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ABSTRACT. We extend the concept of fuzzy integral based on @-decomposable measure
from nonnegative fuzzy measurable function to extended real-valued fuzzy measurable
function. Further investigations of fuzzy integrals based on pseudo-additive decompos-
able measure are carried out. Meanwhile, the space (S(u),o (+,-)) of all fuzzy measurable
function will be proved to be a pseudo-metric space. Finally, as an application of this ex-
tension the Pettis integral will be obtained for that kind of fuzzy integral.
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1. Introduction. The theory of fuzzy integral is an important part of fuzzy analysis.
The concept of fuzzy sets suggested by Zadeh [10] is a mathematical expression of sets
without precise boundaries and has been applied to various problems in engineering.

Fuzzy measures have been intensively discussed since Sugeno [7] defined a fuzzy
measure as a measure having monotonicity instead of additivity. Weber [9] proposed
1-decomposable measures where the additivity of measure is weakened. Special type
of decomposable measure and integral for nonnegative measurable function have
been done by many mathematicians (see [2, 3, 5, 8, 9] etc.). The pseudo-additive
measure and integral investigated by Sugeno and Murofoshi [8] are special case of
1-decomposable measure and integral. In [4], the author gave some convergence the-
orem for fuzzy integral based on &-decomposable measure. It is natural to ask whether
we can define the fuzzy integral for extended real-valued fuzzy measurable func-
tion. The answer is just the purpose of this paper. Since the fuzzy integral based
on ®-decomposable measure will be defined by using the classical Lebesgue integral,
we will use some results of classical measure theory. The paper deals at first with
the definition and basic properties of fuzzy integral based on @-decomposable mea-
sure for extended real-valued fuzzy measurable function. Next, Fisher theorem will be
obtained for this kind of fuzzy measure, and the absolute integrability will be investi-
gated. After that the space (S(u),o (-,-)) of all uy-measurable function will be proved
to be a pseudo-metric space. Finally, as an application of this extension the Pettis
integral will be obtained for that kind of fuzzy integral.

2. Preliminaries and pseudo-additive integral of extended real-valued measurable
function. Let[a,b] be aclosed subinterval of [ o0, 0] (in some cases we will also take
semiclosed subinterval). The full order on [a, b] will be denoted by <, this is the usual
order of the real line but it can also be another order.
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DEFINITION 2.1 (see [2]). Let [a,b] be a closed real interval and @ : [a,b] % [a,b] —
[a,b] be a two place function satisfying the following conditions:
(1) & is commutative,
(2) @ is nondecreasing in each place,
(3) @ is associative,
(4) & has either a or b zero element, that is, either ®(a,x) = x or ®(b,x) = x is
called a pseudo-addition.

DEFINITION 2.2 (see [2]). A pseudo-multiplication ® is a two place function ® :
[a,b] x[a,b] — [a,b] satisfying the following conditions:

(1) ® is commutative,

(2) ® is nondecreasing in each place,

(3) ® is associative,

(4) there exists a unit element e € [a,b] such that ®(x,e) = x for all x € [a, b].

Throughout, @ is assumed to be an Archimedean pseudo-addition and ([a, b],®,®)
is assumed to be a semi-ring with pseudo-operation defined by monotone and contin-
uous generator g. In this case we will consider only strict pseudo-addition, such that
the function ® is continuous and strictly increasing in (a,b) x (a,b). By Aczel’s rep-
resentation we have that, for each strict addition @ there exists a monotone function
g;9:10,b] — [0,00] such that

g9(0)=0, uev=g'(gw+gv). (2.1)
Using a generator g of strict pseudo-addition &, we can define pseudo-multiplication ®:
uev=g"(gwxgv)). (2.2)

We will notice that this is the only way to define a pseudo-multiplication ® which is
distributive with respect to @ and generated by the function g.
DEFINITION 2.3 (see [6]). A set function u:Q — [a,b]. is a #-decomposable mea-
sure if the following hold:
u(@)=0, VA B€Q, AnB=0 then u(AUB)=pu(A)eu(B). (2.3)

A @-decomposable measure is said to be o-®-decomposable if for all (A;)nen C Q,
AinAj=0,i=+ j, wehave

u( Ai> =02 H(A) (2.4)
n=1
with

@g‘;lu(Ai) :}Lglgo®?:1u(Ai). (2.5)

DEFINITION 2.4 (see [2]). Let (X,Q,u) be a @-measure space and consider a sim-
ple measurable function f such that f(w) = S}_; ax - I, (w) where Ay € Q, k =
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1,2,3,...,nis a partition of Q. Then the fuzzy integral based on pseudo-additive mea-
sure is defined by

fow — o7 (ar@u(Ap)). (2.6)

The above fuzzy integral is well defined.

PROPOSITION 2.5 (see [1]). Let f be a measurable positive function, then there exists
a sequence (@) of increasing simple positive function such that for all x € X, f(x) =
limy - @n(x).

DEFINITION 2.6. Let f be a measurable function, (@) is a sequence of simple
functions, @, — f, u be a o-&-decomposable measure. Then

I fou= limJ' Pn®U. (2.7)
X n-o Jx

THEOREM 2.7 (see [4]). Let (X,Q,u) be a ®-measure space, f a nonnegative mea-
surable function. And let

aeb=g"'(g(a)+g)),

(2.8)
a®b=g'(g(a)-g)) fora,beR.
Then (2.6) and (2.7) can be defined by
| rou=g7|[ @epawgem] 2.9)
X X

for any simple or measurable function, where g o u =y is an ordinary measure and
[y d(gop) is the Lebesgue integral.

PROOF. See [4]. O
REMARK 2.8. We say that f is pseudo-integrable if forall A€ >, [, f® u < .

DEFINITION 2.9. Let (X,Q,u) be a fuzzy measure space, f : X — [—oo,00] p-
measurable, and

(teX). (2.10)

f@®), f)=0, B 0, f(t)>0,
S = (t) =
0, f(t) <0, -f(t), f) =<0,

Clearly, f* and f~ are also y-measurable and f(t) = f*(t)— f~(t) (t € Q).
If f+ and f~ are also pseudo-integrable on A, then we say that f is pseudo-integrable
on A and define

Lf(t>®u=Lf+(t)®u—Lf‘(t>®u. (2.11)

In the sequel we denote

S(u)={f:X — [-o,]: f is u-measurable and finite a.e. on X},
2.12
LY(u) = {f: X — [0, 0] : f is pseudo-integrable}. ( )
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PROPOSITION 2.10. Let (X,Q,u) be a finite pseudo-additive measure space, then the
following hold:

(V) If forall A€ Q, u(A) =0 then [, feu=0.

@) Jafou=[xf-Xaopu.

Q) If f € LY (), then —f € LY () and [,(—f (1)) @u=—[, f(t) o p.

@) fel'(u),ce(—cw,0), thencf € L' (u), and

A ifc >
Jc@u: couA) re=0, (2.13)
A —(—cou(A)) ifc<O.

PROOF. (1) and (2) are obvious.
(3) We have that (—f)*(t) = f~(t), (=f)~(t) = f*(t) (t € Q), so by Definition 2.9
we have —f € L' (u) and

[ reneu=] crrwen-| prwen
= Lf‘(t)@u—Lf*(t)@u

_ _<Lf*(t)®u—Lf’(t)®u>

:—Lf(t)aw-

(2.14)

(4) By (3) and similarly for pseudo-additive integral for nonnegative measurable
function we conclude the proof. O

PROPOSITION 2.11. Let u be a pseudo-additive measure and f an extended real-
valued measurable function; f is pseudo-integrable if and only if |f| is pseudo-
integrable and
I freu

X SJX|f|®u. (2.15)

‘foegu‘ = Lf_g’“

PROOF

NECESSITY. Suppose that f is pseudo-integrable then [y ffeu < o and [y f-®u <
oo, but | f| = f* + f~ that implies

JX\f|®u=Lf+®u+fxf‘®u:g‘1<JXf+®u+JXf‘®u> < 0, (2.16)

Thus | f| is pseudo-integrable.

SUFFICIENCY. Suppose that | f| is pseudo-integrable then [, |f|® < o but [, f*®
u<folfl®e<oand [ f~®u < [o|fl® <o thus [ f*®uand [, f~ ®u are two finite
quantities, so according to Definition 2.9, f is pseudo-integrable. O

THEOREM 2.12 (Fisher theorem). Let (X,Q,u) be a pseudo-additive measure space.
For every measurable sequence ( f,,)nen Which converge in measure to f, we can extract
a subsequence (fy, )xen Which converges to fu a.e.
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PROOF. By hypothesis (f),) converges in measure to f, so
Ve>0; }Liz{)lou({t EX:|fat)-f()| =¢€})=0
= Ve>0;, V6>0, Ing(d) VneN, n=ng(d) (2.17)
= pu(fteX:|fu®)-f®)] =€}) =0.
Thus for all k € N*, we infer € = § = 27 that will give for all k € N*, there exists
ni = no(27%) € N. Then for all n € N, n = ny implies that u({t € X : | f(t) = f ()| =
27k} <27k,

We will choose the ny as an increasing sequence so that n; <np < -+ - < ng41. We
infer

Ex={teX:|fo,®)-f()|=27F}. (2.18)

Itis clear that p(Ex) < 2% Take E = N5~ (Ur=3Ex)-
So

u(UE) = @reon(Ee) < @202 7% = g7 ( D g(Zk)) <271 _2.270  (2.19)
k=0 k>0

But for all 8 € N; E € Ugs5 Ex, 50 p(E) < pu(Ugs3 Ex) < 2.279 implies that u(E) = 0.

If t € E if and only if t & (351 (Uxs3 Ex) if and only if for all 0 € N, t & Uy Ex if and
only if for all 0 € N, for all k € N, k > 0 implies that t ¢ Ey if and only if for all 0 € N,
for all k € N, k = 0 implies that | fy, (t) - f(£)| < 27k,

When k — oo then | fy, (£) — f(t)| — 0 that is to say limg_ f, (£) = f(£). Thus fy,
converges outside the set E. In other words f,, — fu a.e. O

PROPOSITION 2.13. Let u be a o-®-decomposable measure and f an extended real-
valued measurable function pseudo-integrable such that for all A € Q, [,f®u =0,
then f =0 u a.e.

PROOF. We infer that E = {t € X : f(t) + 0}. Let
Enz{tex:f(t)>%}, Fnz«{teX:f(t)<—%}. (2.20)
It is clear that

E=O({teX:f(t)>%}u{teX:f(t)<—%}). (2.21)
n=1

But we know that f is measurable then for all n € N*, E,, € Q, F,, € Q.
By using the hypothesis of the proposition we obtain

Ozjf@)uzj f®uzj 1@,120
Q En Ex N

1
—u=<0
— 7L Hu

([ (2 =
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1
= J g(*>dy <g(0)=0
En n

a5 )yiE) =0

= y(Ey) =0 VneN*

(2.22)

Orgou=ysoforalneN,gou(E, =y(E,) = 0 implies that u(E,) = 0 for all

n € N*. We also have

Vn>1, 0= f®usj —l®u
Fn Fn N

[ Loy
F, N
_ 1
=o7(], o5 )av) <0
= y(F,) =0.
Thus for all n > 1, u(F,) = 0.
But
© 1 1 ©
EZH({tGX:f(t) > E}u{teX:f(t) < _ED :”L:JI(EnUFn).
Then
u(E) =u(U (EnUFn))
n=1
:H[(EluFl)U(Ezqu)U...]
=u(Er) op(F) e p(E)opu(F)@---=0.

That means f =0 u a.e.

3. Fuzzy measurable function

(2.23)

(2.24)

(2.25)

THEOREM 3.1. Let (X,Q,u) be a finite pseudo-measure space, the following hold for

any f,h,k € L' (u)
(1) (f/(1+1f1)) is pseudo-integrable.
(2) If we infer o (f,h) = [x(If —h|/(1+|f —h]))®u
@ o(f,h)=0ifandonlyif f=h u a.e.,
(b) o(f,h)=0o(h,f),
(c) o(f,k)<o(f,h)yeo(hk).

PROOF. (1) We have

1 Lf]
vfelL (u), 0< T 1/]

Lf1 J
@Osj eu<| 1@
x 1+1fI H X H

Lf
@OSJX1+|f|®u<u(X)<oo.

<1

(3.1
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Thus |f|/(1+|f]) is pseudo-integrable so f/(1+|f|) is also pseudo-integrable.
(2) @ o(f,h)=0if and only if f = h u a.e.
(=) Suppose that o (f,h) =0 then [y (|f —h|/(1+|f—h|)) ® u = 0. We infer that

E={teX:|ft)-h(t)| >0}, En={teX: | f(t)—h(t)] >%} (3.2)

It is clear that E={J,,_; E,. In fact if t € E then the absolute value of | f(t) —h(t)| > 0
that imply there exists 1y € N* such that

|f(t)-h(t)] > nio :tegl{tex: |f(t)—h(t)| > %} :Ecn!lEn. (3.3)

Conversely, if t € U;,_1{t € X : |f(t) —h(t)| > 1/n}, then there exists n; € N* such
that absolute value | f(t) —h(t)| > 1/n; imply absolute value of | f(t) —h(t)| > 0 that
means t € E.Sot € Ju»1 En CE.

We infer ,
. +_) + .
@:R RT, t ) (3.4)
we obtain @’ (t) = 1/(1+¢)? thus @ is increasing. Let t € E,, then
fO-h®] _ tn _ 1 3.5)
1+|f)-h@®)|  1+1/n n+1
By using the hypothesis o (h, f) = 0 we obtain
_ lLf =hl ILf—hl J 1
O_L1+|fm\®“Z o T4 fon CHE ], e K0
(3.6)
@Ozﬁ(&u(ﬂl) Vn e N thatis tosay u(Ey) =0 VneN.
Since u(E) = u(Un_1En) = ®%_U(Ey) = u(Ey) ® u(Ex) ® - - - = 0, then p(E) = 0 that is
tosay f=h u a.e.
(«) By hypothesis f = h u a.e. Then u(E) = 0.
Thus
|f —hi ‘J |f ~hl ~
L1+|f—h|®“‘ pT+lf—n BH=0 3.7)
(b) o (f,h) = o(h,f) is obvious.
(¢)Forall f,h,ke L (u)we |f—h|<|f-kl+|k-h|.
So
lf-hl _ _If-kl+Ik—h]|
1+[f=h|l = 1+|f-kl+|k-h|
_ f —k| . k—hi 3.8)

1+|f-kl+lk—h| 1+|f—k|+|k-h|
i N |k —h|
T 1+|f—kl 1+lk—h|
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And we obtain by using the properties of pseudo-additive integral in [4]

f—h f=kl  |k—h]
JX1+|f—h| ®“SJX[1+|f—k| i 1+|k—h|}®“

Ukl k—h| (3.9
- JX T+1f K] ®“®JX T+ k= CH = o h)

<o(f,k)eo(k,h). O

REMARK 3.2. Theorem 3.1 implies that the space (S(u),o(-,-)) of fuzzy measur-
able function is a pseudo-metric space.

4. Application of this extension. Let (X,Q,u) be a pseudo-measure space and Y
be a Banach space on (—o0, ).

DEFINITION 4.1. A vector-valued function f : X — Y will be called pseudo-Pettis
weakly integrable if x* f is pseudo-integrable for each x* € Y* (dual of Y). Moreover,
if for every A € Q) there exists x4 € Y such that

x*(xy4) = Lx*(f)@u Vx*eY*, (4.1)

then f is called pseudo-Pettis integrable and x 4 is said to be the pseudo-Pettis integral
of f over A, denoted by

x4 = (P) Lf®u 4.2)

and we have x*((P) [, fou) = [, x*(f) ® u and then

[ xprou=[ i ou-| i en 4.3)
A A A

The pseudo-Pettis integral built above is well defined because f is a vector-valued
function defined on X and the numerical function x* f is pseudo-integrable according
to Definition 2.9.

REMARK 4.2. If Y = (—o0, o) then the pseudo-Pettis integral and pseudo integral
are the same.

CONCLUSION. The extension of the concept of fuzzy integral based on pseudo-
additive integral is very important, it will allow us to introduce Pettis integral and
Bochner integral in the theory of fuzzy integral. Those concepts will be deeply studied
in a subsequent paper.
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