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STOCHASTIC FUZZY DIFFERENTIAL EQUATIONS
WITH AN APPLICATION

MAREK T. MALINOWSKI AND MARIUSZ MICHTA

In this paper we present the existence and uniqueness of solutions to the stochastic fuzzy
differential equations driven by Brownian motion. The continuous dependence on initial
condition and stability properties are also established. As an example of application we
use some stochastic fuzzy differential equation in a model of population dynamics.

Keywords: fuzzy random variable, fuzzy stochastic process, fuzzy stochastic Lebesgue—
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1. INTRODUCTION

The theory of fuzzy differential equations has focused much attention in the last
decades since it provides good models for dynamical systems under uncertainty.
Kaleva (in his paper [§]) started to develop this theory using the concept of H-
differentiability for fuzzy mappings introduced by Puri and Ralescu [I8]. Currently
the literature on this topic is very rich. For a significant collection of the results
on fuzzy differential equations and further references we refer the reader to the
monographs of Lakshmikantham and Mohapatra [I1], Diamond and Kloeden [3].

Recently some results have been published concerning random fuzzy differential
equations (see Fei [], Feng [4], Malinowski [I3]). The random approach can be
adequate in modeling of the dynamics of real phenomena which are subjected to
two kinds of uncertainty: randomness and fuzziness, simultaneously. Here a crucial
role play fuzzy random variables and fuzzy stochastic processes. In literature one
can find various definitions of fuzzy random variables as well as the results which
establish the relations between different concepts of measurability for fuzzy random
elements (see e.g. Colubi et al. [2]).

In [I3] there were investigated the random fuzzy differential equations which, in
their integral form, contain random fuzzy Lebesgue—Aumann integral. The results
such as existence, uniqueness of the solutions to these equations were shown. Also
some applications of random fuzzy differential equations in the real-world phenom-
ena were presented. The extension of these studies and the next step in model-
ing of dynamical systems under two types of uncertainties should be the theory of
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stochastic fuzzy differential equations in which the stochastic fuzzy diffusion term
(stochastic fuzzy It6 integral) appears. The crisp stochastic differential equations
with stochastic perturbation terms are successfully used in a great number of mathe-
matical description of real phenomena in control theory, physics, economics, biology
(see e.g. Oksendal [T6], Protter [I7] and references therein). The models involv-
ing stochastic fuzzy differential equations could be promising in the framework of
phenomena where the quantities have imprecise values.

As far as we know there are two papers concerning this new area, i.e. Kim [J]
and Ogura [I5]. However the approaches presented there are different. In [0] all the
considerations are made in the setup of fuzzy sets space of a real line, and the main
result on the existence and uniquenes of the solution is obtained under very par-
ticular conditions imposed on the structure of integrated fuzzy stochastic processes
such that a maximal inequality for fuzzy stochastic It6 integrals holds. Unfortu-
nately the paper [9] contains gaps. Moreover, in view of Zhang [Z1] we find out
that the intersection property (a crucial one to apply the Representation Theorem of
Negoita—Ralescu [I4]) of a set-valued Itd integral may not hold true in general. Thus
a definition of fuzzy stochastic It6 integral, which is used in [9], seems to be incorrect.
Hence, unfortunately, most of results in [9] seem to be questionable. On the other
hand, in [I5] a proposed approach does not contain any notion of fuzzy stochastic
1t6 integral. The method presented there is based on selections sets. Therefore, in
this paper, we propose a new approach to the notion of fuzzy stochastic It6 integral
and consequently a new approach to stochastic fuzzy differential equations. We give
a result of existence and uniqueness of the solution to stochastic fuzzy differential
equation where the diffusion term (appropriate fuzzy stochastic It6 integral) is of
some special form, i.e. it is the embedding of real d-dimensional It6 integral into
fuzzy numbers space. We impose only standard requirements on the equation co-
efficients, i.e. the Lipschitz condition and a linear growth condition. The existence
theorem is obtained in the framework of a space of L2-integrably bounded fuzzy
random variables which is complete with respect to the considered metric. Further
we examine a boundedness of the solution, a continuous dependence on the initial
conditions and a stability of solutions.

The paper is organized as follows: in Section 2 we give some preliminaries on
measurable multifunctions and fuzzy random variables, which we will need later
on. In Section 3 the notions of fuzzy stochastic integrals of Lebesgue—Aumann type
and It6 type are defined, also some useful properties of these integrals are stated. In
Section 4 the stochastic fuzzy differential equations are investigated, and in Section 5
we apply them to a model of population dynamics.

2. PRELIMINARIES

Let K(Rd) be the family of all nonempty, compact and convex subsets of R In
K(IR%) we consider the Hausdorff metric dyy which is defined by

dy (A, B) := inf ||a — b||,sup inf [la —b|| ¢,
H (A, B) maX{(Sng;gBHa | §‘£52A”a II}
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where ||| denotes a norm in IR?. Tt is known that K(IR?) is a complete and separable
metric space with respect to dg.

If A,B,C € K(IR"), we have dy (A+ C,B+ C) = dy (A, B) (see e.g. Laksh-
mikantham, Mohapatra [I1]).

Let (€, A, P) be a complete probability space and M (€2, A; K(IR?)) denote the
family of A-measurable multifunctions with values in IC(R‘JI)7 i.e. the mappings
F: Q — K(IR%) such that

{weQ: Fw)NC#0P}e A for every closed set C C IR”.

A multifunction F € M(Q, A; K(IR?)) is said to be LP-integrably bounded, p > 1, if
there exists h € L? (Q, A, P; IRy) such that ||| F||| < h P-a.e., where Ry := [0, 00),

I1AllF:= du (A, {0}) = sup [la]| for A€ K(R?)
ac

and LP(Q, A, P;IR,) is a space of equivalence classes (with respect to the equal-
ity P-a.e.) of A-measurable random variables h: @ — IRy such that [Eh? =
Jo PP dP < oo. Tt is known (see Hiai and Umegaki [6]) that F' € M(£, A; K(RY)) is
LP-integrably bounded if and only if |||F||| € L? (2, A, P; IR1). Let us denote

L(9, A, P K(RY) = { F € M@, A K(RY) < ||| Pl € L*(9, A, Py Ry) }

The multifunctions F,G € LP (Q,A,P;IC(]Rd)) are considered to be identical, if
F =G P-ae.

For F,G € M(Q, A; K(IR?)) there exist sequences {f,},{gn} of measurable se-
lections for F' and G, respectively, such that F(w) = cl{f,(w) : n > 1} and
G(w) = cl{gn(w) : n > 1}, where cl denotes the closure in IR?. Hence the func-
tion w — dp (F(w), G(w)) is measurable. Since dy (F,G) < |||F||| + |[|G]||, we have
dg (F,G) € L (Q, A, P;IRy) for F,G € LP(Q, A, P;K(IR%)). Therefore one can
define the distance

A (F,G) := (Ed, (F,G))"" for F,G e LP(Q, A, P;K(IRY), p> 1.

In fact A, is a metric in the set £P(Q, A, P; K(IRY)).
One can prove that:

Theorem 2.1. For p > 1 the space LP(Q, A, P; IC(IRd)) is a complete metric space
with respect to the metric Ay,

Let F(IR?) denote the fuzzy set space of IR, i.e. the set of functions u: IR? —
[0,1] such that [u]® € K(IR?) for every a € [0,1], where [u]® := {a € R*: u(a) > o'}
for a € (0,1] and [u)® := cl{a € R*: u(a) > 0}.

For u € F(IR") we define o (p*, a;u) := sup{(p*,a) : a € [u]*} and call it the
support function of the fuzzy set u at p* € R and o € [0, 1], where (-,-) inside of
the supremum denotes the inner product in IR%.
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Definition 2.2. (Puri and Ralescu [19]). Let (£2,.4, P) be a probability space. A
mapping z: Q — F(IR?) is said to be a fuzzy random variable, if [£]*: Q — K(IR?)
is an A-measurable multifunction for all « € [0, 1].

The following result is a consequence of Proposition 2.39 in chap. 2 of Hu and
Papageorgiou [{].

Proposition 2.3. Let (2,4, P) be a complete probability space. A mapping z: Q —
F(IR?) is a fuzzy random variable if and only if for every a € [0, 1] and every p* € IR?
the function Q 3 w — o (p*, o;x(w)) € IR is A-measurable.

Definition 2.4. A fuzzy random variable z:: Q — F(IR?) is said to be LP-integrably
bounded, p > 1, if [z]* € LP(Q, A, P; K(IR)) for every a € [0,1].

Let £P(Q, A, P; F(IR%)) denote the set of all the LP-integrably bounded fuzzy ran-
dom variables, where we consider z,y € LP(Q, A, P; F(IR")) as identical if P([z]* =
[y]*, Va € [0,1]) = 1.

Remark 2.5. Let z: Q — F(IR?) be a fuzzy random variable and p > 1. The
following conditions are equivalent:

(a) = € LP(Q, A, Py F(RY)),
(b) [2]° € £P(Q, A, P;K(R%)),
() Il[°lll € LP(, A, P; R).

By virtue of Proposition 5.2 in chap. 2 of Hu and Papageorgiou [{] we can write
the following assertion.

Proposition 2.6. If = € £'(Q, A, P; F(IRY)), then for every a € [0,1] and every

p* € R? it holds
a(p*,oz;/a:dP) z/o(p*,a;a:)dP,
Q Q

where [, # dP is a fuzzy integral defined levelwise in the same manner as in Kaleva [8,
i.e. the level sets of this integral are the set-valued integrals of level sets of = in the
sense of Aumann [IJ.

For z,y € LP(Q, A, P; F(IRY)) the mapping w — db([z(w)]?, [y(w)]*) is A-
measurable for every « € [0, 1]. Moreover, we have

sup Ap([2]*, [y]") < sup Ap([2]%,{0}) + sup Ap([y]*, {0})

a€l0,1] «€l0,1] a€[0,1]
< (B sw & (0n)" + (B s de o)
O’E[Ovl] 0’6[071]
< Ap(ll’, (01 + Ap(l, 0)) < o

Therefore we can define a metric in £P(Q, A, P; F(IR?)) in the following way

Op(x,y) == Zl[lopl] Ap([z]%, [y]?).
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Remark 2.7. Let z,y € LP(Q, A, P; F(IRY)), p > 1. Then §,(x,y) = 0 if and only
if P([z]* = [y]*, Ya € ]0,1]) = 1.

In a similar way as in the proof of Theorem 1 in Stojakovi¢ [20] we proceed with
a derivation of the following result.

Theorem 2.8. For p > 1 the space LP(Q, A, P; F(IR?)) is a complete metric space
with respect to the metric §,.

In the subsequent section we will apply the following properties of the metric d
which are immediate after-effects of the properties of the Hausdorf{f metric (see [{]).

Lemma 2.9. (a) If z,y, 2z € £L2(Q, A, P; F(IR)), then
02(z + 2,y + 2) = ba(,y). (1)

(b) If$1,$2,~~~,xn,y1,y2,~~~,yn € L:Q(QaAvpvj:(Rd))a then

n

(DD ) <n Y B (2)
k=1

k=1 k=1

3. FUZZY STOCHASTIC PROCESSES
AND FUZZY STOCHASTIC INTEGRALS

In this section we establish the notion of a fuzzy stochastic Lebesgue-Aumann in-
tegral as a fuzzy adapted stochastic process with values in the fuzzy set space of
d-dimensional Euclidean space. We make also a discussion on a fuzzy stochastic Itd
integral.

Let T € (0,00) and let (€2, A, {At}, ., P) be a complete, filtered probability
space with a filtration {A:},_, ,, satisfying the usual hypotheses, i.e. {A:}, 1 18
an increasing and right continuous family of sub-o-algebras of A, and Ay contains
all P-null sets.

We call z: [0,T] x Q — F(IR?) a fuzzy stochastic process, if for every t € [0, T
a mapping z(t,-) = z(t): @ — F(IR?) is a fuzzy random variable in the sense of
Definition B2 i.e. x can be thought as a family {x(t),t € [0,T]} of fuzzy random
variables. A fuzzy stochastic process z is said to be {A;}-adapted, if for every
a € [0, 1] the multifunction [2(t)]*: Q — K(IR?) is As-measurable for all ¢ € [0, T].
It is called measurable, if [2]*: [0,T] x © — K(RR?) is a B([0,T]) ® A-measurable
multifunction for all a € [0, 1], where B([0, T']) denotes the Borel o-algebra of subsets
of [0,T). If z: [0,T] x Q — F(IR?) is {A;}-adapted and measurable, then it will
be called nonanticipating. Equivalently, = is nonanticipating if and only if for every
a € [0,1] the multifunction [z]* is measurable with respect to the o-algebra N,
which is defined as follows

N :={AecB(0,T))® A: A® € A; for every t € [0,T]},

where A' = {w: (t,w) € A} for t € [0,T].
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Let p > 1 and LP([0,T] x Q,N;R?) denote the set of all nonanticipating IR%-
valued stochastic processes {h(t),t € [0,T]} such that E(fOT [[h(s)][P ds) < oo. A
fuzzy stochastic process x is called LP-integrably bounded, if there exists a real-
valued stochastic process h € LP([0,T] x Q,N; IRy ) such that ||[[z(t,w)]°||] < h(t,w)
for a.a. (t,w) € [0,T] x Q. By £P([0,T] x Q,N; F(IR)) we denote the set of nonan-
ticipating and LP-integrably bounded fuzzy stochastic processes.

Let x € £1([0,T] x Q,N; F(IR%)). For such x and a fixed t € [0, T] we can define
an integral

Lultw) = | a(s,w) ds

depending on the parameter w € ), where the fuzzy integral fg x(s,w) ds is defined
levelwise, i.e. the a-level sets of this integral are the set-valued integrals of a-level
sets of x in the sense of Aumann [I]. For the details and properties of such a
fuzzy integral we refer to Kaleva [8]. Since for every o € [0,1], every t € [0,T]
and every w € ) the Aumann integral fot [2(s,w)]* ds belongs to K(IR?) (see e.g.
Aumann [I], Kisielewicz [I0]), we have fot z(s,w)ds € F(IR?) for every t € [0,T] and
every w € Q. We will call L;(t) = Lg(t,-) the fuzzy stochastic Lebesgue-Aumann
integral. Obviously, such integral can be defined for every fuzzy stochastic process
v € L2([0,T] x N F(R), p> 1.

Proposition 3.1. Let p > 1 and x € £P([0,T] x Q,N; F(IR?)). Then the mapping
La(,): [0,T] x Q — F(IR%) is a measurable fuzzy stochastic process and L, (t) =
L.(t,-) € LP(Q, A;, P; F(IRY)) for every t € [0,T].

Proof. Let us fix a € [0,1] and p* € IR®. Accordingly to the Proposition B3 the
function [0,T] x Q 3 (t,w) — o(p*, a; z(t,w)) € IR is measurable and {A; }-adapted.
Note that for every (¢,w) € [0,T] x Q

o(p*,aza(t,w)) = sup{ (p",a):a € [z(tw)]" }

< sup{ [[p*[[ - llall : @ € [x(t,w)]* } = [[p*]| - [/l (t, )] *]]|

Hence o(p*, a; z(-,-)) belongs to LP([0,T] x Q,N; IR).

Using Fubini’s theorem we get that the mapping w — fo (p*, a; z(s,w))ds is
A¢-measurable for every ¢ € [0,T], and ¢ — fo (p*, o x(s,w)) ds is continuous for
w € Q. By Proposition 28 we have o(p ,a,fo s,w)ds) fo (p*, o; (s, w)) ds,
what allows us to claim that (t,w) — o(p*, a; fo x(s,w) ds) is a measurable and
{A;}-adapted real valued stochastic process Now by virtue of Proposition 3 we
infer that the process [0,T] x Q> (t,w) fo s,w)ds € F(IR?) is nonanticipating,
i.e. it is measurable and {A;}- adapted

Since x € LP([0,T] x Q, N; F(IR?)), there exists h € LP([0,T] x Q,N; Ry) such
that |||[z(t,w)]°||| < h(t,w) for a.a. (t,w) € [0,T] x Q. Let t € [0,7] be fixed.
Applying Jensen’s inequality we obtain

IE(/Ot h(s)ds)p < tp_lE(/Ot hp(s)ds> < 0o
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Hence fg h(s)ds € LP(Q, As, P; IRy). Further, observe that using Th.4.1. of Hiai
and Umegaki [6] we can write

e = ([ os) dds, (0})

IN

t t t
/0 dir ([2(5)]°, {0}) ds = / ()] ds < / (s) ds.
By Remark EZH the proof is completed. O

Similar reasoning yields the following properties.

Proposition 3.2. Let z,y € £'([0,T] x Q,N; F(IR?)). Then for every p > 1 and
every t € [0,T]

t
L0, L0) < 0 [ 70t 000)) s 3)
Moreover, if 2,y € LP([0,T] x Q,N; F(IR?)) with p > 1 then the right-hand side of
the inequality (@) is bounded and the mapping

[0,T] 3t Ly(t) € LP(Q, A, P; F(IRY))
is d,-continuous.

In the sequel we shall introduce a concept of a fuzzy stochastic It integral (being
a fuzzy random variable) needed in the paper.

Firstly, observe that a natural way to define fuzzy Ito6 integral could be the
following one: to define a stochastic set-valued Itd integral (being a measurable
multifunction) and then using the Representation Theorem of Negoita—Ralescu [I4]
to introduce a notion of fuzzy It6 integral. Such a method of defining of fuzzy It6
integral one can find in [0, [[2]. Unfortunately, this approach fails as we find out from
[21] that an intersection property (a crucial one to apply Representation Theorem)
of the set-valued It6 integral may not hold true in general. As a consequence, this
way of defining of fuzzy stochastic 1t6 integral seems to be incorrect. Therefore the
notion of a fuzzy stochastic It6 integral, proposed in this paper, will be of a very
particular form.

Let (-): R* — F(IR") denote an embedding of IR? into F(IR?), i.e. for r € R*

we have ;
1, if a=n,
(r)(a) = { 0, if aeR\{r}.

If 2: Q — R? is an IR%-valued random variable on a probability space (Q, A, P),
then (z): @ — F(IR?) is a fuzzy random variable. For stochastic processes we have
a similar property.

Remark 3.3. Let z: [0,7] x Q — R? be an R%valued stochastic process ({A;}-
adapted, measurable, respectively). Then (z): [0,T] x Q — F(RY) is a fuzzy
stochastic process ({A:}-adapted, measurable, respectively).
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In forthcoming section we want to consider the stochastic fuzzy differential equa-
tions with a diffusion term which is based on a notion of fuzzy stochastic It6 integral.
Let us introduce this fuzzy stochastic integral.

Let {B(t),t € [0,T]} be a one-dimensional {.A;}-Brownian motion defined on a
complete probability space (£, A, P) with a filtration {A;}:cjo,7) satisfying usual

hypotheses. For € L2([0,T] x Q,N;R?) let fOTx(s) dB(s) denote the classical
stochastic It6 integral (see e. g. [16] [I7]).

Definition 3.4. By fuzzy stochastic It6 integral we mean the fuzzy random variable

(i (s) dB(s)).

For every t € [0, T] one can consider the fuzzy stochastic It6 integral <f0t z(s)dB(s)),
which is understood in the sense:
T

</Otx(s)d3(s)> - </0 L. (s)a(s) dB(s) ),

where 1jg 4(s) = 1if s € [0,t] and 1|9 4(s) = 0 if s € (£, T].
Proposition 3.5. Let z € L*([0, T]xQ,N; R?). Then {<f(f z(s)dB(s)),t € [O,T]}

is an {A;}-adapted fuzzy stochastic process. Moreover, for every t € [0,T] we have

</Otx(s)dB(s)> € L2, AP F(RY).

Straightforward calculations and classical It6 isometry yield the next result, which
will be useful in the further section.

Proposition 3.6. Let z,y € L([0,T] x Q,N; R%). Then for every t € [0, 7]

L /O (o) aB(s)), /O ty(s)dB(5)>> _ /0 CS2 (), (ys)) ds, ()

and the mapping
t
0,7] 5t — </ v(s) AB(s)) € £2(2, A, P F(RY))
0
is do-continuous.

4. STOCHASTIC FUZZY DIFFERENTIAL EQUATIONS

Let 0 < T < oo and let (2, A, P) be a complete probability space with a filtra-
tion {A;}iejo,1) satisfying usual conditions. By {B(t),t € [0,7]} we denote a one-
dimensional {.A;}-Brownian motion defined on (€, A, {A¢}cp0,17, P)-

In this paragraph we shall consider the stochastic fuzzy differential equations
which can be written in symbolic form as:

da(t) = f(t, z(t)) dt + (g(t, (1)) dB(t)), 2(0) = zo, ()

where f: [0,T] x Q x F(R?) — F(IRY), g: [0,T] x Q@ x F(R?) — R?, and z¢: Q —
F(IRY) is a fuzzy random variable.
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Definition 4.1. By a solution to () we mean a fuzzy stochastic process z: [0, 7] x
Q — F(IR") such that

(i) z(t) € L2(Q, A;, P; F(IRY)) for every t € [0,T7,

(ii) =: [0,T] — L£L2(Q, A, P; F(IRY)) is a continuous mapping with respect to the
metric ds,

(iii) for every ¢ € [0,T] it holds
2(t) = zo +/0 F(s,2(s)) ds + </0 g(s,x(s))dB(s)> P-ae. (6)

The right-hand side of (@) is understood in the meaning described in the preceding
section, i. e. the second term is the fuzzy stochastic Lebesgue—Aumann integral, while
the third one is the IR%-valued stochastic Ito integral which is embedded into F(IR?).

Definition 4.2. A solution z: [0,7] x Q — F(IR?) to [ is unique, if for every
te[0,T)
P([z(0)]" = [y®)]*, Yae[0,1]) =1,

where y: [0,T] x Q — F(IR?) is any solution of ().

Here the concepts of solution to (@) and its uniqueness are in the weaker sense
than those proposed in Kim [d]. In our new setting it is enough to impose only the
standard conditions on the random coefficients of the equation in order to obtain
both the existence and the uniqueness of the solution. In the sequel we shall write
down the detailed conditions imposed on the coefficients of the equation (). How-
ever, first, we recall some needed facts about different measurability concepts for
fuzzy random elements. As we mentioned in the Introduction, the Definition is
one of the possible to be considered for fuzzy random variables. Generally, having
a metric p in the set F (Rd) one can consider o-algebra B, generated by the topol-
ogy induced by p. Then a fuzzy random variable can be viewed as a measurable
(in the classical sense) mapping between two measurable spaces, namely (€2,.4) and
(F(IR%),B,). Using the classical notation, we write this as: z is .A|B,-measurable.
The metrics which are the most often used in the set F(IR?) are:

doo(u,v) := azl[lopl] da ([u]®, [v]*),

1/p

)= ([ (e ) da) L 3,

and Skorohod metric

ds(u,v) := inf max{ sup |A(t) —t|, sup dH(mu(t),xv()\(t)))} ,

AeA te[0,1] te[0,1]
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where A denotes the set of strictly increasing continuous functions A: [0,1] — [0, 1]
such that A(0) = 0, A(1) = 1, and z,,z,: [0,1] — K(R?) are the cadlag repre-
sentations for the fuzzy sets u,v € F(IR?), see Colubi et al. [2] for details. The
space (F(IR),ds) is complete and non-separable, (F(IR%),d,) is separable and
non-complete, and the space (F(IR?),ds) is Polish.

The fuzzy random variables defined such as in Definition will be called Puri—
Ralescu fuzzy random variables. It is known (see [2]) that for a mapping z: Q —
F(IRY), where (2, A, P) is a given probability space, it holds:

(v1) « is the Puri-Ralescu fuzzy random variable if and only if z is A|B4,-measurable,

(v2) x is the Puri-Ralescu fuzzy random variable if and only if x is A| B4, -measurable
for all p € [1,00),

(v3) if = is A|Bg_ -measurable, then it is the Puri-Ralescu fuzzy random variable;
the opposite implication is not true.

Hence the Skorohod metric measurability condition on F(IR?) is equivalent to the
measurability of the a-level mappings and to the A|Bg, -measurability for all p > 1.

Now we are in the position to formulate the assumptions imposed on the equation
coefficients. Assume that f: [0,7] x Q x F(IR?) — F(RRY), f # 0, g: [0,T] x Q x
F(R?Y) — R satisfy:

(c1) the mapping f: ([0,7] x Q) x F(R*) — F(IR?) is N ® Bys|Bas-measurable
and g: ([0,T] x Q) x F(R*) — R* is N ® By, |B(IR*)-measurable,

(c2) there exists a constant L > 0 such that
d2 (f(ta ’LL), f(ta U)) < L52(u7 U)7

(Ellg(t,u) - g(t,v)|2) " = 62((a(t, w), (gt v))) < Lba(u,v)
for every t € [0,T], and every u,v € f(Rd),

(c3) there exists a constant C' > 0 such that for every ¢ € [0,7T], and every u €
F(RY)
02 (f(t,u),0) < C(1+02(u,0)),

(Bllg(t,w)|*)"* = 62((g(t, ), 0) < C(1+ba(u, ),
where § € F(IR?) is defined as § := (0).

One can see that for non-random u, v the right-hand sides of the inequalities ap-
pearing in (¢2), (c3) could be written as Lds (u, v) and C(1+du (u, 8)), respectively.
However, in the sequel we will work with u, v which will be random elements, so we
keep (¢2), (c3) with d2 as above.

Using the properties (v1), (v2) and observing that By, C Bg, for all p > 1, we
can rewrite the condition (c1) in its equivalent form as follows:
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(c11) the mapping f: ([0,7] x Q) x F(RY) — F(IR?) is N ® By |Ba,-measurable
for all p,q € [1,00), and g: ([0,T] x Q) x F(RY) — R® is N ® Bq, |B(IR)-
measurable,

Each subsequent condition (c¢12) or (c13) implies that (c1) holds:

(c12) — for every u € F(IR?)
the mapping f(-,-,u): [0,T]xQ — F (IR?) is the nonanticipating fuzzy stochas-
tic process, and g(-,-,u): [0,T] x Q — IR? is the nonanticipating R%valued
stochastic process,
— for every (t,w) € [0,T] x Q
the fuzzy mapping f(t,w,-): F(IRY) — F(IR?) is continuous with respect to
the metric dg, and the mapping g(t,w, 3: F(RY) — IR? is continuous as a
function from a metric space (F(IR?),ds) to (IR, || - |),

(c13) — for every u € F(IR?) the mapping f(-,-,u): [0,T] x Q — F(IRY) is the
nonanticipating fuzzy stochastic process and g(-, -, u): [0,T] x Q — R? is the
nonanticipating IR%valued stochastic process,

— for every (t,w) € [0,T] x Q

the fuzzy mapping f(t,w,-): .7-'(]Rd) — F(Rd) is continuous as a mapping
from a metric space (F(IR?), d,) to (F(RY), dg), for every p,q € [1, 00),

the mapping g(t,w,-): F(IR?) — RR? is continuous as a function from a metric
space (F(IR?),d1) to (R, || - ).

Each of the conditions (cl), (c11), (c12), (c13) guarantees the proper measura-
bility of the integrands in (@). In particular, we have:

Lemma 4.3. Let f: [0,7] x Q x F(R%) — F(R%), g: [0,T] x Q x F(R?) — R*
satisfy the condition (c1) and a nonanticipating fuzzy stochastic process z: [0, 7] x
Q — F(IR?) be given. Then the mapping fox: [0, T]xQ — F(IR?), gox: [0,T]xQ —
IR? defined by

(f 0 x)(tvw) = f(tvwvx(tvw))v (g 0 x)(tvw) = g(t,w,x(t,w))

for (t,w) € [0,T] x Q, is a nonanticipating fuzzy stochastic process and a nonantici-
pating IR%-valued stochastic process, respectively.

Now we formulate the main result of the paper.

Theorem 4.4. Let zy € L*(Q, A, P; F(IR%)) be an Ap-measurable fuzzy random
variable and let f: [0,7] x Q x F(R%) — F(IR?), g: [0,T] x Q x F(RY) — R*
satisfy (c1)—(c3). Then the equation (@) has a unique solution.

Proof. We shall prove the theorem in the setup of metric space (£2(Q2, A, P; F(IRY), d2)
which is complete due to Theorem

Let us define a sequence x,: [0,T] x Q — .7-"(17-2‘71)7 n = 0,1,... of successive
approximations as follows:

xo(t) = xo, for every t € [0,T],
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and forn=1,2,...

Tn(t) = xo + /Ot fls,xn_1(s))ds + </Ot 9(s,xn—1(9)) dB(s)> for every t € [0, T].

Note that applying (@), @), @), @) we obtain for every t € [0, T

82(x1 (1), 20(t)) = 5§</Otf(s,x0)ds+</Otg(57x0)dB(s)>,9A)

262 (/Otf(s,xo) ds,é) + 25§(</0tg(5,x0) dB(s)>,é)

< 2t/0 6§(f(s,x0),é)ds+2/0 6§(<g(s,x0)>,é)ds.

IN

Using the assumption (c3) we get
83 (z1(), 20(t)) < 22°C(T + 1)t < 2°C*(T + 1)T < oo,

where v = 1+ 62(x0, 6).
Observe further that for n = 2,3, ... one has

G (enlt)zaa(0) < 2t [ GF(F(s,20ma(5), £(5,mmals) ds

2 / 52((g(5, 2n1(5))): (95 En—2(s)))) ds.

Hence, using assumption (c2), we infer that

52 (2 (1), @n1 (1)) §2L2(T+1)/ 52 (2n1(5), 2n_s(s)) ds,
0

and therefore

2L2(T + 1)T)"
< 2[/—2027@ < 00.

(2L3(T + 1)t)"
n! n!

85 (20 (t), Tn—1(t)) < 2L72C%y

It follows that x,(t) € £2(Q, A;, P; F(IRY)) for every n and every t. Moreover, for
every n the mapping z,(-): [0,T] — £2(2, A, P; F(IR)) is continuous with respect
to the metric d-.

In the sequel we shall show that the sequence (z,,(¢))5, satisfies Cauchy condi-
tion uniformly in ¢. Notice that

n 2 LN 1/2
T

k=m+1

: #\1/2
and the series Z;O:O = is convergent for every z € IR. Hence for any ¢ > 0

there exists ng € IN such that for any n,m > ng it holds

sup O (zn(t), T (1)) <e.
t€[0,T]
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Thus (2,)52, is uniformly convergent to some fuzzy stochastic process z: [0,7T] x
Q — F(IR") which is {A;}-adapted and dp-continuous. We want to show that this
limit process is a solution to ([@). In order to do this we show that = satisfies (@l).
Indeed, for every t € [0, T] we have

52( :co—i—/ fs,x( ds—|—</t (s ,:c(s))dB(s)>)

393 (2(1), 70 (1)
393 (0.0 + [ macs( s + ([ ols,0ma(0)aB06)))
+362( n—1; )7

IN

where

Sy = /Otf(s,xnl(s))ds n </Otg(s,xn1(s))dB(s)>,

S = /Ot F(s,2(s)) ds + </0t (s, z(s)) dB(s)>.

The first term on the right-hand side of the inequality converges uniformly to zero,
whereas the second is equal to zero. So it is enough to consider the third one above.
By Lemma EZ9, Proposition B2, Proposition Bl and assumptions we have

02(Sp_1,8) < 253(/0tf(s,xn1(5))ds,/0tf(s,x(s))ds)

#253({ [ ooas(69aB@). ([ ats.r)a86))
2L2(t + 1) /Ot 83 (zn-1(s),(s)) ds

< 2L*(T+1)T sup 5§(xn_1(t),ac(t)) — 0, as n — oo.
t€[0,T7]

IA

Therefore

(52( xo—l—/ f(s,z( ds+</t (s ,x(s))dB(s)>> =0 for every t € [0,T].

Hence the existence of the solution is proved. For the uniqueness assume that
z:[0,T] x Q — F(IRY) and y: [0,T] x Q — F(IR?) are two solutions to (). Then
let us notice that

53 (alt).9(0)) < 23T+ 1) [ B (ats).9(9) .

Thus, by Gronwall’s lemma, we obtain 63 (z(t),y(t)) < 0 for every ¢ € [0,T]. This
implies that for every ¢ € [0, 7] it holds

P(lz(®)]* = [y(1)]*, Yae[0,1]) =1,
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what ends the proof. O

Now we want to indicate that some results from a classical crisp stochastic differ-
ential equations theory are a part of the approach proposed in this paper. Indeed,
let us consider a crisp stochastic differential equation

dy(t) = a(t,y(t)) dt + b(s,y(s)) dB(s), y(0) = yo, (7)

where B is a Brownian motion as earlier, yo:  — IR? is a square integrable IR%-
valued random variable which is Ag-measurable. Let the coefficients a,b: [0,T] x
Q x R — R? satisfy:

— a5 7),b(, 1) [0, T xQ — IR? are the nonanticipating, IR%-valued stochas-
tic processes, for every r € IR,

— there exists a constant L > 0 such that P-a.e. for every t € [0,T], every
d
r1, 12 € IR

max {|[a(t, r1) — a(t, r2)|, [[b(t, 1) = b(t, r2) ||} < Lllr1 — 2,

— there exists a constant C' > 0 such that P-a.e. for every (¢,r) € [0,T] x R?

max {[[a(t, 7)|, [|b(Z, 7)[[} < C(1 4 [|r]])-

It is a classical result that in such a setting there exists a solution y: [0, 7] x Q — R*
to (@), which is {A;}-adapted IR%valued square integrable stochastic process such
that for every ¢ € [0,T]

y(t)=y0+/0 a(s,y(s))ds+/0 b(s,y(s))dB(s) P-a.e.

Moreover, if y, z: [0, T]xQ — IR* are any two solutions to (@) then P(y(t) = z(t)) = 1
for every ¢ € [0,T].
Let <1Rd> denote the image of IR? by the embedding <> R — f(Rd).
Consider now equation (H), where zo = <y0>, f:00,T] x Q x <]Rd>—> F(RY) is
defined by

flt,u) = <a(t,r)>, ifte[0,7] and w= <7“>,7“ e R,
and g: [0,T] x Q x <Rd>—> IR is defined by
g(t,u) =b(t,r), ift €[0,T] and w=(r),re R®.
It is a matter of simple calculations to check that xzq, f, ¢ satisfy assumptions of

Theorem L4l Hence a unique solution x to () exists. It is clear that z = <y>, where
y is the solution to the crisp problem ().
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Example 4.5. Let us take a fuzzy random variable zg:  — F(IR) as zg = < Y0),
where yo: 2 — IR is a crisp random variable such that IE|yo|? < oc. Let f:0,7T] x
Qx (R) — F(R), g: [0,T] x Q x (IR) — IR be as follows

f(t,u) = (ar), ift€[0,T] and uw=(r),r € R,

g(t,u) =br, ift € [0,7] and u=<r>,rEB,

where a,b € IR\ {0}. Then due to Theorem EA the equation @), for f, g, ¢ as
above, has a unique solution z: [0,T] x @ — F(IR). Moreover, for this solution x
we have

z(t) = (yoexp{(a — b?/2)t + bB, }) for t € [0, T).

The next result presents the boundedness of the solution to (@l).

Theorem 4.6. Let zy € £2(Q, A, P; F(R?Y) and let f: [0,T] x Q x F(RY) —
F(RY), g: [0,T] x Q x F(RY) — IR satisfy the assumptions of Theorem B2l Then
the solution x to the equation (@) satisfies

sup 03 (w(t),0) < 3(03 (zo, 0) + 2C2T(T + 1)) ST T+,
t€[0,T

Proof. Since for every t € [0, 7]

B(e(0).0) = 3w+ [ oo ds+ [ oo, 4B6)).9)

using Lemma 0, Proposition B2 and Proposition B we can write the following
estimation for 63 (z(t), 0):

83 ((t), 0) < 363 (o, )+3T/0 53 (f(s,2(s)),0) ds+3/0 53 ((g(s,2(s))),0) ds.

By assumption (c3) we obtain
t
52 (2(t),0) < 363 (20, )+602T(T+1)+602(T+1)/ 02 (2(s),0) ds.
0

Hence, by Gronwall’s lemma, we get the assertion. O

In the sequel we want to give some estimation for the distance of the solu-
tions of the two fuzzy stochastic differential equations. In what follows let yg, zg €
L£2(Q, A, P; F(RY), fi, fa: [0, T)xQxF(IRY) — F(IRY), g1,g2: [0, T xQx F(IR") —
IR? satisfy the same assumptions as zo and f,¢ in Theorem B respectively. Let
us denote by y, z the solutions to the stochastic fuzzy differential equations written
in their symbolic form:

dy(t) = f1(t,y(t)) dt + (g1 (t,y(1)) dB(1)), (0) = yo, (8)
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dz(t) = (f1 + f2)(t, 2(t)) dt + ((g1 + g2)(t, 2(1)) dB(t)), 2(0) =20,  (9)

respectively, where (f1 + f2)(t,w,u) = fi(t,w,u) + fo(t,w,u) for every (t,w,u) €
0,7] x Q x F(R%).

Theorem 4.7. Assume that y,z: [0,7] x @ — F(IR?) are the solutions to the
problems (&), (@), respectively. Then

(i) the following inequality holds true

sup 03(y(1),2(t) < |303(y0, 20)
te[0,T]

+ 12C*T(T +1) (1 + sup 03(2(t), é))}GGLQT(TJrl)’
t€[0,T]

(i) if there exists a constant K > 0 such that for every (t,u) € [0,T] x F(IR?) it
holds

max {6 (fa(t, ). 6), (Ellga(t,w)|?) 7} < K,

then
sup 5% (y(t), z(t)) < (35%(1;0, z0) + 6T(T + 1)K2) SLPT(T+1)
t€[0,T
Proof. We shall prove (i). Notice that for every ¢ € [0,T]
5% (y(t)a Z(t)) < 35% (y07 ZO)

+67 [ (B(0 w6 o 060) + 81l 260).0) ) s
+ 6/ <6§(<91(s, y(s))>a <g1(s, Z(s))>) + 5§(<92(s, Z(s))>, é)) e,
0

Now the result follows when we use assumptions (c2), (¢3) and the Gronwall lemma.
The proof of (ii) is analogous. O

Corollary 4.8. Let the assumptions of Theorem Ed be satisfied. Suppose that
fa =06, go=0. Then

sup 02 (y(t), (1)) < 362(yo, 20)e3L T+,
te[0,T]

Hence, it follows a continuous dependence on initial conditions of solutions to the
stochastic fuzzy differential equation ().
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Finally we present a stability property of solutions to the system of stochastic
fuzzy differential equations.
Let us consider the following problems:

da(t) = f(t,2(t)) dt + (g(t, x(t)) dB(t)), 2(0) = o,
and forn=1,2,...

dzy, (t) = fn (ta Tn (t)) dt + <gn (ta In (t)) dB(t)>a In (0) = Zo,n-

Theorem 4.9. Let f,g and f,, g, satisfy the assumptions of Theorem E4 i.e. the
conditions (cl)—(c3) with the same constants L,C. Let also zg, 0, be such as
in Theorem B4 If (52(x0,n,:c0) — 0, 62(fn(t,u),f(t,u)) — 0 and F||gn(t,u) —
g(t,u)||> = 0, for every (t,u) € [0,T] x F(IR?), as n — oo, then

sup 02 (xn(t), x(t)) — 0, as n — oo.
te[0,T)

Proof. By virtue of Lemma EZd, Proposition and Proposition B0l let us note
that for every t € [0,T]

52 (ea(t),2(t)) < 35§(x0,n,x0)+3T/0 52 (fu(s,2n(s)), £ (s, 2(5))) ds

+3Asﬁ@a&%@»%@@w@»»®

IN

363 (zo,n, o) + 6T/O 85 (fa(s,2(s)), f(s,2(s))) ds
46 [ 8 ({gnls.2(5)): (g(s,2(5)))) ds
0
+ 6L*(T + 1)/ 85 (2n(s), z(s)) ds.
0

Thus by Gronwall’s lemma we infer that

52 (en(t),2lt)) < (35§(x0,n,x0)+6T/0 52(fu(s,2(5)), f (s, 2(s))) ds

+ 6/0 63 ({gn(s,2(s))), (g(s,2(5)))) ds)eeLQT(TJrl).

Hence, by the assumptions and the Lebesgue dominated convergence theorem, the
proof is completed. O
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5. APPLICATION TO A MODEL OF POPULATION DYNAMICS

Consider a population of some species, which lives on a given territory. Let z(t)
denote the number of individuals in the underlying population at the instant ¢. A
classical, crisp, deterministic model of the evolution of given population is described
by the Malthus differential equation:

2 (t) = (r—m)x(t), =(0)= zo, (10)

where 7, m are the constants which describe a reproduction coefficient and mortality
coefficient, respectively. The symbol zy denotes the initial number of individuals.
The solution z of this equation is: x(t) = zpexp{at}, where a = r — m. Assume
further that a # 0. Let us recall that with the equation () one can associate an
equivalent integral equation: x(t) = zp + a fg x(s) ds.

In the sequel we shall transform the preceding model to the case, when some
uncertainties in z(t) appear. Let us introduce an observer (who watches this pop-
ulation) to the considerations. Assume that the state of the population depends
on random factors, and that the observer can describe the state of the population
only in linguistics, i.e. he is able to say that the population is, for example, “very
small”, “small”, “not big”, “big”, “large” etc. In this way we incorporate two types
of uncertainty to the population growth model. The first kind of uncertainty locates
in Probability Theory, while the second is well suited to Fuzzy Set Theory. At this
stage we could write the model with uncertainties as:

z(t,w) = zo(w) +/0 ax(s,w)ds, (11)

where w symbolizes a random factor (a probability space (2,4, P) is considered,
w € ), o is a fuzzy random variable, the integral is now a fuzzy integral, and the
solution z is now a fuzzy stochastic process z: [0, 7]xQ — F(IR). Such problem (L)
has its differential counterpart, and exemplifies the random fuzzy integral equations
or, equivalently, random fuzzy differential equations (see [I3]).

Assume further that some individuals emigrate from their territory and the alien
individuals immigrate to the population, and this happens in very chaotic manner.
Let the aggregated immigration process be modelled by the Brownian motion B.
Now the population dynamics could be modelled by the equation involving uncer-
tainties:

t
z(t,w) = zo(w) —|—/ az(s,w)ds + (B(t,w)).
0
This equation can be rewritten as (in the sequel we do not write the argument w):
t t
2(t) = o + / az(s) ds + </ dB(s)>, (12)
0 0

or in symbolic, differential form as:

dz(t) = az(t)dt + (dB(t)), x(0) = zo. (13)
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So we arrived to the stochastic fuzzy differential equation of type (), where f: [0, T]x
QO x F(IR) — F(IR) is defined by f(t,u) = a-u, and g: [0,T] x Q@ x F(R) — R
is defined by ¢g(t,u) = 1. Such the equation coefficients satisfy conditions (c1)—
(¢3). So assuming that xzo: @ — F(IR) is a fuzzy random variable such that
xo € L2(Q, A, P; F(IR)) and g is Ag-measurable, the equation (), or equivalently
equation (), has a unique solution.

In the sequel we shall establish the explicit solution to (&) with a # 0. To this
end let us denote the a-levels (a € [0, 1]) of the solution x: [0,T] x Q — F(IR) and
a-levels of initial value zo: Q — F(IR) as

[2(1)]* = [La(t), Ua(t)] and  [20]® = [25, 1, 25 v],

respectively. Obviously, La,Uy: [0,T] x © — IR are the stochastic processes, also
x5, 2g p: S8 — IR are the random variables. If the fuzzy stochastic process z is a
solution to ([[A), then for every t € [0, T] the following property should hold

P(lz(t)]” = [zo]” + [/Ot az(s) ds} Ty K/Ot dB(s)>r, vaef0.1]) =1,

Hence we are interested in solving the following systems of crisp stochastic integral

equations:
fora >0
Lo(t) = xOL—i—afL ds—i—de
(14)
Un(t) = xOU—l—an ds—l—de :
and for a < 0
Lo(t) = xOL—l—an ds—l—de
(15)
Un(t) = xOU—i—afL ds—i—de

Applying the It6 formula to the equations in ([[d]) we obtain
t t
La(t) = e (x&L n / e dB(s)) and  Ua(t) = e (x&U + / e~ dB(s)),
0 0
which implies that the solution z: [0,7] x Q@ — F(R) to [[@&) with a > 0 is of the

form
(t) = et - (xo + </O e dB(s)>).

To find a solution to ([[H) we use the classical method of fundamental matrix which
applies to the systems of linear stochastic differential equations, and we obtain

t
La(t) = cosh(at)zg ;, + sinh(at)xg ; + e“t/ e~ dB(s)
0
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and .
Ua(t) = sinh(at)zg 1, + cosh(at)xg ; + e“t/ e"*dB(s).
0
Hence the solution z: [0, 7] xQ — F(IR) to ([[&) with a < 0 should have the a-levels

as above, i.e.

x(t) = cosh(at) - ko + sinh(at) - zg + <e“t /Ot e dB(s)>.

Since for a < 0 and t € (0,T] the expressions cosh(at),sinh(at) are of the oppo-
site sign, one cannot rewrite the above solution in the form of solution which was
established in the case a > 0.

(Received March 24, 2010)
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