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Abstract

A probability theory on IFS-events has been constructed in [3], and ax-
iomatically characterized in [4]. Here using a general system of axioms it
is shown that any probability on IFS-events can be decomposed onto two
probabilities on a Lukasiewicz tribe, hence some known results from [5], [6]
can be used also for IFS-sets. As an application of the approach a variant of
Central limit theorem is presented.
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1 Introduction

An IFS-set A on a space  as a couple (p4,v4) is understood, pa : Q — (0,1),
va: 2 — (0,1) such that pa(w) + va(w) <1 for any w € Q (see[1]). The function
14 is called the membership function, the function v 4 is called the non membership
function. An IFS-set A = (ua,va) is called IFS-event if pa,v4 are S-measurable
with respect to a given o-algebra of subsets of 2.

In [3] P. Grzegorzewski and E. Mrowka considered a classical probability space
(©,S,P) and they suggested to define a probability measure on the set G of all IFS
events as an interval valued function P by the following way. Probability P(A) of
an event A = (pa,v4) is the interval

P(A) = [fynadP,1 — [vadP). (*)

If vg4 = 1—p4, then the interval is the singleton fQ 14 dP, hence the Grzegorzewski
and Mrowka definition is an extension of the Zadeh definition. The probability P
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is the function P : G — J, where J is the family of all compact subintervals of the
unit interval I = [0, 1]. In [3] many properties of the mapping P were discovered.
Then in [4] it was proved that any function P : G — J satisfying some properties
(as continuity, some kind of additivity etc.) has the form (x).

Special attention should by devoted to the notion of additivity of P. Namely
in fuzzy sets theory there are many possibilities how the define the intersection
and the union of fuzzy sets. Recall that the representation theorem works with the
Lukasiewicz connectives @, ®, hence the additivity has the form

A®B=(0,1) = P(A® B) = P(A) + P(B)

In the paper we shall use a more general situation. Instead of the set of all
measurable functions with values in (0, 1) we shall consider any Lukasiewicz tribe
7. Instead of IFS-events we consider the family F of all couples (f, g) of elements of
T such that f+ ¢ < 1. Then we define axiomatically the notion of a probability as
a function from F to the family J of all compact subintervals of the unit interval.
Moreover, we define the notion of an observable, that is an analogue of the notion
of a random variable in the Kolmogorov theory. This notion is introduced here
for the first time with regard to IFS-events. The main result of the paper are
the representation theorems representing probabilities and observables in F by the
corresponding notions in 7. Consequently it is possible to transpone some known
theorems from the probability theory on tribes to the more general case of IFS-
events. As an illustration of the developed method the central limit theorem is
presented.

In Section 2 we give the definitions of basic notions and some examples. Section
3 contains the representation theorems. In Section 4 and Section 5 a version of the
central limit theorems is presented.

2 Probabilities and observables

Recall that a tribe is a non-empty family 7 of functions f : Q@ — (0,1) satisfying
the following conditions:

() feT=1-feT;
(i) f,geT = f®g=min(f+9,1) € T;
(i) freT (n=1,2,.),fu / f= feT.

Of course, a tribe is a special case of a 0-MV-algebra.

In the preceding definition (instead of max(a, b)) we have used the first Lukasie-
wicz operation @: (0,1) x (0,1) — (0,1), a ® b = min(a + b, 1). The second binary
operation © is defined by the equality a ® b = max(a + b — 1,0). It is easy to see
that x4 ® xB = X4uB, XA © XB = XanB- Recall [5,6] that probability (= a state)
on a Lukasiewicz tribe 7 is any mapping p : 7 — (0, 1) satisfying the following
conditions:

(i) p(la) =1;
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(ii) if f © g = 0q, then p(f @ g) = p(f) + p(9);
(iii) if f,, /" f, then p(fn) / p(f).

Ezample 1. Let S be a o-algebra of subsets of a set Q, P : § — (0,1) be a
probability measure. x4 be the characteristic function of a set A € §. Put 7 =
{xa; A € S}, p(xa) = P(A). Then 7 is a tribe and p is a probability on 7.

Ezample 2. Again let (£2,S,P) be a probability space, 7 be the set of all S-
measurable function f : Q — (0,1), p(f) = [, fdP. Then T is a tribe and p is a
probability on 7 defined by Zadeh [7].

During the whole text we fix the tribe 7 and the generated family F.
Definition 1. By an IFS-event we understand any element of the family
F ={(pa,va)ipa,va € T,pa+va <1}

To define the notion of probability on IFS-events we need to introduce opera-
tions on F. Let A = (na,va), B= (up,vp). Then we define

A® B = (ua ® pp,va O vp),
AOB = (ua © pup,va © VB).

If A, = (ua,,va,), then we write
Apn /A<= pa, / pa, va, \va.
Ifva=1—pas, vg=1— up, then
A®B = (pa®pp,(1—pa) O —pp)) = (pa®pp,1 - pa® pp),
and similarly A©® B = (ua © pp,1 — pa © pp).
A probability P on F is a mapping from F to the family 7 of all closed intervals

(a, by such that 0 < a < b < 1. Here we define

{a,b) + {(c,d) = (a + ¢, b+ d),
(an,bpn) /" {a,b) <= a, /a, b, /0.

Definition 2. By an IFS-probability on F we understand any function P : ¥ — J
satisfying the following properties :

(i) P((1g,0q)) = (1,1) = {1}; P((0q, 1a)) = (0,0) = {0};
(ii) P(A@B)+P(A® B)=P(A)+ P(B) for any A, B € F;
(iii) if A, / A, then P(A,) / P(A).

P is called separating, if P((f.9)) = (p(f), L — q(g)) for some p,q: T — (0, 1),
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Ezample 3. ([3]). Let (2, S, P) be a probability space T = {f; f : Q2 — (0,1), f is
S measurable}, and for A € F, A = (ua,v4), put

P(A):</§luAdP, l—/QI/AdP>.

Then P is probability with respect to Definition 2. Indeed,

P(19,09)</Q1de, 1/Qogdp><1,1>,
P(og,19):</ﬂogdp, 1_/91de>=<0,0>.

The property (iii) has been proved in [3], we shall prove (ii). We have

P(A® B) + P(A® B) =
=P((a ® pp,va©vp))+Plpa ©® pup,va ® vp)

:</(,uA@uB)dP,l—/(VAGVB)dP>
+</(NA@MB)dP,l_/(VA@VB)dP>

=</(uAeauB+uA@uB)dP,2—/(VA@uB+uA@VB)dP>

_<//LAdP+/[LBdP,1—/VAdP+1—/VBdP>

= P(A) + P(B).

Moreover, in [4] it has been proved that under two additional conditions any
IFS-probability P on the family F generated by a o-algebra S, has the above form.

More generally, if p,q : T — (0,1), p < ¢ are probabilities, then P : F —
J defined by P((f,9)) = (f),1 — q(g)), is a probability. In the special case
P((fv 1- f)) = <p(f)a Q(f)>

The second important notion in the probability theory is the notion of a random
variable. According to the terminology used in quantum structures we shall speak
about observables instead of random variables. Recall that an observable with
values in 7 is a mapping x : B(R) — 7 (B(R) being the o-algebra of Borel subsets
of R) satisfying the following properties:

() z(R) = 1a;
(ii) if AN B =0, then z(A) ® x(B) = 0q, and 2(A U B) = 2(A) + z(B);
(iii) if A, " A then z(A4,) " z(A).

Definition 3. A mapping = : B(R) — F is called an IFS-observable, if it satisfies
the following conditions:
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(1) z(R) = (1a,00);
(ii) if AN B =0, then 2(A) ® z(B) = (0q, 1a), and (AU B) = z(4) & z(B);

(iii) if A, " A, then z(A,) / xz(A).

3 Representation theorems

Theorem 1. P : F — J is a separating IFS-probability if and only if p,q: T —
(0,1) are probabilities.

Proof. Let A= (f1, f2), B=(g1,92) € F. Then

ADB=(fiDg1,f2©92),
AOB=(fi1®g1,f2® g2),
P(A® B) = (p(f1 ®g1),1—q(f2 ® g2)),
P(A®B) = (p(f1 ©g1),1 —q(f2 @ g2)),
P(A®B)+P(A0B) = (p(fi®g)+p(fi ©91),2 —q(f2 © g2) — q(f2 ® g92)),
P(A) +P(B) = (p(f1,1 - q(g1)) + (p(g1), 1 — q(g2))
= (p(f1) +p(91),2 — a(g1) — alg2)),

hence

p(fi®g1) +p(fr ©91) = p(f1) +p(91),
q(f2 © g2) +q(f2 @ g2) = q(f2) + q(g2),

for all f1, f2,91,92 € T.
By these two equalities the additivity of p and ¢ follows. If T = (1¢,0q), then

(p(Lla), 1 —q(0a)) = P(I) = {1},

hence p(1g) = 1.
On the other hand, if O = (0q, 1), then

<p(OQ)a 1- q(lﬂ» = P(O) = {0},

hence 1 — ¢(1q) =0, q(1q) = 1.
Now we prove the continuity of p and ¢. First let f,, € 7, (n = 1,2,...),
fo / f. Put By = (fn,1— fn). Then F,, € F, F,, /" F = (f,1— f). Therefore

(p(fn), 1 =a(fn)) = P(Fn) /" P(F) = (p(f):1—a(f)),

hence p(fn) /p(f)v 1- Q(fn) \ 1- Q(f)v Q(fn) / Q(f) O

Theorem 2. Let = : B(R) — F. For any A € B(R) denote x(A) = (2°(A)
1 —a*(A)). Then x is IFS-observable if and only if «° : B(R) — T, 2% : B(R) — T
are observables.
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Proof. Since
(10,00) = =(R) = (z(R), 1 — *(R)),

we obtain
2*(R) = 1g,z*(R) = 1q.

Let AN B = (). Then

(OQ, 1Q> .’L‘(A) ® x(B)
2°(A),1 —2%(A)) ® (2"(B),1 — 2*(B))

(=" (
(a”(4) ©2”(B), (1 - 2*(4)) © (1 - 2*(B))),

hence 0g = 2°(A) ® 2°(B). Further

lo=0—-z*A)® 1 —2¢B)) = (1-2%(A) +1—2*B)) A1,

hence
1—2*A)+1—-2%B) > 1,
1> 2*(A) + 2%(B)
2#(A) © 2%(B) = («*(A) + 2*(B) = 1) V0 =0
Moreover,
(£’ (AUB),1—z*(AUB)) =
= 2(AUB) = z(A) ® z(B)
= (2"(A),1 - 2*(4)) @ («"(B),1 - 2*(B))
= (2"(A) @ 2°(B), (1 — 2*(A)) © (1 — 2*(B)))
= (z"(A) + 2°(B),(1 — 2*(A) + 1 —z*(B) = 1) v 0)
= (2°(A) + 2°(B), 1 — («*(A) + 2*(B))).
Therefore
2”(AUB) = 2°(A) + 2°(B),
2* (AU B) = 2*(A) + 2*(B).

Finally, let A,, /* A. Then
(2" (An), 1 = 2% (4,)) = 2(4,) /" 2(A) = (2" (A), 1 - 2*(A)),
hence

2 (Ay) /2’ (A), 1—2(A,) N 1—2%(A), i e z(A,) /2% (A). O
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It is easy to see that the mappings
pp =poa’: B(R) — (0,1), qu:=qoz*: B(R)— (0,1)

are probability measures. Therefore we define

E@h=ﬁ;@mm E@W=£x@ﬂﬂ

if these integrals exist. In this case we say that x is integrable. Further we define
72@) = [ (6= B dps (0,0°) = [ (0~ Bah)? daa(t)
R R

if these integral exists. In this case we say that = belongs to L2.

Theorem 3. Let P : F — J be a separating IFS-probability given by P((f,q)) =
(p(f),1 —q(9)), = : B(R) — F be an IFS-observable given by z(A) = (2"(A),
1 —2%(A)). Then Pox:B(R) — J is given by

P oa(A) = (p(2’(A)), q(z*(A))).
Proof. Evidently

4 Independence

Definition 4. An n-dimensional IFS-observable is a mapping h : B(R") — F
satisfying the following conditions:

(i) h(R") = (1q,00);
(i) if AN B = 0, then h(A) ® h(B) = (0q, 10), and h(AU B) = h(A) + h(B);
(iii) if A, / A, then h(A, / h(A).

Recall that observables (z1,...,2,) : B(R) — T are called independent if there
exists n-dimensional observable h : B(R"™) — 7 such that

p(h(Ay X Ay x -+ x Ap)) = p(x1(A1)) - p(22(A2)) - - - plan(An)))
for any (Ay,...,A,) € B(R).

Definition 5. IFS-observables x1, ..., x, : B(R) — F are called independent with
respect to an IFS-probability P, if there exists n-dimensional observable h : B(R) —
F such that

P(h(A; x Ag x ---x Ay)) =P(z1(A1)) @ P(22(A42)) @ - - @ (P(zn(4n))
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for any (Ay, As,..., A,) € B(R). Here
(a1,b1) ® {a2,b2) ® -+ ® (an, byp) = {a1ag . ..an,b1ba ... by)
for any (a;,b;) € J(i =1,2,...,n).
Theorem 4. Let P : F — J be a separating probability. Then IFS-observables

x1,ZTa,..., &, € B(R) — F are independent if and only if the corresponding observ-
ables 25,25, ..., 2% : B(R) — T are independent as well as x%, zg, .o, 2b B(R) —
7.
Proof. Let Ay, Ay, ..., A, € B(R). Then by Theorem 3
(p(h*(Ay x -+ x Ay)), ( HALx - X An))) =
=P(h(A4; x - Ap)) =Pz ( )) R P(x2(A2)) @ - @ P(xn(An))
=<p(x?(z41)7 (961(141))> ® (p (mEL(An))7Q(sz(An))>
=(p(x](A1)) - play(As) - - p(mi(An)% g(2} (A1) - q(@h(A2)) -+ - q(ah (4n)))
hence
PR (A1 % -+ x Ap)) = p(af (A1) - p(a3(A2)) - - - (), (An)),
g(hF (A x - x A)) = g (A1) - a5 (A2)) - - a(ah(An)) O

5 Central limit theorem

A sequence (x,)52, of IFS-observables is called independent, if (21,22, ...,x,) are
independent for any n. They are equally distributed if

2 ((—00,1)) = z1((—00,1))

for any n € N and t € R.
If k: R* — R is any Borel function and 2%, ..., 2" : B(R) — T are observable,
and h” their joint observable we define k(x},...,2°) by the formula

k(2% ..., 2°)(A) =k’ (k~1(A))
for any A € B(R). E.g.

Vi (L= o) Br) —
p (nzl 1).3(3) T

i=1

is defined by the formula

/8 (isz . ) (4) = W (7 (4)).

where
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Theorem 5. Let P : F — J be a separating probability. Let (x,)$° be a sequence of
independent equally distributed IFS-observables from L?, E(x3) = a1, E(x’i) = ay,

o*(@h) =012, o2 (a}) =0yl = LAY 2 — ), yh = LA T ol - aw),
Yn = (v2,1 —yk). Then

n

Jm Plun-oe,0) = { = [ e au]

for every t € R.

Proof. By Theorem 4 (2°)$°, (2£)$° are independent and evidently equally dis-
tributed. Let h”, be the joint observable of 7, ... z

» P

1
kn(hla...7hn):f(nzui_ad)y y?z:hizok'rjl
=1

Then by [5], Theorem 3.12

Jim p(((-o0.0)) = = [ ; exp (‘;‘) du.

Similarly
. 1 t —u?
lim q(y}((—o00,1))) = \/TTT/ exp (2> du. O

6 Conclusions

The paper is concerned in the probability theory on IFS-events. The main result of
the paper is an original method of achieving new results of the probability theory
on IFS-events by the corresponding results holding for fuzzy events. The method
can be developed in two directions. First instead of a tribe of fuzzy sets one could
try to consider any MV-algebra. Secondly, instead of independency of observables a
kind of compatibility could be introduced and then conditional probabilities could
be considered.
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