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AVERAGING FOR FUZZY DIFFERENTIAL
EQUATIONS

Mustapha Lakrib, Rahma Guen and Amel Bourada

Abstract. We prove and discuss averaging results for fuzzy differential equations. Our results

generalize previous ones.

1 Introduction and preliminaries

In recent years, the fuzzy set theory introduced by Zadeh [20] has emerged as a
powerful tool for modeling of uncertainty and for processing of vague or subjective
information in mathematical models, whose main directions of development have
been diversified and applied in many varied real problems. For such mathematical
modeling, using fuzzy differential equations are necessary. For significant results
from the theory of fuzzy differential equations and their applications, among many
works we refer the interested reader, for instance, to the books [12, 16] and the
papers [1, 2, 4, 13, 17, 18, 19] and the references therein.

In the present paper, we establish averaging results for fuzzy differential equations.
As in the previous works of the first author on the justification of the method of
averaging (see [7, 8, 9, 10, 11]), the conditions we assume on the right-hand sides
of the fuzzy differential equations under which our averaging results are stated are
more general than those considered in the existing literature as in [5, 6, 15].

Let R? denotes the d-dimensional space with the euclidian norm | - |. Conv(RY)
stands for the class of all nonempty compact and convex subsets of R%. In Conv(RY)
the so-called Hausdorff metric is defined by

p(A, B) := max (sup inf |a — b|,sup inf |a — b\) , A, B¢ Conv(RY).
acAbEB beB acA
The metric space (Conv(RY), p) is complete.
Denote E? the space of functions u : R? — [0,1] that satisfy the following
conditions:
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i) w is normal, i.e., there exists z9 € R? such that u(zg) = 1;

ii) w is fuzzy convex, i.e., for any z,y € R? and A € [0, 1], one has
u(Az + (1 = N)y) > min{u(z), u(y)};

ili) w is upper semicontinuous, i.e., for any zy € R? and ¢ > 0, there exists
§ = 6(x0,€) > 0 such that u(z) < u(xg) + ¢ for all z € R? that satisfy the
condition |x — xg| < J;

iv) the closure of the set {x € R?: u(z) > 0} is compact.

The zero element in E is defined by 0(y) = 1 if y = 0 and 0(y) = 0 if y # 0.

For a € (0,1], the a-section [u]® of a mapping u € E? is defined as the set
{z € R?: u(x) > a}. The zero section of a mapping u € E is defined as the closure
of the set {x € RY: u(x) > 0}.

From i) — iv), it follows that [u]* € Conv(RY) for all a € [0, 1].

For addition and scalar multiplication, we have, for « € [0, 1],

[u+v]* = [u]® + [v]%,  [Au]* = A[u]?, u,v € B% N €R.
In the space E?, define D : E¢ x E¢ — R, by setting

D(u,v) = sup p([u]®, [v]Y), u,v € B4
a€(0,1]

where p is the Hausdorff metric. D is a metric in E¢ such that:
i) (E9, D) is complete;
ii) D(x+ 2,y + 2) = D(x,y) for all z,y,z € E%;
iii) D(kx,ky) = |k|D(x,y) for all z,y € E? and k € R.

The following definitions and theorems are given in [3, 14]. Let I be an interval
in R.

Definition 1. A function f : I — E? is called strongly measurable on I if, for all
a € [0,1], the set-valued function f, : I — Conv(RY) defined by: fo(t) = [f(t)], is
Lebesgue-measurable.

Definition 2. A function f : I — E? is called integrally bounded on I if there exists
a Lebesgue-integrable function k(t) such that |x| < k(t) for all z € fo(t).
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Definition 3. The integral of a function f : I — E over I, denoted by fl f(t)dt, is
defined as an element G € E? such that, for all o € (0,1],

@ = [
= {/qb(t)dt |1 — R% is a measurable selection for fa} .
I

Theorem 4. If a function f : I — E% is strongly measurable and integrally bounded,
then f is integrable on I.

Theorem 5. If f,g : I — E¢ are integrable on I and \ € R, then the following
assertions are true:

uzuw+mmw—szﬁ+ﬂmmm

ii) /I)\f(t)dt = )\/If(t)dt;

iii) D (/1 f(t)dt,/}g(t)dt) < /ID(f(t),g(t))dt.

Definition 6. A function f : I — E% is called continuous at a point to € I if,
for any € > 0, there exists 6 = 0(tp,e) > 0 such that D(f(t), f(to)) < € whenever
|t —to] <0, tel.

A function f : I — E? is called continuous on I if it is continuous at every point
toe 1.

Definition 7. A function f: I x E® — E? is called continuous at a point (tg,xq) €
IxE? if, for any e > 0 there exists § = §(tg, xo,€) > 0 such that D(f(t,x), f(to, z0)) <
e whenever |t — to| < § and D(x,20) <6, t € I and x € E%.

A function f: I x E* — E? is called continuous on I x E% if it is continuous at
every point (to, o) € I x E,

Definition 8. A function f : I x E* — E? is called continuous in = € E¢ uniformly
with respect to t € I if, for any xo € E? and ¢ > 0 there exists § = 6(x,€) > 0 such
that D(f(t,x), f(t,20) < & for all t € I whenever D(z,z0) < 6, v € E4.

Definition 9. A function f : I — E? is called differentiable at a point tg € I
if, for any a € [0,1], the set-valued function fo : I — Conv(RY) is Hukuhara
differentiable at the point to, its derivative is equal to Dy fo(to), and the family of
sets {Dpfalto) : a € [0,1]} defines a function f'(to) € E? (which is called a fuzzy
derivative of f(t) at the point ty).

A function f: I — E% is called differentiable on I if it is differentiable at every
point ty € 1.
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Theorem 10. Suppose that a function f : I — E? is differentiable and its fuzzy
derivative f': I — E% is integrable on I. Then, for any a,t € I, we have

£(t) = f(a) + / f(r)dr.

2 Averaging results

Consider the following initial value problem associated to a fuzzy differential equation
with a small parameter

t
z=f (,x) , z(0) = xo, (2.1)
€
where f : Ry x U — E? U an open subset of E?, zo € U and ¢ > 0 is a small

parameter.

Definition 11. A function x : I — U, where I = [0,w), 0 < w < 00, is called a
solution of problem (2.1) if it is continuous and, for all t € I, satisfies the integral
equation

2(t) = zo + /Ot f (g (r)) dr.

We associate (2.1) with the averaged initial value problem

v=rf(), ()=, (2.2)

where the function f°: U — E9 is such that, for any z € U
1 T
lim D ( / f(r,)dr, fo(x)) 0. (2.3)
T—o00 T 0

The main result of this paper establishes nearness of solutions of problems (2.1)
and (2.2) on finite time intervals, and reads as follows.

Theorem 12. Suppose that the following conditions are satisfied:

(H1) the function f:Ry x U — E? in (2.1) is continuous;

(H2) the continuity of f in x € U is uniform with respect to t € Ry ;

(H3) there exist a locally integrable function m : Ry — Ry and a constant M > 0

such that
D(f(t,x),0) <m(t), VteRy,VrelU

with .
2
/ m(t)dt < M(tQ — tl), th,tg S R+;

t1
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(H4) for all x € U, the limit (2.3) exists;

(H5) for the function f°:U — E¢ in (2.2), there exists a constant A\ > 0 such that
for continuous functions u,v : Ry = U and t € Ry,

D ( /0 " Fotu(r))dr, /0 t fO(v(T)>dT> <) /0 Dlu(r)o(r)dr.  (24)

Let xg € U. Let x. be a solution of (2.1) and let I = [0,w:), 0 < w: < o0, be
its mazximal positive interval of definition. Let y be the solution of (2.2) and let
J =10,wp), 0 < wp < 00, be its mazimal positive interval of definition. Then, for
any L >0, Le INJ, and § > 0, there exists g = eo(L,d) > 0 such that, for all
e € (0,g0], we have D(xc(t),y(t)) < o for all t € [0, L].

Notice that in condition (H5) we do not require that the function f° is Lipschitz
continuous. On the other hand, the averaging results stated in [5, 6, 15] are proved
under conditions that are stronger compared to the ones above. In particular, the
authors assume that the function f satisfies the Lipschitz condition with respect to
the second variable.

We discuss now the result of Theorem 12 when the function f is periodic or
more generally almost periodic in ¢. In those cases some of the conditions in
Theorem 12 can be removed. Indeed, if f is periodic in ¢, from continuity and
periodicity properties one can easily deduce condition (H2). Periodicity also implies
condition (H4) in an obvious way. The average of f is then given, for any = € U, by

D <113 /O "t 2y, f”(:v)) ~0, (2.5)

where P is the period. If f is almost periodic in ¢, for all z € U, the limit

lim D (; / T fo(x)> ~0 (2.6)

T—o0

exists uniformly with respect to s € R. So, condition (H4) is satisfied when s = 0.
In a number of cases encountered in applications the function f is a finite sum
of periodic functions in ¢. As in the periodic case above, condition (H2) is then
satisfied. Hence we have the following result.

Corollary 13 (Periodic and Almost periodic cases). The conclusion of Theorem 12
holds when the function f satisfies conditions (H1), (H3), (H5) and is periodic
or a sum of periodic functions in the first variable. It holds also when f satisfies
conditions (H1), (H2), (H3), (H5) and is almost periodic in the first variable.
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2.1 Technical lemmas
In what follows we will prove some results we need for the proof of Theorem 12.

Lemma 14. Let f : Ry x U — E9 be a function. Suppose that f satisfies conditions
(H2), (H3) and (H4) in Theorem 12. Then the function f°: U — R? in (2.8) is

continuous and satisfies

D(f°(z),0) < M, VzreU

where the constant M is as in condition (H4).

Proof. Continuity of f°. Let xo € U. By condition (H2), for any £ > 0 there exists
0 > 0 such that, for all z € U, D(z,z0) < ¢ implies that

D(f(r,x), f(1,20)) <&, VT € Ry. (2.7)

Now, by condition (H4), we can easily deduce that, for any n > 0 there exists
To = To(zo, z,n) > 0 such that, for all " > Tj we have

P, w0 < D (£ 1 [ stoayir)
D <; /O : Flr,2)ir, o /0 i xo))dr)

1 T
D (f@(a:o), f(T,a:o)dT>
1 [T T/O
§277+T/0 D (f(r2), f(r,00)) dr < 20 + €.

Since the value of 7 is arbitrary, in the limit we obtain that D(f°(z), f°(zo)) < &,
which finishes to prove the continuity of f° at the point xg.

Boundedness of f° by M. Let x € U. By condition (H3), we deduce that, for
any 1 > 0 there exists Ty = To(z,n) > 0 such that, for all T > T we have

D(f(x),0) <D (i(g;)T;/OT f(T,:f)dT) +D (; /OTf(T,x)dT,O>
SHT/O D (f(r,2),0)dr <y + M.

Since the value of 7 is arbitrary, in the limit we obtain the desired result. O

Lemma 15. Let f : R, x U — E? be a function. Suppose that f satisfies condition
(H4) in Theorem 12. Then, for all x € U, L >0 and o > 0, we have

Jeta/e
lim sup D (E /t ' f(r,x)dr, fo(x)> =0.

e=0¢clo,1] @ Ji/e
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Proof. Let z € U, L > 0 and o > 0. Let t € [0, L].
Case 1: t = 0. From condition (H4), it follows immediately that

ale
gigtl)D (Z/o f(r,x)dr, fo(x)> =0.

Case 2: t € (0,L]. We write

c t/etafe
/ f(r,z)dr
& Jt/e
1 t/etafe p 1 t/e p
-/ feells o |, Sl
1 t ETQ/E
= 7t/€ e (a + 1> /?/ f(r,z)dr
t 1 €
—at/—e ; f(r,z)dr
1 t/e+a/e f( )d
= T, z)dT
t/e+aje / ’
t 01 t/et+a/e p 1 t/e p
volTerar ), g [ ).

Then, we obtain
t/eta/e

sup D <6/t f(r,z)dr, fo(x)>

te(0,L) «

/etae
< s D IAt+ fﬁwMﬂPWO

g o [ i)
+— | sup / T, x)dt, f°(x
@ e, \t/et+ale )y
1 t/e
+ sup D\ — f(Ta I)dT, fo(‘r)
te(0,L)] t/e Jo
From condition (H4), we can easily deduce that
i s D (o [ i ) <o
im sup —_ T,x)dr, f°(x) | =
a—)()te(O’L] t/E+Oé/E 0
and
1 t/e
lim sup D | — f(r,z)dr, f°(z) | =0.
e=0¢e(0,1] t/e Jo (r:2) (=)
Therefore the right-hand side of (2.8) tends to zero as ¢ — 0 and the result is
proved. O
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The next corollary follows directly from Lemma 15.

Corollary 16. Suppose that the function f in (2.1) satisfies conditions (H1), (H3)
and (H/) in Theorem 12. Let xy € U. Let z. be a solution of (2.1) and let I = [0,w;),
0 < w: < 00, be its mazximal positive interval of definition. Then, for all L > 0,
Lel, and a > 0, we have

t/etae
lim sup D (5 / F(r,2-(t))dr, fo(x,s(t))) —0. (2.9)

e=04¢c0,1] @ Ji/e

Lemma 17. Suppose that the function f in (2.1) satisfies conditions (H1)-(H/)
in Theorem 12. Let z9 € U. Let x. be a solution of (2.1) and let I = [0,w.),
0 < we < 00, be its mazimal positive interval of definition. Then, for all L > 0,
L eI, we have

' to t
gg%tes[%,%]D (/0 f (E,x5(7)> dT,/O f (xE(T))dT> =0.

Proof. Let L > 0, L € [,andtp =0 <t < -~ <t, < ---<t, =L peN,
a partition of [0, L] with a = «a(e) := tp41 —tn, n = 1,...,p and lirr(l)a = 0. Let
e—

t € [tm,tms1] for any m € {0,--- ,p —1}. Then

o([s (oo [ o)
< ;OD (/t £ (L o)) dr, /t fO(xE(T))dT> (2.10)

+D (/t; f (g,x5(7)> dr, /t; fO(;cE(T))dT> .

By condition (H3) and Lemma 14 we have

o([ 1 (Zatr)ar [ saryar)
<D (/t; £ (L aa()) dr 0) +D < t; fo(ao(r))dr, 0>

< [ D(# (Zoac)) O)dr+ [ D(7(aulr)).0)dr < 20

tm

Now, for eachn =0,...,m—1and 7 € [t,, tn+1], by condition (H3) we can easily
deduce that D(x.(7),z:(tn)) < Ma so that by conditions (H2) and the continuity
of f (Lemma 15), it follows, respectively, that

D (£ (Zoae(n) ,f (Zraeltn)) < 3m = (o)
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and
D(f°(xe(7)), f2(2e(tn))) < 0n = 6nl(e),
with lim v, = lim d,, = 0.
e—0 e—0

Hence, from (2.10), it follows that

D ( / g (%,xem) . | t f"(we(T))dT>
<> ( /tt+ 7 (L aet)) dr, /t H f"(xs(tn»dr) (2.11)

m—1 tot1
+ Z /t (Y + 0n)dT + 2M .

n=0 """

For each n =0,...,m — 1, we have

b= ([ (L) an [ patnar)

tn/eta/e
=aD (6/ i f (7, 2c(ty)) dr, fo(xa(tn))>

& Jt, /e

c t/e+a/e
<a sup D </ f(r,ae(t))dr, f"(%(ﬂ)) = a0 (= o(e))

te[0,L] & Ji/e
Then
m—1 m—1 m—1
D Bu<o) a=0) (tny1—ta) =0t < oL,
n=0 n=0 n=0

where, by Corollary 16, lin% o=0.
E—r
On the other hand, we have

m—1 bt m—1 b1
Z/ (vn+6n>d7§n2/ dr =nt <L,
n=0 tn n=0 tn

where n =n(e) = max{y, + 6, :n=0,...,m — 1} and 1111(1]77 =0.
e—>
Finally, from (2.11) we obtain

sup D </0tf<;x5(7)) dT,/Oth(xa(T))dT> <(o+n)L+2Ma.  (212)

te(0,L]
As the right-hand side of (2.12) tends to zero as € — 0, the lemma is proved. O
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2.2 Proof of Theorem 12

We are now able to prove our main result (there is not much work left). We assume
that the assumptions in Theorem 12 are fulfilled.
For ¢t € [0, L] C I N J, using condition (H5), we obtain

<D (/Ot fo(y(r))dr, O/Ot fo(l‘ﬁ””‘”) (2.13)

D (/Ot P (ae(r))dr. /Ot £ (L) d7>

< )\/O D (y(1),z(1))dr + 0o

D). 0) = D [ rotrnar, [ 1Szt ar)

where

o =o(e) = S D </0tf (g,xg(f)) dr, /Ot fO(mE(T))dT> .

By Lemma 17, we have lim ¢ = 0.
e—0

Now, by Gronwall Lemma, from (2.13) we deduce that
e —1
Dly(t) (1) < o,

which implies that
lim sup D(z.(t),y(t)) = 0.
e=04¢c0,1)

The proof is complete. 0
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