Chapter 2
Algebras of Fuzzy Sets

2.1 Introduction

From now on it will be only considered the case in which (L, <) = ([0, 1], <), that
is, of Zadeh’s fuzzy sets, with predicates P in X known through a degree up : X —
[0, 1], and without knowing, necessarily, its primary use < p. The set of all fuzzy sets
in X, [0, 11%, will be also denoted by F(X). In this case, the preorder <, is linear,
or total, since for all x, y in X it is either pup(x) < pup(y), or up(y) < pp(x), that
is, itis either x <, y ory <, x forall x, y in X. Hence, <, rarely will perfectly
reflect the primary use of P in X, since < p is usually not linear.

In the case in which X is finite, X = {xi, ..., x,}, the fuzzy sets u € [0, 1%,
will be represented by

po=p(x1)/x1 + p(x2)/x2 + - -+ p(xn) /Xn,

with the convention thatif some term p(x ;) /x ; does not appear, is thatitis u(x;) = 0.
For example, with X = {1, 2, 3, 4}, the expression

1= 0.5/x; +0.7/x2 + 1/x4,

refers to the fuzzy setin X given by p(x1) = 0.5, u(x2) = 0.7, u(x3) = 0, p(xg) = 1.
Analogously, the fuzzy set ' = Ny o u (Ng = 1 —id) is

W =0.5/x1 +0.3/x2+ 1/x3,

2.1.1 Cartesian Product

If A, B are crisp subsets in X and Y, respectively, thatis, A € P(X) and B € P(X),
its cartesian product A x B = {(a,b);a € A,b € B} C X x Y, is with the
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membership function s« p : X x ¥ — {0, 1}, given by

paxp(x,y) =min(ua(x), up(y)
forallx € X,y e Y. Itis uaxp(x,y) =1 & pa(x) = up(y) = 1.

In the same vein, if 4 € F(X),and o € F(Y), the cartesian product p X o is
defined by directly generalizing the classical case:

X o =mino (i, o).
For example, with X = {x1, x2, x3}, Y = {y1, y2}, and
pw=1/x14+0.8/x2, 0 =09/y1 +0.7/y2,

it is
pxo=0.9/(xy,y1)+0.7/(x1, y2) +0.8/(x2, y1) +0.7/(x2, y2),

with (u x 0)(x3, y1) = (1 X 0)(x3, y2) = 0.
With 11pig(x) = £ if x € [0, 5] and frgman(y) = 1 — % if y € [0, 7], it is

X y
(Mbig X fhsmall) (X, y) = mll’l(g, I - 7)1

the representation of the cartesian product as a surface contained in the cube [0, 5] x
[0,7] x [0, 1].

Of course, if 1 = pa € {0, 1}%X, 0 = pp € {0, 1}%, itisnotonly i x o € {0, 1}¥
but 4 x o0 = paxsp.

2.1.2 Extension Principle

If f:X — Y isamapping and A is a crisp subset of X, A C X, itis f(A) ={y €
Y; f(a) = y,a € A} the f-image of A in Y. Notice that

1, ifitexists x € A suchthat f(x) =y,
) = suplua () fo) = yh = {0 BHHS =y

With these f-image, the mapping f : X — Y is extended to the respective power
sets by

F:P(X) > PY), A f(A).
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In the same vein, given a mapping f : X — Y, it can be extended to the fuzzy
power sets F(X), F(Y) by
f:F(X)— F)

F() () = sup{ux); f(x) =y}, forally €Y,

and fis known as the ‘extension’ of f to the fuzzy parts, and the definition as the
Zadeh’s Extension Principle.

For example, if f : [0,10] — [0, 1], is given by f(x) = 1 — %, the
fuzzy set pu(x) = % in [0, 1719191 extends to the fuzzy set in [0, 1], f(,u)(y) =
sup{p(x); f(x) =y} =sup{ig; 1 — 5 =y} =1—y,forall y € [0, 1].

IfX =1{1,2,3,4},Y ={a, b, c}, the mapping f : X — Y such that

J)=f2)=a, fO)=[f# =0b,

extends the fuzzy set p = 1/140.4/24+1/340.7/4 in F(X), to the fuzzy set f(u)
in F(Y) with values,

f(u)(a) = max{p(x); x € £~ (a)} = max{u(1), £(2)} = max(1,0.4) = 1
L)) = max{u(3), u(4)} =1
f(u)(c) =0, since f~l(c) = @.

Hence, R
Fw = 1/a +1/b,

that corresponds to the crisp subset {a, b} of Y.

Notice that if 1 = pa € {0, 1}%, itis f(/,LA) = [Lf(A)» thatis not only a crisp sub-
set of Y, but coincides with the classical extension f(A) of A. Nevertheless, as it is
shown by the above example, it can happen that f(ﬂ) e P(Y)withp € F(X)—P(X).

2.1.3 Preservation of the Classical Case

Like with the cartesian product and with the extension principle, all operations with
fuzzy sets must reproduce, when the data are crisp, the corresponding result obtained
in the crisp theory. This is the principle of preservation of the classical case, that is
forced by the will, and the necessity, of including all ‘the classical’ as a particular
case of the algebras of fuzzy sets.

To illustrate this preservation’s principle, let us show a negative example. With
X = [0, 1], and all u € [O, 171911 the function

P =1 —p(l = x),
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verifies:

o py(x) =1—po(l —x) = 1: pg =

o i) =1—p(l—x)=1-1=0:p] = po

e u<o=l—-ocl—x)<1l—pul—x)=oc* < pu*

o () =1—p*(1 —x) =1~—[1—px)] = px): p*™ = p.

Hence, it could seem that the function p — p* can be taken as a “strong negation”
for the fuzzy sets in [0, 1], but it is not the case. Notice that if i € {0, 1}[0’1], then
it should be also p* € {0, 1}[0’1], that is, if p represents a classical subset of [0, 1],
also p* should represent not only a classical subset but precisely the complement of
ju. But with A = [0, 1] C X,

(x) = 1, 0<x<0.5,
PAY)I =10, 05<x <1,

follows,

I, 05<x<1 0, 05<x<1
* 1 _ _ 1 _ ’ x L s x 1
pa@) =1=pall =2 =1 ’0, 0<x<05 ~ |1, 0<x<05

that represents the subset [0, 0.5], but not A = (0.5, 1]. The unary operation *
violates the preservation principle, and hence it cannot be taken into account to
negate fuzzy sets.

2.1.4 Resolution

Let us denote by i, the constant fuzzy sets in [0, 11%, pr(x) = r, forr € [0, 1]
and all x € X. Notice that in {0, 1}X there are only the “constants” o and 1, that
correspond to the sets & and X, respectively.

Given € [0, 11%, let us denote by ;") the fuzzy (crisp) set

1, ifr < pux),
(r) _ K
p () = [O, otherwise,

forallr € [0, 1], and by [u(’)] the corresponding classical subset {x € X;r < u(x)}.
These sets are called the r-cuts of yu and it is always [P = X.

For example, in the following figures are shown, respectively, the constant fuzzy
set 1105, and the 0.3-cut of two different fuzzy sets.
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Notice that when 114 € {0, 1}, it is
° [,uff)] = X, since forall x € X itis 0 < pu(x)

o Ifr > 0, [1{’] = A, since forall x € Aitis 0 < r < 1 = ps(x),

then, the only r-cuts of a crisp subset A of X are X and A.

Ifr < s,since s < p(x) implies r < p(x), it results [,u(s)] C [u(’)]: r-cuts are
decreasing when their indices increase.

Let us show an example with X = {1, 2,3,4,5}and . = 0.8/14-0.6/2+0.7/3+
1/4 + 1/5, where the only significative values for the r-cuts are 0.6, 0.7, 0.8, and 1:

o [109]1=(1,2,3,4,5)=X
o [1O7D]=1{1,3,4,5}
o [1O¥]={1,4,5)
o [uD]=1{4,5}.

It is clear that 0.6 < 0.7 < 0.8 < 1, and [™V] C [u®¥] C [p07] C [uO9].
Theorem 2.1.1 (Theorem of resolution) For all i € [0, 11X
[0, 1]; min(u, (x), ,u(r) (x)}, forall x € X.

, is p(x) = max{r €

Proof

: (r) _ ; (r)
max min(,(v), ) (1)) = max min(r, 1 (x)

\r\ <=
. 1, ifr < px), r, ifr < px),
= max min(r, . = max . = p(x).
0<r<1 ( [O, otherwise, o<r<1 | 0, otherwise, )

O
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Example 2.1.2 With X and p in the last example, it is

1(x) = max(min(0.6, %% (x)), min(0.7, 7 (x)),
min(0.8, % (x)), min(1, " (x))),

and, for instance,
©(1) = max(min(0.6, 1), min(0.7, 1), min(0.8, 1), min(1, 0)) = 0.8
w(4) = max(min(0.6, 1), min(0.7, 1), min(0.8, 1), min(1, 1)) =1
etc.

Egcample 2.1.3 With X = {1,2,3},take p : X x X — [0, 1], given by u(i, j) =
w. This fuzzy set in X x X can be represented either by the matrix

L1
33
12
33
12
33

or by the graph

Since the matrices of (D, u(%), and ,u(%) are respectively

000 000 111
o000 ),fo11}),f111],

001 011 111
it results
000 000 111
max |{min| 1,1 000 , min % 011 , min % 111
001 011 111
111 111
000} (000 333 333
_ 22 111 _ 1122
= max 0001.10551].13533 =355
22 111 12
001/ X033/ \333 351

accordingly with the theorem of resolution.
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2.2 The Concept of an ‘Algebra of Fuzzy Sets’

2.2.1 Introduction

Functions
pe F(X) = [0, 11%,

will be labeled only when it is some predicate P in X such that up = p, and it is
obvious that it could be the fact of having p1p = j19 = ptg - - - = p, in which case the
predicates P, O, R, ... are exact synonyms in X. Notwithstanding there are much
more functions in [0, 1]¥ than predicates in X, and given a not previously labeled
w € [0, 11%, it can be ‘artificially’ introduced the predicate M (= 1) such that,

Degree up to which x is M = u(x), forall x in X.

e Notice that F(X) will be taken as ‘ordered’ (partially) by means of the binary
pointwise relation

<o ux)<okx), forallx e X,
that induces the pointwise identity
p=ocs pu<oando < p& pux)=o(x), foralxeX.

The pointwise relation < is also called the ‘inclusion’, and 2 < o denoted by
‘u is included in o”. It enjoys the laws reflexive, antisymmetric and transitive.

It will be always considered that F(X) denotes, at least, the structure
(10, 11%; < =). Observe that if ua, up € {0, l}X, that is, A and B are in P(X),
then it follows

pa S ppS ACB; pua=pps A=0B,

and
XEAS uax)=1; x¢AS us(x)=0.

The classical symbol € is the fuzzy symbol ?’ and ¢ is g.

For example, with the fuzzy set P given by function p in the next figure itis x ¢ P

fO<x<3,and7 <x <10,butx € Pif4 < x < 6,and x (e) P, if
~ uGx) ~

x€@B3,4HU (6,7 with0 < p(x) < 1. If x = 3.5, since it is u(x) = x — 3, when

x €(3,4),itis 3.5 065 P.
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e The height of 1 € F(X) is H(i) = Sup p(x) = sup p. In the last example, it is
xeX
H (p) = 1. In the finite example

w=0.7/x1 +09/x2 +0.7/x3,

in X = {x1, x2, x3, x4}, itis H () = 0.9. In a case like

1

0 R

itis H(u) = 1, although there is not any x € R such that p(x) = 1. If there is
some x € X such that p(x) = 1, it is said that u is a normalized fuzzy set.
e In the case X is finite, X = {xy, ..., x,,}, the number

ll = nxi)
i=1

is the crisp-cardinality, or sigma-count, of 11, a name coming from the fact that if
A C X haspelementsitis > ;_, u(x;) = p. Obviously, pg = po, gives |o| = 0,
wx = p1, gives || = n, and, p < o implies |u| < |o].

Remark 2.2.1 The pointwise definition of fuzzy sets inclusion implies that, for exam-
ple, the fuzzy sets

w=0.7/x14+0.8/x2 + 1/x3 +0.7/x4
o =0.70001/x1 +0.7/x2 + 1/x3 + 0.6/x4

in X, do not verify p < o although it is o(x2) < p(x2), o(x3) = p(x3), 0(xs1) <
w(xa), but o(x1) > p(xy), with o(x1) — p(x1) = 0.00001. Pointwise ‘inclusion’ is
strongly affected by very small variations of the membership values. Actually, it is
not a flexible, or fuzzy, concept, but a crisp one.

Because of this, it could be preferable to take the inclusion of fuzzy sets as an
gradable concept <, (r € [0, 1]), and a used definition of which is
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| min(y, 0)|

[T
|l

X

n

with | min(p, 0)| = D77 min(u(x;), o(x;)).
In last example, it is | min(p, )| =0.74+0.7+ 1+ 0.6 =3, || = 0.7+ 0.8 +

14+07=32,andr =3/3.2 =0.9375 ~ 0.94. Thatis, p < o : p ‘is almost
0.9375
included in’ o.

Since |o| = 0.70001 + 0.7 + 1 + 0.6 = 3.00001, it is W = 0.9999, or

0 <0.9999 u. That is, o is more included in p, than g is included in o'!

Remark 2.2.2 Of course, if u < o, itis min(u, o) = p, and r = 1, that is,

p<o=pu<o.
1

Nevertheless, since it is only

> min(u(x), o(x;) < min(Y_ pxi), D o(xi),

from p < o (or | min(u, o)| < |p]) it does not necessarily follow p < o.
1

Let us show an example with crisp subsets. If X = {1,2,3,4,5,6,7},and A =
{1,3,5,7}, B=1{1,3,5,6},itis

7 7 7
> min(ua(), pp(@) =3, > pp@) =4, D pali) =4.

i=1 i=1 i=1

hence
HA <% np, or A C% B

“B <% 1A, Or B C% A

2.2.2 Algebras of Fuzzy Sets

Once F(X) = ([0, 11%; <; =) is taken, a general algebra of fuzzy sets comes from
endowing F(X) with three operations:

1. 7: [0, 11X = [0, 11%,
2. -:[0,11% x [0, 11¥ — [0, 11%,
3. +:[0,11¥ x [0, 11¥ = [0, 11%,

respectively called the complement 1/ of pu, the intersection - o of ‘u and o’, and
the union p + o of ‘u or ¢’. Then ([0, 5, <= o+ ), is called an algebra of
fuzzy sets, provided the following laws do hold:
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(@ fp<Lo,theny-p<y-og,and pu-v < o-,forall v € [0, 1%

(b) Ifuga,then,u—l—fy<a~|—7,andfy+u<fy+crf0rallfye[O,I]X

(¢) If u <o, theno’ </

(d) Forany € [0, 11%, -y = pa - po = p, o4 pio = pro + o =

(e) For all pa, pp € {0, 1}%, 4y = pac, p1a - 1B = pAnB, tA + 1B = J1AUB
(preservation of the classical case).

Remark 2.2.3 Tt is not difficult to prove that no general algebra of fuzzy sets is a
Boolean algebra. The proof comes from the fact that to be a Boolean algebra would
imply g1 - ¢/ = po and pu 4 g/ = pq for all i € [0, 11%, and consists in finding some
1 for which these equalities are not satisfied.

Remark 2.2.4 Ttis immediate to prove that - g = po - = po, b+ p1 = p1+p =
wy for all p € [0, 11¥

Remark 2.2.5 Notice thatthe laws i - ¢ = ¢ - ;1 (commutativity of the intersection),
i+ o0 = o+ pu (commutativity of the union), and p”” = p (involution of the
complement) are not supposed to be always verified. Nor it is supposed that the
algebras ([0, 1%, +, 1) are dual ones, that is, the so-called De Morgan laws,

(p+o)=p o, (u-0)=p+o,

are not supposed to hold in general. It is neither supported i - 1 = p,and o + 0 = o,
norp-(o-A)=(w-o0)-Aand p+ (o0 +A) = (u+ o) + A, nor that - and + are
associative, - (- A) = (u-o)-Aand u+ (c+ ) =(u+o)+ A

Theorem 2.2.6 Forany ji, o € [0, 11X : - 0 < min(p, 0) < max(y, o) < p+o.

Proof From p < py (u(x) < 1, for all x € X), follows p - 0 < py - 0 = 0. From
o <y, follows - o < pp - = . Thus,

(w - o)x) <o), (1 - o)x) < plx)
= (¢ - 0)(x) < min(u(x), o(x)) = min(p, o) (x),

or 1v - o < min(u, o). Hence, the operation min is the greatest possible intersection
of fuzzy sets. Analogously, p1o < i, pio < 0 = po+o =0 < p+o, h+po = p <
w4 o, and max(u, o) < p+ o: The operation max is the smallest possible union of
fuzzy sets. (]

Obviously, for all u, o € [0, l]X:,u o< pusputo, oo uto.

Theorem 2.2.7 An operation x : [0, 11X x [0, 11X — [0, 11X is called idempotent
if and only if % p = p, for all p € [0, 11X

e The intersection - is idempotent if and only if - = min
e The union + is idempotent if and only if + = max



2.2 The Concept of an ‘Algebra of Fuzzy Sets’ 45

Proof The operations min, and max are obviously idempotent. Let us show that if -
is idempotent, it must be - = min. By Theorem 2.2.6, it is always ;. - 0 < min(y, o),
and the idempotency of - implies

min(u, o) - min(u, o) = min(u, o).
But min(u, o) < p, min(p, o) < o, imply min(y, o) - min(u, o) < p - o, that is
min(y, o) < p4 - 0,

and, by Theorem 2.2.6, min(u, o) = p - o. A similar proof applies to + and max. [

Theorem 2.2.8 (Absortion laws)

o (- (iu+ o) = pholds for all ji, o € [0, 11X < - = min
o i+ (it - o) = pholds for all i, o € [0, 1% < + = max

Proof If - = min, the formula min(yu, pt + o) = p does hold, since u < p + 0.
Provideditis always - (u+0) = p,taking o = po follows - (u+po) = - p = p,
that holds if and only if - = min. If + = max, the formula max(u, u - o) = u does
hold since i - o < p. Provided it is always p+ (i - o) = p, taking o = 1 follows
w+ (u - @) = p+ p = p, that holds if and only if + = max. a

Theorem 2.2.9 (Duality, or De Morgan laws) Provided the complement ' is invo-
lutive (1)) = p" = p, for all p € [0, 11%), the algebra of fuzzy sets ([0, 11%,
min, max, ') is a dual algebra.

Proof 1t is involutive, from p/ + o’ = (i - o) it follows i/ - ¢/ = (u + o)’ since
p+o=p"+o0" =@ - o), hence (u+ o) =y - o’. The converse is proven in
the same way. And the two De Morgan laws

(w-o)=p+0o, (u+o)=u o

result equivalent. Then, it is enough to prove max(u, o) = (min(y/, o)), for all
W, o in [0, 11%. Since

min(y’, 0’) < ¢/, min(’, o) <o,

it follows
p=p" < (min(y', o)), o=0c" < (min@/, ")),
and
max(u, o) < (min(/, o))’ 2.1)
On the other hand,

p < max(p, 0) = (max(u, o))’ < 4
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o < max(y, 0) = (max(u, o)) <o’
imply (max(u, o)) < min(y/, o’), or
(min(y/, o))’ < max(u, o). (2.2)
Now, from (2.2) and (2.1), follows the result. O
Theorem 2.2.10 (Kleene’s Law) In all general algebra of fuzzy sets it holds the law
pop <o+,
forall i, o in [0, 1%,

Proof We have to prove that, for any x € X, itis (i - u')(x) < (6 + ¢’)(x). But
it only can be either u(x) < o(x), or o(x) < p(x) for each x € X. In the firs
case, itis (- p/)(x) < min(u(x), 4'(x)) < p(x) < o(x) < max(o(x), o' (x)) =
(max(o, 0’)(x) < (0 + o')(x). In the second case, it is p'(x) < o'(x), and
(- p)E) < min(ue), /(1) < g0 < o'@) < maxo), o) =
(max (o, 0’)(x) < (0 + ¢')(x). Notice that provided p and o were crisp sets, the
Kleene’s law is reduced to pg < p1. O

Remark 2.2.11 Concerning duality, Theorem 2.2.9 only states that the algebra given
by the triplets (min, max, '), with” involutive, are dual algebras. But they are not the
only dual algebras. For example, with - = product,

(1 - 0)(x) = p(x) - o(x), Vx € X,
it is easy to proof that taking u/(x) = 1 — u(x), and
(p+o)x) =1—-0—px)d —ox) = plx) +ox) — px) - o),

it is ([0, %, -+, ") an algebra of fuzzy sets that since it is

N/

/1‘+0-=(// : U)s

is a dual algebra. Nevertheless, with 1/(x) = 1 — p(x), (i - 0)(x) = p(x) - o(x),
and (¢ + 0)(x) = max(u(x), o(x)), we get an algebra that is not dual since

(- 0 (x) = px) +o(x) — px) - o(x)
does not coincides with max(u(x), o(x)), as it is easy to see.

Remark 2.2.12 Ttis easy to prove that, for each algebra of fuzzy sets ([0, %, -+, ),
the operation
p+ o= o),
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gives the new algebra ([0, 11X, -, 4/, /). If the complement ’ is involutive (1’ = 1),
then (u+' o) = - o'.

Analogously, with the operation i - ¢ = (1 +' ¢’)’, one has the new algebra
([0, 11%, /, +', /) and, if " is involutive, (1 -/ o)’ = pu+ o’.

2.2.3 Non-contradiction and Excluded-Middle

An statement is self-contradictory whenever entails its negation. For example, the
only classical set that is self-contradictory is the empty one:

ACA = ANACANA = ACO=A=0.

Perhaps, this is the reason of the difficulty children do have on accepting that & is a
set!

Within an algebra of fuzzy sets there are many self-contradictory fuzzy sets. For
example, with N = 1 —id itis

1
u<M@um<l—mm©um<§,WeX
hence: p is self-contradictory if and only if p < p 1 Analogously, with the strong

negation N (x) = %, itis
1 — p(x)
1+ p(x)

<:>u(x)<\/§—l, Vx € X,

p<p & px) < & p(x)* +2u(x) —1<0

that is, 1 is self-contradictory if and only id 1o < p1 5.

Notice that 1/2 is the fixed-point of the strong negation N = 1 —id (1 —n =
n & n = 1/2), and that V2 — 1 is the fixed-point of the strong negation
N=Fd(HE=nen=v2-1).

Notice that if up < pqp, since it is always supposed that i, p < finorp, it follows
wp < tnorp, and pp is self-contradictory.

The classical principle of non-contradiction, “it is impossible to have both an
statement and its negation”, could be interpreted as ‘“P and not P is impossible”, or
“P and not P is self-contradictory”. All general algebras of fuzzy sets do verify the
principle of non-contradiction once stated in this form.

Theorem 2.2.13 If ([0, 11X, -, +, /) is an algebra of fuzzy sets, it holds the principle
of non-contradiction stated by: - ' < (- ) for all p € [0, 11X. That is, for all
we [0, 11%, -y is self-contradictory.
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Proof Ttis p -/ < min(u, p/) < p, and g -/ < min(p, @) < p; from the
first inequality it follows p/ < (i - ¢/)’, and then with the second follows p - i/ <
(- ). 0

Notice that no additional hypotheses on the connective -, and the complement ’,
are needed for the proof of this theorem. In the algebras of fuzzy sets the non-
contradiction principle is a theorem: the algebra’s axioms imply the principle. It
is not true, as it is sometimes stated, that fuzzy sets do not verify the principle of
non-contradiction in which science is based.

The classical principle of Excluded-Middle, “It is always P or not P”, can be
interpreted as “Not (P or Not P) is a self-contradiction”and it is verified by all algebra
of fuzzy sets.

Theorem 2.2.14 If ([0, 11X, -, +, /) is an algebra of fuzzy sets, it holds the principle
of Excluded-Middle stated by: (. + 1/)' < ((u+ ') for all i € [0, 11X. That is,
forall jp € [0, 11%, (u+ ) is self-contradictory.

Proof ltis,

o p<max(u, ) <p+p' = ) <p' = @) <((u+p))

o pf <max(u, 1) S p+p' = (u+p) <@

then (e + /)" < ((u+ 1)) a
Notice that no additional hypotheses on the connective +, and the complement ’,

are needed for the proof of this theorem: In the algebra of fuzzy sets the excluded-
middle principle is a theorem. In conclusion,

In all algebra of fuzzy sets ([0, 11X, -, +, ),

e The logic principles of non-contradiction and excluded-middle are theorems, once
stated through the concept of self-contradiction.

A very different situation appears if these two principles are stated as it is currently
done within logic and classical set theory, that is, by stating

e “P and not P” is false
e “Pornot P” is true,

or,

e There is no x in X such that “x is P and x is not P
e For all x in X itis “x is P or x is not P”

translated into

® (ip - finor p)(x) =0, forall x in X
o (up + finor p)(x) =1, forall x in X
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that corresponds to “solve” the equations with fuzzy sets,
!/ !/
W= po, Pt o= i,

that is, to find for which intersections - and which unions +, these equations do hold.
Of course, they do not hold in all cases, for example, with N = 1 —id,

If - = min, it is not always min(u(x), 1 — p(x)) =0,

If + = max, it is not always max(u(x), I — p(x)) =1,

If-=W,(W(a,b) = max(0,a + b — 1)) itis W(a, 1 —a) = max(0,a + 1 —
a—1)) =0,and W(u(x), 1 — pu(x))) =0forall x in X

If + = W*, (W*(a, b) = min(1, a + b)), itis W*(u(x), I — u(x))) = 1 for all x
in X.

That is, there are algebras of fuzzy sets where this forms of non-contradiction
or excluded-middle hold, and algebras where this principles do not jointly hold.
In the algebras with the triplet (min, max, 1 — id) do not hold both principles, in
the algebras with (W, max, 1 — id) it holds the principle of non-contradiction but
not that of excluded-middle, in the algebras with (min, W*, 1 — id) it holds the
excluded-middle but not the principle of non-contradiction, and in the algebras with
(W, W*, 1 — id) both principles hold.

Remark 2.2.15 Let us show that with p € {0, 1}X it is always p - 4/ = po and
pw ' = pp I e {0, 13X, denote A = {x € X; u(x) = 1}. Obviously, u = pa
and ' = p1ac, hence

o (- ) = pa - pac = panac = g = fio
o (u+ ) =pa+prac = pavac = px = fu1.

Remark 2.2.16 Results in Theorems 2.2.13 and 2.2.14 challenge the usual statement
that in fuzzy sets the basic principles of Non-contradiction and Excluded-middle fail.
A statement that could conduct to believe that fuzzy set algebras are not properly
grounded in a solid ground.

The fact is, notwithstanding, that these two principles were established before
the current ways of considering the problems of logic and, of course, before the
nomenclature of set theory. In set theory (or Boolean algebras), A N A = & and
AN A C (AN A€ are equivalent formulas since, as it was said, it is

B=o & B C B°,

an equivalence only verified in the setting of ortholattices (of which Boolean algebras
are a particular case), but that does not hold on weaker algebraic structures like it
is, for example, the case of the above defined algebras of fuzzy sets. Let us call
‘restricted’ the principles stated by - ¢/ = po and p + ¢’ = p1.
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2.2.4 Decomposable Algebras

Definition 2.2.17 An operation with fuzzy sets * : [0, 1]¥ x [0, 11X — [0, 11X
is decomposable, or functionally expressible, if it exists a numerical operation * :
[0, 1] x [0, 1] — [O, 1], such that

(1 * 0)(x) =*(u(x), o (x)),

forall y, o in [0, 11X and all x in X. Of course, by this formula, a numerical operation
* allows to define an operation * for fuzzy sets.

For example, the operation min in [0, 11¥ is decomposable since, by definition, it is
(min(u, 0))(x) = min(u(x), o(x))

for all 1, o in [0, 1]¥ and all x in X.

Definition 2.2.18 A function f : [0, 11 — [0, L]X is decomposable, or function-
ally expressible, if it exists a numerical function f : [0, 1] — [0, 1], such that

(F () @) = f(ux)),
for all p in [0, 11¥ and all x in X.

For example, the function ’ defined by

7o) =1- p),

is decomposable because of Ng = 1 —id gives i/ (x) = No(u(x)). With X = [0, 1],
the function defined by p*(x) = 1 — p(1 — x) is not decomposable, since if it were
such, that is, if there is N : [0, 1] — [0, 1] such that 1 — (1 — x) = N(u(x)), it
suffices to take u, o € [0, 11¥ such that

o (0) =0, u1) =1 = NO =1—-p1-0 =1-pud) =0Nq1)
l—p(l =1 =1-p0) =1

e = L,o() =0 = NO) =1 —0(1—-0) = 1—0() = 1, N()
l—o(l=1)=1-0(0)=0

that is absurd.
The algebras of fuzzy sets ([0, 11%, -, 4+, /), can be

Decomposable if the three operation -, +, " are decomposable

Partially decomposable if at least one of the three operations -, +, ’ is decom-
posable

Non decomposable if no one of the three operations is decomposable

In what follows we will only deal with decomposable algebras, that is, such that:
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There are three functions F : [0, 1]x [0, 1] — [0, 1], G : [0, 1]x[0, 1] — [0, 1],
and N : [0, 1] — [0, 1] with which

(- 0)(x) = F(u(x), 0(x)), (u+ o) (x) = G(u(x), o(x)), 4/ (x) = N (u(x)),

for all u, o € [0,1]%, and all x € X. Forshort, yt - 0 = Fo(u x 0), i +0 =
Go(uxo),u/ =Nopu.

In these cases, instead of ([0, 11, -, +, /) it is written ([0, 1]%, F, G, N).

The laws verified by the triplet (-, +, ') force analogous laws for the triplet
(F, G, N). For example, linked to the axioms, it is

(a) If a < b, then F(a,c) < F(b,c), F(c,a) < F(c,b),forall c € [0, 1]
(b) Ifa < b,then G(a,c) < G(b,c), G(c,a) < G(c,b),forall c € [0, 1]
(c) Ifa < b, then N(b) < N(a)

(d) F(l,a) =F(a,1)=a,G0,a) =G(a,0) =a

&) NO)=1,N(1)=0,F(@©0,a) =F(a,0)=0,G(1,a) =G(a,1) =1

and linked to the Theorems 2.2.6-2.2.13 it is

e F(a,b) < min(a, b) < max(a,b) < G(a, b) for all a, b in [0, 1]. In particular, it
is F <G.

F is idempotent (F (a, a) = a, for all a in [0, 1]), if and only if F = min.

G is idempotent (G (a, a) = a, for all a in [0, 1]), if and only if G = max.

Itis F(a, G(a, b)) = a,forall a, b in [0, 1], if and only if F = min.

Itis G(a, F(a, b)) = a, for all a, b in [0, 1], if and only if G = max.

A triplet (F, G, N) is called dual, or De Morgan triplet, if F = N o G o (N x N),
or, G=NoFo (N x N), thatis, F(a,b) = N(G(N(a), N(b)), or G(a,b) =
N(F(N(a), N(b)), for all a, b in [0, 1]. Notice that, in this case, it is enough to
know N and F to have G, or N and G to have F'.

e If N is involutive (N(N(a)) = a, for all a € [0,1] or N> = N), the triplet
(min, max, N) is a dual one.

All triplet (F, G, N) verifies F(a, N(a)) < G(b, N(b)), forall a, b in [0, 1],
Itis F(a, N(a)) < N(F(a, N(a))), for all a in [0, 1]

Itis N(F(a, N(a))) < N(N(F(a, N(a)))), forall a in [0, 1]

Given N involutive and F, and denoting by Gy the dual of F respect to N,
Gn(a,b) = N(F(N(a), N(b))), it follows Gn(N(a),a) < N(Gn(N(a), a)),
that with

pw+o=Gyo(uxo),

gives pi' +p < (' + p).
e Itis always F(a, N(a)) < G(b, N(b)), for all a, b in [0, 1].

Remark 2.2.19 With classical sets, from ANB € AUB itresults (AUB)U(ANB) =
AU B. In adecomposable theory, to have the analogous law (u+0)+ (i - 0) = p+o
it should be G(G(a, b), F(a, b)) = G(a, b), for all a, b in [0, 1], that is verified if,
for example, G = max, F = min,or G = W*, F =W
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Remark 2.2.20 Letus show an example of a ‘union’ that is not-decomposable. Define

max (u(x), o(x)), if o or o are in{0, 1} (crisp)

(p+o)x) = .
. max(H (u), H(o)), otherwise.

It is easy to show that this operation verifies the laws b, d and e in Sect.2.1.1. Hence,
it is a union for fuzzy sets that, in addition, is commutative. It is not idempotent,
since if p € [0, 11X — {0, 1}X, itis (u + p)(x) = H(u) # p(x). It does not exist a
function G : [0, 1] x [0, 1] — [0, 1] such that

(p+0)(x) = G(u(x), o(x))

for all x € X and all y, o[0, 11X. Indeed, let us suppose that such a G does exist,
and take it = 5. Then

o With o = pg, itis (u + 0)(x) = max(}, 0) = 1. Hence G(3,0) = 1.

e With o(x) = x,is (u + 0)(x) = max(H(u), H(o)) = max(%, 1) =1, and
(1 +0)(0) = 1 = G(3, 0), that is absurd.
To have a not-decomposable ‘intersection’, it is enough to define, with g/ = 1 — p,
the dual operation,

(- o)) =[W+oNx) =1- @ +0)x
[ min(ux), o(x)), if g1 or o are in{0, 1}
| max(H (i), H(0")), otherwise.

2.2.5 Standard Algebras of Fuzzy Sets

An standard algebra of fuzzy sets is a decomposable algebra of fuzzy sets such that:

. p-o=o0-p,forall u, oin [0, 11 (- is commutative)

. 4o =0+ p,forall u,oin [0, 11X (4 is commutative)

(o N) = (- o)\ forall u, o, Nin [0, 171X (- is associative)
4@+ XN = (u+0) + A forall p, o, Xin [0, 11X (+ is associative)
. /" = p, for all v in [0, 11% ( is involutive).

O O R N R

Hence, writing
p-o=To(uxo), u+o=So(uxo), f =Nopu,

functions 7', § : [0, 1] x [0, 1] — [0, 1] and N : [0, 1] — [O, 1], in addition to the
corresponding general properties stated before, must verify
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e T is commutative, S is commutative
e T is associative, S is associative
e N is involutive,

that is:

e T(a,b) =T(b,a),S(a,b) =S(b,a),foralla,bin |0, 1]
e T'(a, T(h,c)) = T(T(a,b),c), S, Sb,c)) = S(S(a,b), c), for all a, b, c in
[0, 1]
e N(N(a)) =a,forallain[0,1],or NoN =id,or N = N-L
Functions T and S are called t-norms and t-conorms, respectively. Functions N
are strong negations. Hence, ([0, 1], 7', <) is an ordered semigroup with neutral 1,
and absorbent 0, and ([0, 1], S, <) is also an ordered semigroup but with neutral 0

and absorbent 1. Since N (1) = 0, it seems that this two kind of ordered semigroups
should show some character of duality. This duality goes in the way:

e If Tisat-norm, Ty = N o S o (N x N) is at-conorm
e If Sisat-conorm, Sy = N o So (N x N)isat-norm

that are easy to prove. Of course, from Sect. 2.1.4,

e If 7 is a t-norm, 7 < min, and min is a t-norm
e If S is at-conorm, max < S, and max is a t-conorm

Hence, for all t-norm T and all t-conorm S:
T < min < max < S,

in particular, T < S I Even more, the function

min(a, b), ifa=1orb=1

Z(a,b)y=1qa, ifb=1 = 0, otherwise,

b, ifa=1 [
0, otherwise,

is obviously a t-norm such that Z < 7 for all t-norm T. Consequently,

b, ifa=0
Z*a,by=1-Z(1 —a,1—=b)=1a, ifb=0
1, otherwise,
| max(a,b), ifa=0o0rb=0
1, otherwise,

is a t-conorm such that S < Z* for all t-conorm S. Hence, for all t-norm 7 and all
t-conorm S,
Z<T<min<max < S < Z*

! Notice that 7 < S mean T (a, b) < S(a, b), for all (a, b) € [0,1] x [0, 1].
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Notice that min(max) is a continuous t-norm (t-conorm), but Z (Z*) is a discontinuous
t-norm (t-conorm). The operations in [0, 1] given by

o Tproala,b) = prod(a,b)=a - b
e Tw(a,b) =W(a,b) =max(0,a + b — 1) = (max(0, Sum — 1))(a, b),

are also continuous t-norms. Then, the dual operations,
o T*

pmd(a,b) =1-Tpoe(l—a,1=b)=1-(1-a) - (1-b)=a+b—a-b=
(Sum — prod)(a, b)
e W*(a,b)=1—W({ —a,1 —b) =min(l,a + b) = min(1l, Sum(a, b))

are continuous t-conorms. Since it is easy to prove that
W < Tprod < min,

it follows max < T* < W*, and

prod

Z < W < Tproq < min < max < < WH

*
prod

Remark 2.2.21 Since Z(0.5,0.5) = 0, t-norm Z has zero-divisors. Analogously,
from
W(a,b) =0 max(0,a+b—-1)=0<a+b< 1,

it follows that t-norm W has zero-divisors, for example, W (0.5, 0.4) = 0; t-norms
min and 7,4 do not have zero-divisors:

o Tproa(a,b) =0 a=0,orb=0
e min(a,h) =0 a=0,orb=0

Proposition 2.2.22 The only idempotent t-norm, i.e. T (a, a) = a, foralla € [0, 1],
is T = min.

Proof If T is idempotent, min(a, b) = T (min(a, b), min(a, b)) < T (a, b) since
min(a, b) < a, and min(a, b) < b. Hence, min(a, b) < T(a,b) < min(a, b)
implies 7 = min. (|

Proposition 2.2.23 The only idempotent t-conorm, i.e. S(a,a) = a, for all a €
[0, 1], is S = max.

Proof 1f S is idempotent, max(a, b) = S(max(a, b), max(a, b)) > S(a, b), since
max(a, b) > a, and max(a, b) > b. Hence, max(a, b) > S(a,b) > max(a, b)
implies S = max. ]

Remark 2.2.24 t-norms can be continuous, like min, 7,4, and W, or discontinuous,
like Z. They can have zero-divisors, like W and Z, or not like min and 7),,4. They
can have all elements in [0, 1] idempotent (only 7" = min), only have the idempotents
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0 and 1 (like T),0q and W), or have some idempotents different from 0 and 1. In
any case, since it is always 7(0,0) = O and 7(1,1) = 1, 0 and 1 are idempotent
elements for all t-norms.

Remark 2.2.25 Analogous considerations can be made for t-conorms. There are
discontinuous t-conorms like Z*, and continuous ones like T;r oq and W*. The only
for which all elements in [0, 1] are idempotent is S = max. Since S(0,0) = 0
and S(1, 1) = 1, 0 and 1 are always idempotent, and there are t-conorms that only
have these two idempotents (like T*m 4 and W*), as well as those that have some

idempotents different from 0,1. There are t-conorms without one-divisors, like max

and T;‘ oq> and t-conorms with one-divisors like W*, for example, W*(0.5,0.5) =
min(1, 1) = 1.

Remark 2.2.26 There is not a characterization theorem for all t-norms (t-conorms),
but it is a characterization of the continuous t-norms (t-conorms) that will be pre-
sented by means of the following, and easy to prove, results:

e If v : [0, 1] — [0, 1] verifies, (1) If x < y, then p(x) < @(y), (2) ¢ is bijective,
3) p0) = 0,p(1) = 1 (v is an order-automorphism of the ordered interval
([0, 1], €)), and T is a t-norm, then T, = 0 1o T o (px ) is also a t-norm.
Given T, the set {T,,; ¢ an order-automorphism} is called the family of T

e T is a continuous t-norm if and only if all t-norms T, are continuous.

e If S is a t-conorm, then S, = 01 oS0 (px ) is also a t-conorm, and §
is continuous if and only if all t-conorms S, are continuous, the set {S,; © an
order-automorphism} is called the family of S.

In particular,

e The family of 7 = min, is reduced to the only t-norm min, since ¢—1 (min(p(a),
@(b)) = min(¢~ ! (p(a)), ¢~ (p(b))) = min(a, b)

e The family of 7),,q contains all continuous t-norms of the form prod,(a, b) =
o~ (p(a).(p(b)).

e The family of W contains all t-norms of the form W (a,b) = <p’1(W(g0(a),
pb)) = <p’] (max (0, p(a) + ¢(b) — 1)), and all of them are continuous t-norms.
Notice thatno t-norm in the family { prod,, } has zero-divisors, since prod,(a, b) =
0< pla) - pb) =0« pla) =0orpb) =0« a=0,orb = 0. Instead
all t-norms W, have zero-divisors, since W, (a, b) = 0 < max(0, ¢(a) + ¢(b) —
1) & ¢(a) + ¢(b) < 1. Of course, neither t-norms prod,,, nor W, have more
idempotents than 0 and 1:

e a=Wya,a) = o~ max(0, 2p(a) — 1)) & p(a) = max((0, 2¢(a) — 1) <
p@) =0orp(a) =lora=0o0ra=1.

e a = prody(a,a) = ¢~ (p(a).(p(a)) & pa) = ¢(a).(p(a) & pa) = 0 or
p@)=1lora=0o0ra=1.

Analogously,
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e The family of § = max, only contains this t-conorm.
e The family of T;m 4 contains all t-conorms of the form

prodi(a, a) = ¢~ (prod*(p(a), ¢(b))) = ¢~ (p(a) + pb) — p(a) - p(b))
e The family of W* contains all t-conorms of the form
W*(a,a) = ¢~ (W (p(a), p(b) = ¢~ (min(1, p(a) + (b))

Remark 2.2.27 The order-automorphism ¢ plays the role of a functional parameter.
By taking, p(x) = x", it follows, for example,

Wy(a, b) = {/max((O, a +b"—1), W;(a, b) = /min((1, a” + b")

giving a family of t-norms (t-conorms) depending on the numerical parameter r > 0.
Notice that with p(x) = x”,

Prody(a, b) = Ja" - b =a - b= Prod(a,b),

but

Prodi(a,b) = ¢~ (p(a) + p(b) — p(a) - p(b)) = Va" +b" —a" - b’

2.2.6 Strong Negations

As it was said before, an strong negation is a function N : [0, 1] — [0, 1] such that

e N0)=1
e If a < b, then N(b) < N(a)
e N(N(a)) =a,foralla € [0, 1], or N? = id.

Notice that N> = id is equivalent to N = N~!, that shows N is a continuous
function: Itis N(1) = N(N(0)) = 0, and if @ < b it should be N (b) < N (a) since
N () = N(a) would imply N(N (b)) = N(N(a)), or a = b. Hence, N is strictly
decreasing.

Since N is continuous, the equation N(x) = x has solutions, but there is only
one. Suppose N(x1) = x1 and N(x2) = xp. Either x; < x2, or x < x1. In the
first case, it follows N (x2) < N(x1), or x» < x1, and x; = x;. In the second case,
N(x1) < N(x2), 0or x| < x», that is absurd. Then, each strong negation has a single
fixed point N (n) = n, in the open interval (0, 1), since N(0) = 1, N(1) = 0 show
that 0 and 1 are not fixed points.

Remark 2.2.28 1In the classical case (a Boolean algebra L, or a power set IP(X)), the
transformation
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F:P(X)— P(X), F(A) = A°,

has no fixed points, since A = A implies ANA = ANA®,or A = &,and @° = X.
Nevertheless, with fuzzy sets

F:[0,11¥ - [0,11", F(w) =/ =Nop,

the equation p = p/, N (u(x)) = p(x) for all x in X, has the only solution p(x) = n
for all x in X, thatis u = p,, with n = N (n) the fix point of N.

In the fuzzy case, that mapping F shows a kind of symmetry that is not in the
crisp case.

An order-automorphism of the ordered unit interval ([0, 1], <) ¢ : [0,1] —
[0, 1], verifies by definition,

e 0(0)=0,0(1) =1
e Ifa < b, then p(a) < ¢(b).

1

Hence, ¢ is continuous, and its inverse function " verifies,

e o D) =0, (D)=1
o Ifa < b, then p~(a) < ¢~ (b).

Let us denote by N,, the function N, : [0, 1] — [0, 1] defined by

Nu(a) =9 ' (1 —pa)), foralla e [0, 1]

Proposition 2.2.29 N, is a strong negation.

Proof Ttis Ny(0) = ¢~ (1 — (0)) = ¢! (1) = 1. In addition, if a < b, it follows
1 — () <1— (), and ¢~ (1 — (b)) < ¢~ (1 — p(a)), or Ny(b) < Ny(a).
Finally,

Np(Np(@) = Np(p 11 = p@) = ¢~ (1 — o' (1 — p(a))))
= M1 -1+ p@) =¢ Hp@) =a O

Theorem 2.2.30 If N is a strong negation, there exist order-automorphisms  such
that N = N,,.

Proof Letitben = N(n) € (0, 1) the fixed point of N, and consider an strictly
non-decreasing function 4 : [0, n] — [0, %] such that 2(0) = 0 and h(n) = % With
h define the function ¢ : [0, 1] — [0, 1] by

[ ho, if x € [0, n]
px) = 1 —h(N(x)), ifxe@m,1].
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This function ¢ is, obviously, continuous, strictly increasing,2 and verifies (0) =
h(0)=0,p(1) =1—h(N(1)) =1—h(0) = 1. Then

e Ifx € [0,n),or N(x) € (n,1], o(N(x)) =1 —h(x) =1 — p(x), and N(x) =
711 = ().

elfx=n,Nm)=n=h"'}) =¢ '), or Nn) = o 1(1 — p(x)

o Ifx € (n,1],or N(x) € [0,n), o(N(x)) + o(x) =h(N(x)) +1—h(Nx)) =1

In conclusion, N (x) = ¢~ ' (1 — p(x)), forall x in [0, 1], or N = Noy. O

Notice that the proof of last theorem shows clearly that the order-automorphism
© such that N = N,, is not unique. Notice also that with ¢ = ido,1; it follows
N(x) = 1 — x, the fundamental strong negation, with which it results N = N, =
oo (1 —idjp1]) o9 = ¢! o N o ¢, that is, all strong negations belong to the
family of No(x) = 1 — x. Nevertheless, in all cases itis n = ¢! (%) the fixed point
of N.

Ifpkx) = x2,it results Ny(x) =+/1~— x2, called the circular negation Ifpkx) =

e or T (@) = 25 it follows Ny, (x)—ap’l(l— ) =T GE) = 15

that is the strong negatlon N3 of the before mentioned Sugeno’s negatlons
With <p(x) =1 ln(l 4+ Ax), A > —1, a > 0, it follows the bi-parametric family

Ny(x) = (= T )\xa ) a, where with = 1 it is obtained the Sugeno’s family of strong
negations Ny = 1 Y 105 (A > —1) that only depends on one single parameter.

Remark 2.2.31 The only linear strong negation N is N = Ny, since from N(a) =

aa + B, with N(O) = 1 = fand N(1) = 0 = a + 1, follows « = —1 and
N@)=1-a.
Remark 2.2.32 The only “rational” strong negations N of the form N (x) = ?}fis,

a, b different of 0, are those N)(\ > —1) in the Sugeno’s family. It follows from:

e NO)=1=5ord=0b

o N()=0=%L ora=—b

that gives
—bx+b b(1—-x) 1-—x

cx+b  cex+b _1+§x'

N@&) =

Tohave 0 < N(x) < 1,itshouldbe 1 —x < 1+ 7. But —1 = 7 implies N(x) = 1,

that is not an strong negation. Hence it is —1 < 7, and with A = {, it follows

N(x) = {55 = Na(x), with =1 < A,

2 For (x < ) is evident that p(x) < (y) if either x, y € [0,n], or x, y € (n, 1]. If x € [0, n],
y € (n,1]and x < y, since A(x) + h(N(x)) < L,itis h(x) < 1 —h(N(x)), or p(x) < p(y).
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2.2.7 Continuous T-Norms and T-Conorms

As it was said, the only t-norm that is idempotent for all @ in [0, 1], is T = min, and
the t-norms in { prod} U {W} only have the idempotents O and 1. As it was also said,
there are t-norms with several (but not all) idempotent elements. For example, the
function

L Wer— 13y -1, iy eld 3P

T = . ;
x, ¥) min(x, y), otherwise ,

08 1
. L — min
06 Y - —
: V. 2% %%
28 8! N
0.4 - %f,},‘g’g L. W
: oo
Ny %,5095%599%%
7~ 5589 13===-
02 z %9
Y 7 T 1 1
g
A i |
N A " :
< 0 13 23 1
5%
5l
X
- 0.6 0.8 1
0%y 0.2 0.4 :
that as it is easy to prove is a t-norm, verifies
o T(x,x)=min(x,x) = x, ifx ¢ [§, %]
L1y _ 1,1 _ 1, 1an_1
e 7(3,3)=3+3W0,0)=3+30=3
2 2y _ 1,1 _1,1_2
e T(5,39)=3+3WL,D=3+3=3
L1y _ 14 Ly 2 2 Lty lwdl Iy_ 1, 1g_1_,1
e T(3:2)=3+3WE-1L3-D=3+3W(3,2)=3+30=3#;
e ctc.

that is, all elements in [0, 1] — [%, %], as well % and % are idempotent for 7', and the
elements in (%, %) are not idempotent.

Look that an analogous result is obtained when changing W by prod in the above
expression of 7. Without proof it follows the theorem that completely characterizes
all continuous t-norms.

Theorem 2.2.33 T is a continuous t-norm if and only if,

1. T =min, T is in the family of min

2. T = prody, T is in the family of prod

3. T = W,, T is in the family of W

4. There exist an index set (finite or countable infinite), a family of pairwise disjoint
open intervals in [0, 1], {(a1, b1); i € I}, and a family of t-norms T; € {prod} U
{W}( € I), such that



60 2 Algebras of Fuzzy Sets

—da
min(x, y), otherwise,

—a;  y—a; . 2
T(x,y) = ai + (bi —a)Ti (= 5=0).  if (x.y) € [a;, bi]

forany x,y in [0, 1.

The continuous t-norm of the fourth type are called ordinal-sums of the continuous
t-norms 7; € {prod} U {W}.

Remark 2.2.34 Why the names t-norm and t-conorm? The “t” comes from “triangu-
lar”, because these functions were introduced to formalize the triangular property of
probabilistic distances, i.e. distances whose values are something like the probability
that the numerical distance between two points is less than a given number. They
were introduced by Karl Menger with the name triangular-norms without considering
associativity.

The name of t-conorm refers to the duality with a t-norm, since S is a t-conorm
ifand only if 1 — S(1 — x, 1 — y) is a t-norm. In general, it should be pointed out
that, for each strong negation N, § is a t-conorm if and only if N o So (N x N)isa
t-norm.

Theorem 2.2.35 S is a continuous t-conorm if and only if,

1. § = max, S is in the family of max

2. S = prodg, S is in the family of prod*

3. S =W}, Sisinthe family of W*

4. There exist an index set (finite or countable infinite), a family of pairwise dis-
Jjoint open intervals of [0, 1], {(a1,b1);i € 1}, and a family of t-conorms
S; € {prod*} U{W*}(i € I), such that

ai + (bi — a))Si G=, 3=), i (x,y) € lai, bi]
max(x, y), otherwise,

Sx, y) =[

forany x,y in [0, 1].

Remark 2.2.36 Notice that with both ordinal-sums of t-norms and of t-conorms,
provided it is [0, 1] = [0, b1] U [b1, b2] - - - U [by—1, by ] U [by, 1], a finite partition
of the unit interval [0, 1], like, for example

!
T e
T
0 b, t;z bs b, 1
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the only idempotent elements are b1, by, b3, ba, etc., as well as 0 and 1, that is, the
points giving the partition of [0, 1].

Remark 2.2.37 Although currently only continuous t-norms in {min}U{ prod }U{W}
are taken into account in both theoretic fuzzy logic and its applications, it should
be pointed out that provided there are, at least, two statements ‘x is P’ and ‘X is
Q’ such that pp(x), po(x) ¢ {0, 1} and pp ana P = 1P, 11Q and 0 = g, the only
possibility for representing 1 - 0 = T o (4 X 0), is by taking as continuous t-norm 7
an ordinal-sum with the single interval (min(up(x), po(x)), max(up(x), po(x))).

Remark 2.2.38 Which t-norms are strictly non-decreasing in the sense that if 0 <
a<b<l1,thenT(a,c) <T(b,c)forall c €[0,1]?

e If 7 = min, the answer is negative. For example, 0.3 < 0.5, but min(0.2, 0.3) =
min(0.2,0.5) = 0.2

o If T = W, the answer is also negative. For example,0.3 < 0.5, but W(0.2,0.3) =
W(0.2,0.5) =0

o If T = prodv, the answer is positive, since: a < b = p(a) < p(b) = p(a) -
() < o) - () = ¢~ (p(@) - p(e)) < ™ (p(b) - p(e)), or prodi(a, c) <
prod,(b, ¢), because ¢(c) € (0, 1].

e If T is an ordinal-sum, it can’t be strictly non-decreasing because of the values it
takes with min.
Analogously, the only t-conorms that are strictly non-decreasing are those in
{ prod;}.

2.2.8 Laws of Fuzzy Sets

As it was said, in all standard algebras ([0, 15, 7,8 N ) of fuzzy sets the triplet
(T, S, N) share the following common properties:

1. T and § are commutative and associative

1 is neutral for 7', and O is neutral for S

0 is absorbent for 7', and 1 is absorbent for S

Forall T and S,itis 7 < min < max < §

Each T (S) is non decreasing in the two variables

6. N is involutive, strictly decreasing and such that N(0) = 1,

A

a list of properties that gives some basic laws for fuzzy sets in the standard algebras,
like

w-o=o0-p,pto=0+u,
pt+@+N=@+o)+A=(0+p)+A=A+(c+pn
Hos 1 = by fo+ o = [ fo+ [ = UL L o = Ho
fu<o,thenp- A<o- and A\ +p <o+ A

etc.



62 2 Algebras of Fuzzy Sets

Anyway, a lot of laws typical of classical sets are not always valid in all standard
algebras of fuzzy sets. For example, (IP(X), N, U, €) is a Boolean algebra and no
one ([0, 11X, T, S, N) is a Boolean algebra. In particular, (P(X), N, V) is a lattice
and the only standard algebra that is a lattice is that with 7 = min and § = max.
Let us study in which standard algebras some laws of crisp sets do hold.

2.2.8.1 Distributive Laws

With classical sets it always do hold the two distributive laws

I. AN(BUC)=(ANB)UANC)
2. AUBNC)=(AUB)N(AUC)

and the question is for which triplets (7', S, N) do hold the corresponding laws with
fuzzy sets

Lp-(c+N=p-o+pu-A
2. 04 @-N)=(ut+o) (p+N).

This questions correspond to solve the functional equations in the unknowns 7" and S
T'(a, S, c)) =S(T(a,b),T(a,c)) (2.3)
S(a, T(b,c) =T(S(a,b),Sa,c)) 24

forall a, b, cin [0, 1].
Lemma 2.2.39 Equation (2.3) does hold if and only if S = max.

Proof Withb =c =1,isT(a,S(1,1)) = S(T(a, 1), T(a,1))ora = S(a, a). That
is § = max.

Provided S = max, the equation is 7 (a, max(b, ¢)) = max(7 (a, b), T (a, c¢)). If
either b < c or ¢ < b, it is immediate to check its validity for all t-norm T. O

Lemma 2.2.40 Equation (2.4) does hold if and only if T = min.

Proof Withb =c¢ =0,is S(a,0) =a = T(a, a). Thatis T = min.
Provided T = min, the equation is S(a, min(b, ¢)) = min(S(a, b), S(a, ¢)). If
either b < c or ¢ < b, it is immediate to check its validity for all t-conorm T. O

Hence,

e In all standard algebras with (7, max), itholds - (c + ) =p-o+ p- A,

e In all standard algebras with (min, §), itholds u+ (o - \) = (u+0) - (u+ N)

e The two distributive laws (2.3) and (2.4) do jointly hold if and only if 7 = min
and § = max.
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2.2.8.2 De Morgan Laws

With classical sets it always do hold the De Morgan, or duality, laws

1. AUB = (A°N BY)*

2. AN B = (AU B)*

showing that one of the two operators N, U can be defined by the other and the
complementation. With fuzzy sets in standard algebras, these laws are

Lop-o=@W+ad), or(u-o)=p+0o

2. pto=@ o), or(uto)=u o,

that correspond to the functional equations in the unknowns 7', S and N
e T'(a,b) = N(S(N(a), N(b)))

e S(a,b) = N(T(N(a), T(b)))

for all a, b in [0, 1].

Obviously, law (1) does hold if and only if T = N o S o (N x N) and law (2)
does hold if and only if S = N o T o (N x N), two formulas that are equivalent
since, for example, from the first it follows (with N 2—id)NoT = So (N x N)
or NoS =T o (N x N), that is, the second formula.

Hence, the two De Morgan laws hold in an algebra given by the triplet (T, S, N)
ifandonlyif T = No So (N x N), thatis, T and S are N-dual.

2.2.8.3 Restricted Non-contradiction Principle pt - 1’ = pg

With classical sets it always holds A N A° = &. With fuzzy sets, when is it

/

poe = o ?
The equation to be solved is
T(a,N(a)) =0, foralla €0, 1]

in the unknowns 7" and N.

Theorem 2.2.41 If T is a continuous t-norm, and N is a strong negation, it is
T(a, N(a)) =0foralla €[0,1], ifand only if T = W, and N < N,.

Proof Withthe fixed pointn € (0, 1) of N, itfollows T (n, n) = 0, thatis, T has zero-
divisors. Hence, T = W,,and W, (a, N(a)) = ap’l(max(O, p@)+p(N(a))—1)) =
0, or max(0, p(a) + ¢(N(a)) — 1) =0, or p(a) + ¢(N(a)) — 1 < 0, that implies
p(N(a)) < 1—p(a),or N(a) < cp‘l(l —@(a)) = Ny(a), foralla € [0, 1]. Hence
N < N,,. The reciprocal is a simple calculation. (|
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Then, the (restricted) non-contradiction principle 4 - ¢/ = pp holds if and only
if T = Wy and N < N, for any order-automorphism ¢ and any t-conorm S. For
example, it holds (with ¢ = id) if T = W, S = max, N = Ny, and it does not hold
provided T = min, or T = prod,,.

2.2.8.4 Restricted Excluded-Middle Principle p + ' = pq

With classical sets it always holds A U A = X. When is it g + u/ = py for fuzzy
sets? When it does hold the equation S(a, N(a)) = 1 foralla € [0, 1]?

Theorem 2.2.42 [f S is a continuous t-conorm, and N is a strong negation, it is
S(a, N(a)) = 1foralla € [0, 1], ifand only if S = W:j and Ny < N.

Proof With N(n) = n € (0, 1), it follows S(n,n) = 1. Thatis § = W{;, and 1 =
Wi(a,n(a)) = ¢~ (min(1, 1(a) + (N (a)))), or I = min(1, ¥(a) + V(N (a))).

Hence, 1 < 9(a)+(N(a)),or Ny(a) = ™1 (1—=1(a) < N(a)). Thatis, Ny < N.
The reciprocal is a simple calculation. O

Then, the (restricted) excluded-middle principle p + g/ = g1 holds if and only
if §$ = W;; and Ny < N, for any order automorphism 7 and any t-norm 7'. For
example, it holds (with ¢ = id) if § = W*, T = min, N = Ny, but it does not hold
provided S = max or § = prod*.

2.2.8.5 Both Restricted Principles of Non-contradiction
and Excluded-Middle

From last theorems it immediately follows that,

Theorem 2.2.43 [n a standard algebra of fuzzy sets with a triplet (T, S, N), it holds
pop = poand p+ 1 = py if and only if T = W, S = Wi, and Ny < N < N,.

In particular, they hold if 7 = W, § = W*, and N = Ny, or with p(x) = x? and
1 (x) = x, they hold with the triplet:

T(x,y)= \/max(O, x24+y2—1), S(x,y) =min(l, x + y),

1—x < Nx) <V1—x2,

for all x, y in [0, 1].
Of course, with ¢ = 1), the principles hold with W, W;, and N = N,.
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2.2.8.6 Laws of Absorption

With classical sets, the absorption laws AN (AU B) = A,and AU (AN B) = A,
always hold. With fuzzy sets in standard algebras, the formulas and respective equa-
tions

o - (p+o)=up T, Sa,b))=a
o p+(u-0)=up, Sa,Tb)=a

must be studied to find for which algebras these laws do hold.

Lemma 2.2.44 [f T and S are, respectively, a t-norm and a t-conorm, it is
T(a, S(a,b)) =a foralla,bin|0,1]if and only if T = min.

Proof If T = min, since a < S(a, b), it follows min(a, S(a, b)) = a. With b = 0,
the equation gives 7' (a, a) = a, and = min. O

Lemma 2.2.45 [fT and S are, respectively, a t-norm and a continuous t-conorm, it
is S(a, T(a, b)) = aforall a, b in [0, 1] if and only if S = max.

Proof Since T (a, b) < a, it follows max(a, T (a, b)) = a. With b = 1, the equation
gives S(a, a) = a, and = max. O

Hence,

e The law - (1w + o) = p, holds for all § and T = min
e The law p + (i - 0) = p, holds for all T and S = max
e The two laws hold jointly if and only if 7 = min and S = max.

2.2.8.7 The Law of von Neumann

With classical sets it always holds the law of von Neumann, or law of the perfect
repartition,
A=(ANB)U (AN B,

that follows from A = ANX = AN(BUB) = (ANB)U (AN B°), and generalizes
that of the excluded-middle since A = X implies X = (BNX)U(XNB) = BUB*.
From that law, by duality it follows A = (AN B)*N (AN B = (AU B°)N
(A€ U B), that is
A= (AUB)N (AU B,

a law that generalizes that of non-contradiction since A = @ implies @ = B N B€.
With fuzzy sets, the question is the validity of the laws

p=p-o+p-o, p=@+o) (u+ao,
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or of the functional equations
a=S8(T(a,b), T(a,N(b))), a=T(S(a,b),S(a,ND)))

Lemma 2.2.46 The equation a = S(T (a, b), T (a, N (b))) holds if and only if T =
prody, S = W;, N = N,.

Proof If T = prod,, S = WZ, N = N, itis S(T(a,b),T(a, N(b))) =
W;(prodw(a, b), prody(a, Ny (b)) = go_l(W*(go(prod¢(a, b)), p(prody(a, N,
(0)))) = @ HW*(p(a)-p(b), p(a)-p(Ny(b)))) = ¢~ (min(1, p(a)- @ (b)+p(a)-
P(N,(1))) = o~ (min(1, p(a) - o) + (@) - (1 — (b)) = ' (min(1, p(a) -
o) + (@) — p(a) - p(b))) = ¢~ (min(1, p(a)) = a.

The proof of the reciprocal will be avoided since it is technically complex. Let us
say only that a = S(T'(a, b), T (a, N(b))) gives, witha = 1,1 = S(b, N (b)), that
implies § = W* and N, < N. O

It can be also proven that a = T'(S(a, b), S(a, N(b))) if and only if T = W,
S = prod;, N = N,. Notice only that a = 0 gives T(b, N(b)) = 0,0or T = W,
and N = N,,.

Notice that the verification of von Neumann’s law require, in the case of fuzzy
sets, non-dual theories, like those given by the triplets (prod,, W;, Ny), and
(W, prod,:’;, Ny).

2.2.8.8 Which Standard Algebra Is Closer to a Boolean Algebra?

The results in last section can be summarized in the following Table 2.1.

Hence, the algebras with the triplets (min, max, V) are the ones that preserve more
structural Boolean properties. Indeed, these algebras preserve all the basic Boolean
laws except those of non-contradiction and excluded-middle. They are distributive
pseudo-complemented lattices, that is, De Morgan algebras that, in addition and like
all algebras of fuzzy sets, verify the law of Kleene,

T'(a, N(a)) < S(b, N(D)),
foralla, bin [0, 1]. The algebras given by the triplets (min, max, N) are De Morgan-
Kleene algebras.
2.2.8.9 Last Comments

It can be considered, in addition to the structural Boolean laws, the cases that can be
derived from them, for example,

(AN B = BU(A° N BY),
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Table 2.1 Basic boolean properties

67

Lattice

Min

Max

All

Identity

T(a,1)=a,T(a,0)=0

All

S(a,0) =a, S, 1) =1

All

Commutativity

T(a,b) = T (b, a)

All

S(a, b) = S(b, a)

All

Associativity

T(a,T(b,c)) =T (T(a,b),c)

All

S(a, S(b,c)) = S(S(a,b),c)

All

Involution

N(N(a)) =a

B1. Idempotency

T(a,a) =a

Min

S(a,a) =a

Max

Distributivity

T(a,Sb,c) =8(T(a,b),T(a,c))

All

Max

S(a, T, c)) =T(S(a,b), S(a,c))

Min

All

Absorption

T(a,S(a,b))=a

Min

All

S(a,T(a,b)) =a

All

Max

Non-contradiction

T(a,N(a)) =0

W,

Excluded-middle

S(a, N(@)) = 1

Lz

De Morgan’s laws

N(T (a, b)) = S(N(a), N (b))

T=NoSoNXxXN

N(S(a, b)) = T(N(a), N(b))

T=NoSoNXxN

that follows from BU (AN B¢) = (BUA)N(BUB®) = (BUA)NX = BUASC

(A N B)°. This law, in fuzzy set theory, is translated by

or

(M'OJ)/=O'+‘LL,'OJ

N(T(a, N(b))) = S(b, T(N(a), N(b))),

that holds with T = prod,, S = W:g, N = N,.
Nevertheless, not all derived law has solution within the standard algebras of fuzzy

sets, as it is the case with (AU A) N (AN A°) = & (or A N & = @), since for
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pop ) = po, [*]

there are no triplets (7', S, N) for which it can hold S(7 (a, a), T (a, N (a))) = 0 for
all @ in [O, 1].

In the same vein, there are some laws that have solutions when different t-norms,
t-conorms and strong negations are considered. For example, (1 + ) - (it - 1) = po,
that comes from (A U A) N (A N A°) = @&, translated in the form T7(S(a, a),
T>(a, N(a))) = 0, has infinite solutions like, for example, with an strong nega-
tion N, such that N < No, T} = min, 7> = W and any t-conorm S, since
min(S(a, a), T»(a, N(a)) = T>(a, N(a)) = W(a, N(a)) = max(0,a + N(a) —
1) = 0, because of Tr(a, N(a)) < a < S(a,a), and N(a) < 1 — a, or
a+N()—1<0.

Another case is given by the classical (derived) laws

AN(AUB)=ANB, AU(A°NB)=AUB,
and the corresponding ‘possible’ fuzzy laws
p-(W+o)y=p- o, p+(u-o)=p+o,
which functional equations
Ti(a, S(N(a), b)) = Tr(a, b), Si(a, T(N(a), b)) = Sa2(a, b),
do not have solutions with 77 = 73 and S| = S5, respectively, but that with N = Nj,

W and W* do verify

e W(a, W*(1 —a, b)) = max(0, min(a, b)) = min(a, b)
e W*(a, W(1 —a, b)) = min(1, max(a, b)) = max(a, b)

that is, they have the solutions (7} = W, S = W*, T, = min) and (S} = W*, T =
W, S>» = max), respectively. Thus, it is possible to consider more complex algebras
of fuzzy sets by means of n-tuples of the type (1, ..., Ty S1, ..., S5 N1, ..., Np).

Notwithstanding, there are more derived laws than [x] that have no solutions
neither in standard algebras, nor with different t-norms, t-conorms, or different strong
negations. The fact that no standard algebra of fuzzy sets is a Boolean algebra, makes
impossible to simultaneously deal in such algebras with all formulas that are valid
with classical sets.

2.2.9 Examples

Example 2.2.47 In a scale between 10 and 50°C, the label ‘cold’ referred to
temperature, is graduated by
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1, if 10 <x <15
pe(x) =1 2%, if15<x <25
0, if 25 < x < 50.

Which one of the following linguistic labels: cold, hot, warm, more or less cold,
more or less warm, is the more adequate for the temperatures of 20, 21 and 22 °C?
Solution. With C = cold, it is uc(20) = 15—0 = 0.5 and fmore or less c(20) =

/0.5 = 0.71. To obtain H = hot, we can compute jy as the opposite of uc:

1, if45 <x <50
p (1) = pe(50 +10 —x) = pc(60 —x) = | 3%, if 35 < x <45
0, if 10 <x <35
graphically
1
/”'UC T My
10 15 25 35 45 50

By defining, as it is usual, warm = not cold and not hot, that is
/ I
Hw = Heorg = Fhot
with - represented by min, and ' by N,
o (X) = min(1 — teotd (x), 1 — pipor (X)),

for all x € [10, 50], it results

1
x5
10 =7~
10 15 25
Then:

o x =20, gives 110(20) = 75 = 0.5, 1 (20) = 0, pw (20) = 5 = 0.5,
o x =21, gives f1c(21) = 15 = 0.4, uy (21) = 0, pw (21) = &5 = 0.6,
o x =22, gives f10(22) = 75 = 0.3, up (22) = 0, pw (22) = {5 = 0.7,
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and

® Limore or less cold(20) = /1 (20) = 0.71,

Hmore or less warm (20) = «/ pw (20) = 0.71
® Umore or less ;cold (21) = 0.63, tmore or less swarm (21) =0.77,
® [lmore or less ;cold (22) = 055’ Hmore or less ;warm (22) = 0.84.

Hence

e The more adequate linguistic label for x = 20, cannot be decided but it could be
either ‘not cold’, or ‘not warm’. Since, it is not hot at all, we can take ‘not cold’.

e For x = 21, is ‘mol warm’ (mol = more or less)

e For x =22, is ‘mol warm’

Example 2.2.48 On the age of a person p, it is known that
37 < Age(p) <41,

and neither Age(p) < 32, nor 43 < Age(p). What can be said on the degree up to
which it could be Age(p) = 35, and Age(p) = 427

Solution. What is unknown is the variation of Age(p) between 32 and 37, as well
as between 41 and 43. Since Age varies continuously, we can suppose there are two

functions
f 132,371 — [0, 1], g : [41,43] — [0, 1]

such that f(32) = 0, f(37) = 1,g941) = 1,9(43) = 0, with f strictly non-
decreasing, and g strictly decreasing. Then, we can define piage(p) : [0, 100] —
[0, 1], by

0, if x € [0, 32] U [43, 100]

1, if x € [37, 41]
Page) @) =1 ¢y ifx e [32,37]

g(x), ifx €[41,43]

and f1age(p)(35) = f(35), page(p)(42) = g(42). Graphically

1 ™

e Mage(p)

1
I
I

!

1
Iy
Iy
L

/
\
LA

0 32 3741 43 100
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To determine f and g more information is needed, but in the absence of it, we

can decide to take the linear models f(x) = & _532, and g(x) = 432_ X with which

3 1
HAge(p) (35) = g, MAge(p)(42) = 5

As it will be seen later on, 0.6 is the possibility that Age(p) = 35, and 0.5 that
of Age(p) = 42. Hence, it seems a little bit more possible that it be ‘Age(p) = 42’
than ‘Age(p) = 35°.

Example 2.2.49 Knowing that Height(John) = 175 cm, and Height(Peter) = 180 cm,
consider the two statements:

p = It is false that John is not very tall or is more or less short
q = It is false that Peter is not very tall or is more or less short.

which is more true?
Solution. Both statements can be written by

Is false that x is P,
with P = ‘(not very tall) or (more or less short)’.

Hence

pp(x) = S(M;gry tall(x)! Hnot short (X)) = S(N(Mlall(x)z)’ V teali (A(x)) ),

with a continuous t-conorm S, a strong negation N, and a symmetry A on X, provided
x varies in a scale of heights.

What should be compared are the two values N (uup(175)) and N (up(180)), and
for that it is needed to know pi;4;. Let us take

0, if x € [0, 150]
a1l (x) = { strictly non decreasing ,  if x € [150, 190]
L, if x € [190, 210]

with, perhaps, pizq11(x) = 0.025x—3.75, x € [150, 190], if we need to have numbers.
Hence, with A(x) = 210 —x, itis A(175) = 210— 175 = 35, and psq11(35) = 0,
as well as A(180) = 220 — 180 = 30, and p4411(30) = 0, because of that

pp(175) = SN (tann(175)), 0) = N (puranr (175)%)
p1p (180) = S(N (a1 (180)), 0) = N (p11a11 (180)%).

Since puq 1s strictly non-decreasing between 150 and 190, it iS e (175) <
fi1a11(180), and N (17a11(180)?) < N (p11411(175)?). Finally,

N(N (a1 (175)%)) < N(N (p1a11(180)%)), or 111 (175)% < pirair (180)2,

and ¢ is strictly more true than p.
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Notice that it is not needed to fix S and N, but only a form for 14, as well as
to accept that Hvery p(x) = HP(X)2a Hmol P(X) = \/lT(x)a and A(x) = 210 — x.
This last hypotheses is perfectly reasonable since fi,4;; is non-decreasing, and then
the order <, is just the order of [0, 210].

Provided we need to know up to which numerical degree p and ¢ do hold, we can
use the linear function in the figure,

1

i

0 150 190 210

and fix N = Ny. It results

degree up to which p is true = 1 — (1 — 1i2,,(175)) = pi2,,,(175) = 0.391
degree up to which ¢ is true = ,ufall(ISO) = 0.563,

that shows how is g more true than p.

Example 2.2.50 1t is known that the algebra with which fuzzy sets must be combined
should satisfy the laws

ptp-o=p p-(pto)=u,

as well as that the negation is linear, Determine the triplet (7', S, N) and, with X =
[0, 10], and
. 0, ifo<x <5
plx) = o0 ox) = XT if5<x<8

0 2268 < x < 10,

compute i - o, p+ o, and i’ + o.

Solution. The first law of absorption pt + ¢ - 0 = p, implies S = max for
any 7. The second law of absorption p - (4 + o) = u, implies 7 = min for
any S. Hence (7, S) = (min, max), and the only linear N is N = Ny. Hence,
(T, S, N) = (min, max, 1 — id). With the graphics of i and ¢ in the figure,
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itfollows pt - 0 = min(u, o) = o, u+0 = max(y, o) = p,and p' +0 = (1 —p)+o
is the pointed curve. That is,

, .
, (@), ifx €0,6.87]
(”+®“*waux if x € [6.87, 10].

Notice that x = 6.87 comes from the equation 1 — {5 = ’%5.

Example 2.2.51 Consider the Sugeno’s family of strong negations N)(x) =
114_;/\);()\ > —1).If -1 < A1 < Mg, itfollows 1 +Xjx < 14+ Xox, orﬁ < ﬁ,

thatis, Ny, (x) < Ny, (x). Hence,

IfA<0: Ny <Ny
IfOK<A: Ny <Ny

1

S L— N, le(-1,0)

0

S\ Nl,ﬂe(o,i—oe)
0 1

Compare the graphics of /' = Ny o wand ¢/ = Nj o p, in a figure, if

0, if x € [0,3]U[7,10]

oot if x €[4, 6]

PX=1x 23, ifxe[3,4]

7—x, ifxel[6,7]

Solution. It is

1, if x € [0,3]U[0, 4]

/ 0, if x €[4, 6]

W= e g

6 ifx e[6,7],

and i} (x) = N1 (u()) = 1743, or

Hence,

oL

=

ph(x) =

|>< =
|
NN

o0
|
=

if x € [0,3]U[7,10]
if x € [4, 5]
if x € [3,4]
if x € [6,7]
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o H > Hy

/

!
= M,y

0 3 4 5 6 7 10

Look that N1(3.2) = 0.6, Ni(3.5) = 0.3, Ni(3.4) = 0.43, N;(3.6) = 0.25,
Ni1(3.8) = 0.1, but No(3.2) = 0.8, No(3.5) = 0.5, No(3.6) = 0.4, No(3.4) =
0.6, , No(3.6) = 0.4, No(3.8) = 0.2.

Example 2.2.52 The negation is linear, and the standard algebra must verify the
law pp = pu - 0 + p - o'. Determine the triplet (7', S, N), and with (x) = {5 (in
X = [0, 10]) and

1, if x € [0, 5]
ox)=113, ifxel57]
0, if x €[7,10]

checkthat pyp - o+p -0’ =p,p-o+py -o=o,and (u - oY =+ - o’

Solution. From N linear, N = Ny, it follows that we can take ¢ = id, and
fromp - o+ p - o' = pit follows T = prod,, § = W;, and N = N,. Hence
(T,S,N) = (prod, W*, N).

0
Since 4/ (x) = 1 — {5, and o’ (x) = { %52 , it follows
1
X 0 -4
no(x) = —x<726x) , po'(x) = —x(’éas) , pokx) = 7%"(1 - i0) -
0 lio 0
Hence,
W*(35,0) =
X
(- o+ 0'/)()6) — W*(X(7 x)7 x(x 5)) — iO = E = u(x),
(O',U/"‘U,LL/)(.X): W*(x(7 x)’7 X(] %) 7%x :O’(.X)
wW*0,0) =0

Finally, since,
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) 0
(-0 =1=(u- 0w = 1= 252 and - 0@ = 1 (1= '3
=10 1- %
it results
W*(1,0) =1

@+ N = WA 31— ) =1 - 2859 — (4 oY (x)
WH0,1— &) =1- %

Example 2.2.53 Predicate F' = high fever refers to the interval [37, 42] in a clini-
cal thermometer, in which the values {37, 37.5, 38, ..., 41.5, 42} are significative.
Asking an expert one obtains the following fuzzy set

pp =0.3/38.5 +0.5/39 + 0.7/39.5 + 0.8/40
+0.9/40.5 + 1/41 + 1/41.5 4+ 1/42

where it is clear that 0/37 + 0/37.5 + 0/38 is avoided since this values of the body’s
temperature are not significative for . With all that, give the membership function
of P = very high fever, Q = more or less high fever, R = low fever, S = not high
fever.

Solution. With the usual definition fiyery F = (%, flmol F = +/HF» Hiow F
urpB7+42 —x) = pup(79 — x), tnor F = 1 — pp, it results:

o up = 0.09/38.5 + 0.25/39 + 0.49/39.5 + 0.64/40 + 0.81/40.5 + 1/41 +
1/41.5 4 1/42.

o o = 0.55/38.5 + 0.7/39 + 0.84/39.5 + 0.89/40 + 0.95/40.5 + 1/41 +
1/41.5 + 1/42.

o ur = 1/37 4+ 1/37.5 + 1/38 + 0.9/38.5 + 0.8/39.5 + 0.7/39.5 +
0.5/40.5 + 0.3/40.5.
o us = 1/37 + 1/375 + 1/38 + 0.7/38.5 + 0.5/39.5 + 0.3/39.5 +

0.2/40.5 +0.1/40.5.

Notice the incoherence produced by s = finor F < Miow F = MR. An incoherence
showing that it cannot be taken the representation i, r = 1 — up, but some
Lnot F = N o pup with N > Np.

For example, if N (x) = 110%, it is

wus = 1/37 + 1/37.5 + 1/38 + 4+0.96/38.5 + 0.91/39.5 + 0.81/39.5 +
0.71/40 4+ 0.53/40.5 4+ 1/41 + 1/41.5 + 1/42, showing pijon F < fbnot F-

Look that

WF & low F = 0.3/38.5+0.5/39.540.7/39.5 + 0.5/40 + 0.3/40.5
provided pr & jow F = min(pr, fow F)-
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Example 2.2.54 Describe in fuzzy terms, the statements

p = John is young and around forty,
q = John is old or around forty.

Solution. The solution will come after representing the predicates P = young,
aP = Old, A40 = around forty, in a scale of 0—100years. The general forms of 1p,
MaP, and 140, are

1

7 Hya0

100 0 40-a 40 40+b 100

with p, p(x) = pup (100 — x) since pp is non-decreasing. Once these functions were
established accordingly with the current use of P and A40, it will be:

Degree(p) = T (up(x), prago(x)), Degree(q) = S(pap(x), praso(x)),

with convenient continuous t-norm 7" and t-conorm S. This formulas are the descrip-
tion of p and ¢ in fuzzy terms.

For example, if a = 20,b = 50, up = 5%—6)‘, if20 < x < 50,and 40 —a =
30,40 + b = 50, with p 49 piece-wise linear, 7 = min, § = max, with

0, if0 < x <50
pap(x) = pp(100 —x) = § 229 if 50 < x < 80
1, if 80 < x < 100,

the graphics is

100

The slashed function describes p, and the continuous one describes g. Of course,
Degree(p) < min(pp(x), praso(x)) < pp(35) = 0.5.

Remark 2.2.55 To select T and S, the following points could be taken into account,

e It could be perfectly the case that ‘John is young and not young’ with a positive
degree. Hence, the laws of Non-contradiction can be avoided, and T ¢ {W}.



2.2 The Concept of an ‘Algebra of Fuzzy Sets’ 77

e Since it is reasonable to accept that ‘John is old’ and ‘John is old’ does coincide
with ‘John is old’, and ‘John is young’ or ‘John is young’ does coincide with
‘John is young’ , we can decide to take either 7 = min, S = max, or 7" and § as
ordinal-sums.

e Provided idempotency is avoided i.e., ‘John is young’ and ‘John is young’ does
coincide with ‘John is very young’, instead of 7T = min, we can take T = prod,
that is more interactively than min. In this case, because it does not seem that
duality should be avoided, we could ta.ke S = Prod* and then

Mvery young or mol old (45) PI'Od*(36, 6 ) =56 (1 + 35\/>) = 0.5636,
that is greater than the value ‘f = 0.408 obtained with = max.

Example 2.2.56 In X = [0, 10] the predicate P = big is represented by pu(x) = 75-
In which points in [0, 10] is the degree of ‘big’ less than that of ‘not big’?

Solution. Given p, the problem is to find for which x € X itis u(x) < ¢/(x) =
Np(u(x)) = o 11 — p(u(x))), that is, 1(x) < ¢~ (3). Then,

oIfN:No,lx—Ogl—lo,orx<5
o IfN=Np, {5 < Lrj or x2 4+ 20x — 100 < 0, that means x < 10(+/2 — 1) =
0
4.142
oIfN:Nz,lx—Og H_Zx,orx + 10x — 50 < 0, that means x < +/75 —5 = 3.66

Hence,

e If N = Ny, the set is [0, 5], and the threshold (of selfcontradiction) of big is 5.
o If N = Ny, the setis [0, 4.142], and the threshold is 4.142
o If N = N,, the set is [0, 3.66], and the threshold is 3.66

Notice that changing big by not big, the thresholds do remain but the sets are, respec-
tively, [5, 10], [4.142, 10], and [3.66, 10].

2.3 On Aggregating Imprecise Information

The kind of problems this section will deal with are like the following. An exam is
corrected by three referees Ry, R2, R3, each one with a different weight of strongness
W(R;) € [0,1], 1 < i < 3, such that Z?:l W(R;) = 1. Each referee assigns a
numerical qualification p; € [0, 10] to the exam delivered by a given student. How
these qualification can be “aggregated” to obtain final qualification for the student’s
exam? A recognized usual way of doing it is by the weighted mean:

1
EQ 10 - W(R 1)+—0 W(RH_E W(Rs3),

with % € [0, 10]. For example, if W = (0.5,0.3,0.2) and P = (7, 6, 5), it follows
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1
EQ =0.7%x054+0.6x03+0.2x0.5=0.63

that implies Q = 6.3. Provided the three referees have the same weight, itis W =
(%, %, %), and then, Q = p; - %—i—pz : %+P3 : % = ”‘“3””3 = 7+§+5 =6, is
just the arithmetic mean of the three qualifications.

Another way of obtaining the final qualification, this time by ignoring the referee’s
character, is by the geometric mean

O=3pi - p2-p3=+v7x6x5=5094,

showing that in a problem with p; = p» = 10,p3 = 0, it results 0 =
J10 x 10 x 0 = 0, when the arithmetic mean is 23—0 = 6.67.

2.3.1 Aggregation Functions

Most of these problems are “represented” by the so-called Aggregation Functions,
that is, functions
A0, 11" — [0, 1],

such that

1. A is continuous in all variables
2. A,...,0)=0,and A(1,..., 1) =1
3. x < yi, e X Sy, then A(xy, oo x0) <A, -1, V).

Sometimes it is said that A is an n-dimensional aggregation function. Continuous
t-norms and continuous t-conorms are 2-dimensional aggregation functions.

Of the many types of aggregation functions, a particular and important type are
the quasi-linear means,

M(X], e a-xn) = fil (Zplf(xl))
i=1

n
with (p1, ..., py) in [0, 1], verifying > p; = 1, and f : [0, 1] — R, continuous,
i=1
one-to-one, and monotonic. Function f is called the generator of M.
Notice that if f is the identity f(x) = x, we get the weighted means:

n
M(xla"'a-xn) Zzpt s Xi,
i=1

that with p; = % (1 <i < n) is the arithmetic mean
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1 n
Mxy,...,xpn) = — ) Xi,
D=
i=

and with f(x) = —logx, and p; = % (1 <i < n) is the geometric mean

M(x1,....,xp) =p1 - p2 - Pn.

With f(x) = x* (a > 0), is f_l(x) = xé, and with p; = %, it is obtained the
family of quasi-linear means,

1
x84 - Fx%\ o
ot = ()

In particular, with o = 1, is M the arithmetic mean, and with o = —1, it follows

M_i(x1, ... X)) = l"—“ (provided x1, . . ., xn % 0),

X1 Xn

called Harmonic Mean. As it is easy to prove,

Im M, (x1,...,x,) = Yx1 -+ xp
a—0

Iim M,(xy,...,x,) = max(xy, ..., X,)
a—> 00

lim My(xq,...,x;) =min(xq, ..., X,).
a—>—00

2.3.2 Ordered Weighted Means

It is said that M : [0, 17" — [0, 1] is a mean, when M is continuous, monotonic,
and verifies:

min(xy, ..., x,) < M(xy, ..., x,) < max(xy,...,x,).

Since, min(0, ...,0) < M(@,...,0) < max(0,...,0) = 0, it results M (O, ...,
0) = 0. Since, min(1,...,1) < M((,...,1) < max(l,...,1) = 1, it results
M(1,...,1) = 1. Hence, of course, quasi-linear means are means, but there are
more of such means. An important and useful example are the Ordered Weighted
Means (OWA). Its definition is the following:
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O :[0,1]" — [0, 1] is an OWA, if O(x, ..., x) is obtained under the process,
n
e Select weights pi, ..., p, in [0, 1], such that > p; = 1.
i=1
e Permute then-pla (xy, ..., x,),tothen-pla (x}, ..., x;) suchthat x| < --- < xy)

o O(x1,...,xy) = ipi - xj
i—
For example, if n = 2,
O(x1,x2) = p1 - min(xy, x2) + p2 - max(xy, x2), with p; + p>» = 1.
If n = 4, and the weights are (0.2, 0.4, 0.3,0.1), itis

0(0.2,0.5,0.7,0.3) = 0(0.2,0.3,0.5,0.7)
=02x02404x03403x0.540.1 x0.7=0.74.

2.3.3 More on Aggregations

Because they are associative, continuous t-norms and continuous t-conorms can be
extended to n-dimensional aggregation functions. For example, with n = 3,

T(x1,x2,x3) =T (x1,T(x2,x3)) =T(T(x1,x2),%3)) = -~
S(x1,x2, x3) = S(x1, S(x2, x3)) = S(S(x1, x2), x3)) = -~

Nevertheless, not all aggregation functions are associative. For example, if M
is the arithmetic mean, M (x1, M (x2, x3)) = 292285 byt M (M (x1, x2), x3)) =
x'+++2x3. Concerning means, the only associative are min, and max.

In general, Aggregation Functions are not commutative. For example, a
2-dimensional quasi-linear mean

Mxi,x2) = fH(pifx) + paf(x), pi+p2=1,

is commutative if and only if p; = py = % Arithmetic and geometric means are
commutative, but weighted means in general are not.
If T is a continuous t-norm, and S a continuous t-conorm, the function

A(xy,x2) = p1T(x1,x2) + p2S(x1,x2), p1+p2=1

is an aggregation function that, since 7 < min < max < S, in general is not a
mean. The only exception is with 7 = min, and S = max, as it was said before. For
example,
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o A(x1,x2) =0.7x1.x2 +0.3W*(x1, x2)
o A(x1,xp) = 0.6 min(xy, x2) + 0.4(x1 + x2 — x1.X2)
o A(xy,xp) =0.6W(xy,x2) + 0.4max(xy, x2),

are aggregation functions.

2.3.4 Examples

The pointwise aggregation of classical sets is not, in general, a classical set, but a
fuzzy one. For example, the arithmetic mean verifies

M@©,0)=0, M@O,1)=M(1,0) = %, Md,1)=1

and, if A, B are crisp subsets, M (A, B) is not a crisp subset if given by M (u4, 11p)
(x) = M(ua(x), pp(x)). On the contrary, with the geometric mean G, it is

G@0,00)=6G0,1)=G6{1,00=0, G(1,1)=1,

and G(A, B) is a crisp set.
In all cases, if 41 € [0, 1]1%, o € [0, 117, and A is an aggregation function, then

A(p, 0)(x,y) = A(u(x), o(y)),

forall x € X,y € Y, is a fuzzy set A(u, o) € [0, 1]1¥*Y called the aggregation of 1

and 0. When X =Y it could be defined the fuzzy set A(u, o) € [0, 1%,
A, 0)(x) = A(u(x), o(x)), forallx € X.

Example 2.3.1 It X = {1,2,3,4,5},and p = 0.6/1 +0.7/2+0.5/3+1/4,0 =
0.9/1+0.5/3 4+ 0.7/4 + 0.8/5, compute M (i, o), G(i, o), and O (i, o) with O
the OWA with weights p; = 0.4, p» = 0.6.

Solution.

M(u, o) = 0.75/1 4+ 0.35/2 + 0.5/3 + 0.85/4 + 0.4/5
G(p, o) = 0.735/1 +0/2 4+ 0.5/3 + 0.837/4 4+ 0/5

O(u,0) = (0.4 x 0.6 + 0.6 x 0.9)/1 + (0.4 x 0 + 0.6 x 0.7)/2 + (0.4
0.5+ 0.6 x 0.5)/3 + (0.4 x 0.7 + 0.6 x 1)/4 + (0.4 x 0 + 0.6 x 0.8)/5 =
0.72/1 4+ 0.42/2 + 0.5/3 + 0.88/4 + 0.48/5.

Notice that G (i, o) < M (u, o), but that neither G (i, o) and O (u, o), nor M (i, o)
and O (u, o), are order-comparable.

X
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Example 2.3.2 A linguistic variable has the fuzzy values H = high, S = short and
M = medium, with H represented by

0, ifO<x <5
prx) =1 1, if7<x<10
—

50 ifs5<x <.

In the two suppositions, M = H' - §’, and that M is the aggregation of H and S
under the weighted mean A(xy, x2) = 0.3x; + 0.7x>, compute ztpy.

Solution. Since S is an antonym of H, and p g is monotonic, pus(x) = pg (10 — x),
that is
1, ifO<x <3
ps(x) =14 0, if5<x <10
X if3<x <5

The solution for the first supposition appears in the following sequence of figures
(with - = min,” = 1 — id).

1

10

The solution for the second supposition is

0.7, if0<x <3
0760 if3<x <5
pH (X) = pam,s)(x) = 03(2_5) .
+, if5<x <7
0.3, if 7 < x <10,
graphically,
1
0.7
Hy

0.3
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