely 0. It should be noted
that in general, a choice of membership function is essentially ‘subjective.

Let us nov consider how ideas regarding unary and binary operations on non-fuzzy °
sets are extended to fuzzy sets. For any two fuzzy sets C and O defined over €
with membership functiens F‘c(") and p,(x) respectively we have the following
definitionsi-

(i) € and D sre equal (written C = D) -if‘ and only if pe(x) = pg(x) for all
xet .

(ii) '€ is contained in D (wri-tten C € D) if and only if p(x) = Molx) for
8ll x €€ .

{iii) The union of C and D (written CvD) has & membership function given by
f"c.uni"‘) =max ( pe(x}y, Mo {x)) for all x & .

{iv) The intersection of C and D (uritten CAD) has a membership function
- given by

F“b(x} = max ( Me (%), Moix))
for all x <& .
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{v) The complement of C (wntten C) hes a membership funetion glven by
Pgix) = 1 - udx)
for all x e &, *
(vi) The product of C and D {written CD) has & membership function given by

f‘u,(\) = Red 1x). r‘.'x)
. for all x €& ,

‘(vii) The concentration of C (uritten con(C)) has a membershlp Functmn given by
}-\ h: = f“g(“)
for all x E
(viii} The dilation of C (wrltten dil{C}} has a membership function given by
Mo () = f“: x)
for all x &€ .

For further definitions concerning fuzzy set operstions, en interested reader
might wish to refer to Kandel {1982).

C D
i

w

D

con(C) dil{C)

Fig. 2 Unary snd binary cperations on fuzzy sets
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Sketches of membership functiona appropriate to the sbove definitions are shown
in Fig. 2 for a particular choice of gets [ gnd D. It can be easily shown that
four of the Five basic 'dual' laws of ordinary gets (ie. commutative, amssocistive,
distributive end identity) all apply to fuzzy sets. However the dual law of
complementation viz. .

Cﬂa=¢ 3 c;‘E-:E',
in vhich ¢ is the empty set and £ is the universal set, does not hold true in
general (cf. Fig. 3). .

Fig. 3 The membership function corresponding to Cal and Cul

Extension of fuzzy set theory to fuzzy logic is straightforierd. Fuzzy logic 1s
a many-valued logic in vhich the truth of a proposition P(x) can assume any value
in the closed interval Lo,1) . Ordinary logic allows only two truth values,
viz, 0 and 1.

Consider for example the proposition

Pl(x) + % "ig close to" 0.

An admissible truth value Function (t.v.f.) for Pl(x) can be chosen to
correspond directly with f“BE(") of Fig. 1. This truth value function is shown '
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.in Fig, a.

"is more or less clese to

"igs very close to"

"is close to"

- v —_— | r el

=3 -2 -1 0 1 - 2 3
Fig. 4 Modification of a truth velue function

Modification of a fuzzy proposition can be achisved by modification of its truth
value function. Fig. 4 shows the modified predicates "is more or less clase to"
and "is very close to" obtained from Pl(x) by dilation and concentration,
respectively.

A binary fuzzy relation R in €, X E; is a fuzzy subset of €, X €., where
. X represents Partesian product. For example, if €, = €=M, the set of natural
numbers, a fuzzy reletion matrix can be drawn up to describe R, the relation "is

close to” for which A (x,,x,) =  (1+(x,- % )7 for all x, and x, € .,
R__ 1 2 3 4 5 =
1 1.0 0.5 0.2 0.1 0.06 —
2 0.5 1.0 0.5 0. 0.1 -
3 0.2 0.5 1.0 0.5 0.2 -
& 0.1 0.2 0.5 1.0 0.5 —=
$ 0.06 0.1 0.2 0.5 1.0- =
+ +* + + L ] +* \.

Fig. 5 A fuzzy relation matrix )

This fuzzy matrix is shown in Fig. 5. As exﬁected elements of the matrix awa'-y
from the diagonel are valued less than 1, whereas elements situated on the
diagonel have value 1. -
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Applications

Given a sample pattern x snd a set (or cluster) of patterns A, the recognition
problem often is not whether x is or is not a member af A but the degree to which
x is a member of A, Therefore, in a fuzzy set context, a recoegnition algorithm
epplied ta x must yield the grade of membership  paoa (x). When en explicit
description of this algorithm is knawn we shall say that the algorithm is
transparent, Otherwise the algorithm is opague.

Human perception involves the ability to adjust frames of reference so that it is
possible to relste to a particular structure, Frequently, opaque algorithms are
then used to recognise and classify. For instance a person cannot explicitly
describe the algorithm used to assign a membership grade to a specific painting
that classifies it in the fuzzy set of beautiful paintings.

Clearly any simulation of the human recognition process requires the conversion

of opaque algorithms to transparent algorithms. Accordingly there are at least
tuo lines of attack provided by fuzzy set theory. These are respective approaches
of template-similarity and representation of expert knowledge. While the latter
approach is not discussed here in detail, it should be stressed that conventional
'knouledge' technigques based on predicate caleulus are not applicable to many-
valued propositions {see Zadeh 1983).

The template-similarity approach regards Ma{x) as the degree of similarity
between x and an 'ideal' pattern {template) representing A. In the case of speech
recognition systems, feature extraction can yield a mathematical object, eg. a
matrix, which is then matched with a template through a transparent algerithm

and a decision made about the nature of the input speech.

Tuo systems based on this approach are described by Abu El-ata and Seymour {1983)
and Lee {1983}. Both systems concentrate on econamy af algorithm to realise a
lou-cost implementation. The linear-programming approach of the farmer system
matches the sample matrix and the template matrix using a simple algorithm in
vhich differences between corresponding elements are computed. In the dynamic-
programming approach of Leg (1983), the algorithm is more complicated. Template
similarity is assessed via several stages, one of which involves the generation
and comparison of gimilarity and dynamic- pr_ugramrning surfaces similar to
those shown in Fig. &. Further, Pal and Majumder (1980) use 'weighted distances'
to measure the similarity of patterns mssocisted with vowel and speaker

" recognition.

Remarks

The speech recognition group et the Polytechnic of the South Bank continues to
investigate fuzzy sets and their applications to the entire recognition process.
Fortunately with the advent of new initiatives in vLS1 design {see, for example,
Duyer and Yates 1983), it is not necessary to concentrate on simplicity of
algorithms. It is to be required only that any suitable transparent algorithm

can be implemented on a parallel processing system with controlled (polynomial}
complexity. Certainly there is currently much interest in the application of
fuzzy sets to pattern recognition generally and a comprehensive list of references
is given by Kandel (1982).
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template

template

Fig. 6 Similarity and ‘dynamic-programming surfaces (labelled B and A respectively)
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