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ABSTRACT. In this work, we develop an operator method for solving
first order fuzzy linear differential equations, which was introduced by T.
Allahviranloo et all in [2], it was limited to solve only fuzzy linear differ-
ential equations with crisp constant coefficients, and its main result was
formal and lacks proof. We extend this method for some equations with
variable coefficients and we give the general formula’s solution with neces-
sary proofs.
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1. INTRODUCTION

A natural way to model dynamic systems under uncertainty is to use fuzzy dif-

ferential equations (FDEs). So, the topic of FDEs has been rapidly growing in recent
years. The theory of FDEs was treated by several authors (see [9], [10], [L1] and [12]
) and others researchers (see [1], [2], [3], [4] and [5]) studied numerical algorithms
for solving this kind of equations.
In [2] Allahviranloo et al. proposed a novel method for solving fuzzy linear dif-
ferential equations which its construction based on the equivalent integral forms
of original problems under the assumption of strongly generalized differentiability.
By using the lower and upper functions of obtained integral equations, the lower
and upper functions of solutions are determined. More precisely, they studied the
following FIVPs

Y (z) = y(z) and LV @) = —y@) +o+1
y(0) =y € E y(0)=yo € FE
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using the operator J defined by

Jy(z,a) = /09«’ y(t, )dt;  Jy(z,a) = /ox y(t, a)dt.

They solved the first equation only under the condition of (1)-differentiability of the
solution y and the second problem only under the assumption of (2)-differentiability.
They used the bijectivity of the operators I — J, I + J and they claimed that

(I-=J)yt=I4J+T24+ P4+ J*+---
I+ ) t=I-J+J2 =T +J+ -

But these results which represent the basis of their algorithm, were not proved.

The aim of this paper, is to modify and develop their method using new opera-
tors denoted by J and K to solve the following first order fuzzy linear differential
equations, with variable coefficients in both cases: under (1) or (2)-differentiability

y(@)=flyl) 1Y@ =—f2)y(e)
ay(0) =yo € £ y(0) =y € E

where f is a crisp function verifying some assumptions to be determined later.
Moreover, we prove that each of the operators I —J, I+J, [ — K, I+ K are bijective
and we give the inverse operator’s formulas.

The remainder of this work is organized as follows:

Section 2 is reserved for some preliminaries. Section 3 is devoted to notations and
terminology. Then in section 4, we present our operator method to solve first order
fuzzy linear differential equations. Section 5 deals with some numerical examples.
In the last section, we present conclusion and a further research topic.

2. PRELIMINARIES

By Pk (R) we denote the family of all nonempty compact convex subsets of R and
define the addition and scalar multiplication in Pk (R) as usual. Denote

E= {u : R — [0,1] | u satisfies (i) — (iv) below}

where
(i) w is normal, i.e. Jxg € R for which u(zg) =1,
(ii) w is fuzzy convex, i.e.

u(Az + (1 = Ay)) > min(u(z),u(y)) for anyz, y € R, and A € [0,1],

(iii) w is upper semi-continuous,
(iv) suppu = {z € Rlu(z) > 0} is the support of the u, and its closure ¢l (supp
u) is compact.
For 0 < a < 1, denote
[]* ={z €eR | u(z) = a}
Then, from (i)-(iv), it follows that the a-level set [u]® € Px(R) for all 0 < o < 1.
According to Zadeh’s extension principle, we have addition and scalar multiplication

in fuzzy number space E as usual.
308



S. Melliani et al./Ann. Fuzzy Math. Inform. 9 (2015), No. 2, 307-323

Let D: E x E — [0,00) be a function which is defined by the equation
D(u,v) = sup d([u]o‘, [v]a)
0<a<1
where d is the Hausdorff metric defined in Pk (R). Then, it is easy to see that D is
a metric in F and has the following properties [13]:
(1) (E, D) is a complete metric space;
(2) D(u+ w,v+ w) = D(u,v) for all u, v, w € E;
(3) D(ku,kv) = |k| D(u,v) for all u, v € E and k € R;
(4) D(u+w,v+t) < D(u,v) + D(w,t) for all u, v, w, t € E.
We recall some measurability, integrability properties for fuzzy set-valued map-
pings (see [9]). Let T = [¢,d] C R be a compact interval.

Definition 2.1. A mapping F : T — F is strongly measurable if for all o € [0, 1]
the set-valued function F, : T — Pg(R) defined by F,(t) = [F(t)]* is Lebesgue
measurable.

A mapping F' : T — E is called integrably bounded if there exists an integrable
function k such that ||z|| < k(¢) for all z € Fy(t).

Definition 2.2. Let F': T — E, then the integral of F' over T denoted by / F(t)dt
T

d
or / F(t)dt, is defined by the equation
c

[LHW¥L&@&

{/ f@®)dt/f: T — R is a measurable selection for Fu}
T

a €]0,1].
Also, a strongly measurable and integrably bounded mapping F': T' — FE is said to

be integrable over T if / F(t)dt € E.
T

Proposition 2.3. (Aumann [0]). If F : T — E is strongly measurable and integrably
bounded, then F' is intergrable.

The following definitions and theorems are given in [9] , [2] and [7].

Proposition 2.4. Let F,G : T — E be integrable and X\ € R. Then

ﬁ%ﬁ@@+ﬂWﬁ=Lﬁ@ﬁ+AG@ﬁ,

) [ arwa=» [ P
(iii) D(F,QG) is integrable,

o (] o | om) | o

For u,v € F, if there exists w € F such that u = v + w, then w is the Hukuhara
difference of v and v denoted by u & v.
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Definition 2.5. We say that a mapping f : (a,b) — E is strongly generalized
differentiable at zp € (a, b); if there exists an element f’(zo) € E; such that
(i) for all A > 0 sufficiently small, there exist f(zo+h)O f(z0); f(xo)O f(xzo—h)
and the limits
lim f@o+h) S flxo) _ lim f(xo) © f(zo — h)
h—0+ h h—0+ h

= f/(xo)
or

(ii) for all h > 0 sufficiently small, there exist f(z)S f(zo+h); f(xo—h)E f(x0)
and the limits

lim f(x0) © f(xo + h) — im f(xo —h) © f(xo)

h—0+ (—h) h—0+ (=h)

= f'(xo)

or
(iii) for all h > 0 sufficiently small, there exist f(xo+h)© f(xo); f(zo—h)S f(z0)
and the limits
lim fl@o+h) S flxo) _ lim f(zo —h) © f(xo)
h—0*t h h—0+t (7}1)

= f'(xo)

or
(iv) for all h > 0 sufficiently small, there exist f(xo) S f(zo+h); f(zo)© f(xo—h)
and the limits

@) e St h) @) flro —h)
h—0+ (—h) - h—0*t h

= f'(20)

Here the limits are taken in the metric space (F, D) at the end points of (a,b) we
consider only one-sided derivatives.

The following theorem (see [3]) allows us to consider case (i) or (ii) of the previous
definition almost everywhere in the domain of the functions under discussion.

Theorem 2.6. Let f : (a,b) — E be strongly generalized differentiable on each
point x € (a,b) in the sense of Definition 2.3, (iii) or (iv). Then f'(x) € R for all
x € (a,b).

Another result concerned the derivation of a fuzzy constant multiplied by a crisp
function (see [8]):

Theorem 2.7. If g : (a,b) — R is differentiable on (a,b) such that g’ has at most a
finite number of roots in (a,b) and ¢ € E, then f(x) = g(x).c is strongly generalized
differentiable on (a,b) and f'(x) = ¢'(x).c, for all x € (a,b).

3. DEFINITION AND PROPERTIES OF OPERATORS J AND K

Let f : Ry — Ry be a fixed continuous nonnegative crisp function defined on

Ry.
We consider F' : Ry — R the unique primitive of f which vanishing at t = 0 i.e
F(0)=0.

It is well known that F' is nondecreasing and is nonnegative on R .
Denote C!(Ry) the (vectorial) space of all functions of C! class on Ry into R and
C}(R) its subspace defined by

Ci(Ry)={g:R; — R/gis of C* class and g(0) = 0}
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We define two operators J and K as follows
J K Cl(R+) XCI(R+) —>Cl(R+> XC (R+

J(9,1) (2) = (Jig(x) (/ F (gt /Ozf(t)h(t)dt>,
K (0.1) (2) = (ih(o), hgte)) = ( [ somcoae, /Omf(t)g(t)dt),

x

where Jig(x) = / f(t)g(t)dt denote the operator J used in [2], for all € R. For

0
short, we can write J (g(x), h(x)) instead of J (g,h) () and K (g(x), h(x)) instead
of K (g,h) ().

We recall that, if ¢ : Ry — R is a continuous function, then its primitive

and

QT / t)dt is the unique element of Ci(R) verifying ¢’ = ¢.

Lemma 3.1. (a) The linear operator I — J : C*(Ry) x CY(Ry) — R(I — J),
with
R(I —J)=Cs(Ry) x CA(Ry), is bijective and its inverse is given by

(I_J)_l( h):( h)+J(gvh)+J2(gvh)++Jn(gah)+Rn(g’h)

where I is the identity operator, J2 =Jo J, J* =Jo J" !, forn > 2 and
the remainder term R, (g, h) is defined by

Ro(g.h)(x) = ¢ ( / ") e T W, / ' f(t)(J?h)(t)e‘F“’dt> ,

for x > 0. Moreover, the sequence R, (g,h) converges to 0 uniformly with
respect to x in each compact subset [0,a] of Ry. Therefore, we have

(I=D)=T+J+ P+ P+ T =) T
(b) The linear operator I + J : C1(Ry) x CY(Ry) — R(I + J) is bijective, with
R(I+J) =C(Ry) x CHRY), and its inverse is given by

(I+J)_1(g7h) = (gvh) - J(g’h) +J2(g’h) +ee (_l)n‘]n(g’h) + (_1)n+1Rn(gah)

Moreover, the sequence Ry, (g,h) converges to 0 uniformly with respect to x
in each compact subset [0,a] of Ry.. Therefore, we have

—+o0
T+ ) =T-J+ =T =) (=)™
n=0
Proof. (a) Step 1 : It is clear that J is linear, then let (y,z) € ker(f — J) i.e
(I - J)(y,z)=(0,0). Thus
{ y(z) fo f(t)y(t)d

(z) = [y f(t)z t
311
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Since y and z are of C! class, then by derivation

So, y and z are solutions of the same Cauchy problem, which has as unique solution
y =2z =0. Then, I — J is injective.

Step 2: Let (g,h) € Ca(R4) x CA(R,), we prove that the following equation, has at
least one solution (y,2) € C*(R4) x CH(R) : (I — J)(y,2) = (g,h) ie.,

(3.1) {y(x) = [y f(O)y(t)dt + g(z)
() = [§ fF(O)z(t)dt + h(z)

y and z are of C! class, then we deduce by derivation

52) {y’(x) — fa)y(a) =g 0
=0

Using the variation of constants formula for differential equations, we get

53 Vo) = 0 [ g (erOu
. 2(x) = eF'@ [T (t)ef Ot

Conversely, we suppose that equations (3.3) hold. Since F'(t) = f(t), then
(I — J)(y(x), z(x)) has as components (p(z),1(x)) given by

(3.4) <,0(3;‘) = F(@) fox g/(t)e—F(t)dt o foz F/(t)eF(t) fo’;g/(s)e—F(s)dsdt
(@) = e [T (e Odt — [P (£)el O [y W (s)e= ) dsdt

Using integration by parts, we obtain

p(x) = [y "Dy (t)e "Dt = [7 g'(t)d (x)
() = [y eFOn e FOdt = [ h'(t)dt = h(z)

Therefore (I — J)(y(z), z(z)) = (9(x), h(x)).
Consequently, the operator (I — J) is bijective and we have

(1= ) alo) b)) = () [ g e O e [ e oar)
0 0
Step 3 : Note that (J1g)'(x) = f(x)g(z) and by induction, we have

(J79) (x) = f(z)J7 " g(z); n=Lx>0.

We denote (I — J)"1(g(z), h(z)) = (¢(z),%(x)). Since all the functions g, Jig, ...,
ng are in Cj(R4), then ¢g(0) = J1g(0) = ... = Jo'g(0) = 0.
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We conclude using successive integrations by parts that
o(x) = F'@ /0z g (t)e F®at
= g+ [Tgrwe T Oar
= gl + e [ (ngy e

= g(x)+ Jiglx) + '@ Ye F®qt

)d
) x
/0 Jig(t) f(t
) 2 \/
/0 (729

(

o [ 2 _F(t)
/0J19<t>f<t>e dt

(z) (
= g(x) + Jig(z) + " t)e g

= g(x)+ Jig(z) + Jig(x) + e

And by induction, we deduce that

(@) = g(a) + Tugla) + T2g(x) + -+ Tgla) + @ / " Ig)f (e P Odt

Similarly, we can prove that
x
V@) = eF@ / B (#)e=F Ot
0

h(zx) + Jih(z) + J?h(z) + -+ JPh(z) + eF' @) / ' JPh(t) f(t)e F®at
0

<
E
|

(I =) g, h)(x) = (g(x) + Jig(x) + -+ Jig(x), h(z) + Jih(z) + - + J{h(z))
eF(z) ¢ 1n e—F(t) , ‘ 1n E_F(t)
4 </ Trg(0)f(H)eF Wt /0 TR £(D) dt)

0
= (g, 1) (x) + J(g,h)(x) + J*(g, h)(x) + - --
+J"(g, h) () + Rn(g, h)(x)

and the remamder term R ,h) is given for z > 0 by

Let a > 0 and denote M = sup |g(t)|. Therefore
te(0,a]

| J1g(x I—‘/f dt’<M/f t)ydt = M F(z)

Similarly, we have

stote)] = | [ sinnata| < ot [ sorioi = 0"
313
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Suppose that for n > 1, we have

-1 (F(x)"~"
|J1 9(517)| < MW
Then by induction, we get
n—1 F n
g ()] = / FO)T g (t)dt <M/ £(t) 7)dt:M( (x))
-1 n!
Since the function F' is nondecreasing, then for all € [0, a]
ef'@ / J{Lg(t)f(t)eF(”dt’ < MeF(“)/ f(t)( ( )) )t
0

F(a)( (a)" —F(t)
< Mer@te /0 Ft)e W g
—  MeF (;)) [ 7F(a)}
Then
Fo) / Jig(t) )dt‘<MeF(“)(F(§'))n

The convergence of the series > % implies that % — 0 asn — 00. So
n>0

(@) (/ Jlng(t)f(t)eF(t)dt) — 0 asn — oo, uniformly with respect toz
0

in [0, a]. And analogously, we obtain
ef'@) </ JTh F(t)dt> — 0 asn — oo, uniformly with respect toz

n [0,a]. Therefore R,(g,h) converges to 0 uniformly with respect to = in each
compact subset [0, a] of Ry. Consequently

(I-DN) ' =T+J+ P+ P+ .= J"

(b) The second part of the lemma can be proved similarly. O

Analogously, we can prove the following result:

Lemma 3.2. (a) The linear operator I — K : CY(Ry) x C*(Ry) — R(I — K) is
bijective, with R(I — K) = C§(Ry) x CA(R4.), and its inverse is given by

(I_ K)_l(gah) = (gvh) +K(g7h) +K2(gah) ++Kn(g7h) +R;1(g7h)

where the remainder term R (g,h) is defined by

R, (g.h)(z) = "™ (/ FOTR) e Mat, / FO )()—F<”dt)7
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for x > 0. Moreover, the sequence R, (g,h) converges to 0 uniformly with respect to
x in each compact subset [0,a] of Ry. Therefore, we have

+oo
(I-K)'=I+K+K+K*+K*'+-.. =) K"
n=0

(b) The linear operator I + K : CY(Ry) x C1(Ry) — R(I + K) is bijective, with
R(I+ K) =C}(Ry) x C§(Ry.), and its inverse is given by

Moreover, the sequence R! (g, h) converges to 0 uniformly with respect to x in each
compact subset [0,a] of Ry. Therefore, we have

+oo
(I+EK)'=T-K+K -K*+K*'+...=> (-1)"K".

n=0
4. METHOD FOR FIRST ORDER FUZZY LINEAR DIFFERENTIAL EQUATIONS

Our aim is to present an operator method to solve the following first order fuzzy
homogeneous linear differential equations, under strongly generalized differentiabil-

1ty:
"(z) = f(x)y(x
- v (@) = f@y(@)
y(0)=yo € E
and
y'(z) = —f(2)y(x)
(P1) B
y(0) =y € E
where f: Ry — R, is a continuous nonnegative crisp function defined on R.

We need to use the operators J and K defined above.
Let F': Ry — R the unique primitive of f which vanishes at ¢t =0 i.e F(0) = 0.

4.1. Resolution of equation (P;). (a) If y(z) is (i)-strongly generalized differen-
tiable : then (P;) is equivalent to its following integral form

y(z,a) = y(0,0) + fox J)y(t, o)dt
?(Z‘, a) = y(ov a) + fom f(t)?(t7 Oé)dt

which can be written as follows
(o). 7e,0) = (30 )70, + ([ soyte.cnae,

Hence, (P;) is equivalent to
(y(@,a),7(x,a)) = (y(0,0),7(0,a)) + J (y(z,a),7(z,a))
This identity can be expressed in the following form
(I - ‘]) (g(x7 OZ), y(xa Oé)) = (g(07 O[), g(oa Oé))
Since I — J is bijective, then

(g(x’ a),@(m,a)) = (I - J)_l (y(oa O‘)a?(oaa))
315

x

S—

f(t)y(t,cwdt)

0
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Consequently (P;) is equivalent to
(y(@.0).g(z,a)) = (I + T+ T2+ T2+ +J" +..) (y(0,0),7(0,0))

In the other hand, we have

J (4(0,0),7(0,0)) = </ £(t) Oadt/ (1) Oadt>
= )y(0,0), F(2)5(0,a)) = F(x) (y(0,a),7(0, @)

Hence

2 (poa.g0.0) = ([
- (/0 F(t)y(0,a)dt, /Oﬂﬂ F/(t)F(t)y(O’Oé)dt)
(F

)
xT 2 xT 2
S (LSRR Ty

Then, by induction we can establish that for all n € N, we have
F(zx))"™ F(zx))"
7 0.0, 300,0)) = (L5 0.0, 510,

F(x))™
_( 51!)) (5(0,0),5(0,)) .

FOFE)y(0,a)d /Ofu)F(t)y(o,a)dt)
Pt

Therefore

+oo n
(4(a.0). 7z, 0)) = 3 @ (4(0.0). (0, 0)

Then finally , we deduce that
{ y(@, o) = y(0, ) exp(F(x))
Y(z, ) =Y(0,a) exp(F(z))

(b) If y(x) is (ii)-strongly generalized differentiable : then (P;) is equivalent to its
following integral form

{ Q('T7 a) = y(o’ a) + fox
y(z,a) =75(0,a) + [

which can be written as follows

(y(@, ), 7, 0)) = (4(0,), 70, ) + ( [ rwntan, [ o a)dt)
Hence, (P;) is equivalent to

(y(x,a),5(z, 0)) = (y(0,),7(0,0)) + K (y(z, ), §(z, @)

This identity can be expressed in the following form

(I - K) (y(z,a),7y(z,a)) = (y(0,2),7(0,a))
316
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Since I — K is bijective, then
(y(z,a),5(z,0)) = (I = K)~" (y(0,0),5(0,a))
Consequently (P;) is equivalent to following equation
(y(z,0),¥(z,0)) = (I + K+ K>+ K* + K*+...) (y(0,0),7(0,a))

which we can write

(y(z, @), 9(z,a)) = I+ K>+ K*+...) (y(0,0),7(0, )
+(K+K*+K°+...) (y(0,0),5(0,a))

In the other hand, we have

K (4(0,a),7(0, ) (/ £(1) Oadt/ (1) Oadt>

(F(2)5(0, @), F(2)y(0, o))

)2
= T (40,050, 0)

Then, by induction, we have

K 0.0 50.0) = T (40,00, 500.0)
and -

K4 (30,0 3(0.0)) = {0 (3(0.0),5(0,0)
Therefore

. N~ (F(@)* .
(y(:r?a)vy(x’o‘)) = Z (2%)' (g(ova)ay(ova))
n=0 :
+oo
(F(x))>
+n§ ent 1y 0.)y(0,0))

Thus

(y(z, @), 7(z, @) = cosh (F()) (y(0, @),7(0, ) + sinh (F(z)) (5(0, a), y(0, o))
Then, we deduce that
{ y(z,a) = y(0,a) cosh (F(x)) +7(0, o) sinh (F(x))
y(z,a) = 7(0,a) cosh (F(x)) + y(0, o) sinh (F(x))

So, we can resume the results above in the following proposition.
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Proposition 4.1. (a) If y(z) is (i)-strongly generalized differentiable, then the
solution of (Py) is given by

{ y(z,a) = y(0,a) exp(F(x))

Y(z,a) =7(0,a) exp(F(z))

(b) 1If y(z) is (ii)-strongly generalized differentiable, then the solution of (Py) is
given by

(0, ) sinh(F(z))

{ y(z, ) = y(0, ) cosh(F(x)) +
(0, ) sinh(F(x))

y(z, ) = (0, ) cosh(F(z)) +
Remark 4.2. We recall that the length of the solution y(z, «) is given by

\@ <

len (y(il?, Oé)) = @(1’, Oé) - y($7 a)
Assume that lim F(z) = oo and len (y(0,a)) > 0ieyo € E\R.

r—00

(1) Under (i)-strong generalized differentiability, then
len (y(z,a)) = " @ [5(0,a) = y(0, )] = e"len (y(0, @)
Therefore
len (y(z,a)) — o0 as © — oo.
So, this solution is asymptotically unstable.
(2) Under (ii)-strong generalized differentiability, then
len(y(z,0)) = e 7@ [5(0,0) = y(0,a)] = e”"Plen (y(0,))
Therefore
len (y(z,a)) — 0 as © — oo.
So, this solution is asymptotically stable.
If f is negative and lim F(x) = —oo then, the solution became asymptotically
stable in the first casé, and asymptotically unstable in the second case.
To solve (eq.1) under the conditions lim F(x) = oo (respectively lim F(x) =

—oo)and len (y(0,«)) > 0, we can choose the (ii)-differentiability (respectively (i)-
differentiability )as the appropriate kind of differentiability, because in this case the
behavior of the fuzzy solution is the same as the deterministic solution (for more
details see [2] and [8]).

4.2. Resolution of equation (P]). (a) If y(x) is (i)-strongly generalized differen-
tiable : then (P]) is equivalent to its following integral form

y(z,a) =y(0,0) — fo y(t, a)dt
Yz, ) =75(0,0) — [y f()y(t,a)dt

Hence, (Py) is equivalent to
(ﬂ(x7 Oé),@(l’, a)) = (Q(Oa O‘),y(ov a)) -K (y(% a)a y(xa a))
This identity can be written in the following form
(I +K) (y(z,a),7(z,a)) = (y(0,),7(0,a))

Therefore

(y(z, @), 5(x, ) = (I + K)~" (y(0,2),7(0, )
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Consequently (P]) is equivalent to following equation
(y(z,0),¥(z,0)) = (I - K+ K* - K*+ K* —...) (y(0,a),7(0,a))
which we can write
(y(z,0),9(z,0)) = (T + K* + K" +..) (y(0,0),5(0, )
— (K+K*+ K°+...) (y(0,0),5(0,a))

Therefore
too 2))2n too 2))2n+1

(u(o. ) = 3 T u0.00,500,00) -3 H (500,00, 400.0)
n=0 n=0

Thus

(y(z, @), 7(z, @) = cosh (F(x)) (y(0, @),7(0,a)) — sinh (F(z)) (7(0, a), y(0, @)
Then, we deduce that
{ y(z,a) = y(0,a) cosh (F(z)) — 7(0, o) sinh (F(x))
y(z,a) = (0, a) cosh (F(x)) — y(0, o) sinh (F(z))

(b) If y(x) is (ii)-strongly generalized differentiable : then (P]) is equivalent to
its following integral form

{ y(x, o) = y(0,a) — foi F()y(t, a)dt
y(ZIJ, a) = y(()? a) - f() f(t)y(t’ a)dt
which can be written as follows
(y(ff7 a)a y(xv a)) = (y(ov a)a y(O, a)) —-J (Q(x7 a)??(x’ a))

which can be expressed in the following form

(I +J) (ylz, ), 7z, @) = (y(0,a),7(0, @)
Therefore

(y(z, @), 7z, ) = (I + )" (y(0,0),5(0, )
Consequently (P/) is equivalent to

(g(x,a),@(a:,a)) —(I—J+P=14+J =) (g(O,a),y(O,a))

Therefore

+oo 2))"
(vt ). 76, 0) = S L (40,0), 50, )
n=0 ’

Then finally, we have

{ y(@, @) = y(0, o) exp(—F(x))
Y(x, ) = y(0, o) exp(—F (z))

So, we can resume the results above in the following proposition.

Proposition 4.3.
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(a) If y(zx) is (i)-strongly generalized differentiable, then the solution of (Py) is
given by
y(z, o) = y(0, ) cosh(F(x)) — (0, o) sinh(F(x))
y(z,a) = (0, a) cosh(F(x)) — y(0, a) sinh(F(x))
(b) If y(x) is (ii)-strongly generalized differentiable, then the solution of (Py) is
given by
{ y(xa Oé) = Q(Oa Oé) exp(—F(w))
y(x,a) =y(0,a) exp(—F(z))

Remark 4.4. Assume that lim F(z) = oo and len (y(0,a)) > 0ieyo € E\R.
(1) Under (i)-strong generalized differentiability, then
len (y(z,a)) = " @len (y(0, @)
Therefore
len (y(z,a)) — 0o as © — oo.
So, this solution is asymptotically unstable.
(2) Under (ii)-strong generalized differentiability, then
len (y(z,)) = e len (y(0, )
Therefore
len (y(z,a)) — 0 as ¢ — oo.

So, this solution is asymptotically stable.

If f is negative and lim F'(x) = —oo, the solution became asymptotically stable in
r—00

the first case, and asymptotically unstable in the second case.

To solve (P{) under the condition lim F(z) = oo (respectively lim F(x) = —o0)

and len (y(0,a)) > 0 , we can choose the (ii)-differentiability (respectively (i)-
differentiability )as the appropriate kind of differentiability, because in this case
the behavior of the fuzzy solution is the same as the deterministic solution (for more
details see [2] and [?]).

4.3. Inhomogeneous first order fuzzy linear differential equations.
We consider the following first order fuzzy inhomogeneous linear differential equa-
tions:

() {y’(w) — f(z)y(x) + P(a)

y(0) =y € E
and
, y'(z) = —f(2)y(z) + P(z)
) {y<o> —ypeE

where f : Ry — Ry is a continuous nonnegative crisp function defined on R, and
P is a (crisp) continuous function.

Using the variation of constants formula and the calculs above, we deduce easily the
following results.

Proposition 4.5.
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(a) If y(z) is (i)-strongly generalized differentiable, then the solution of (Ps) is
given by
y(z, a) = y(0, a)ef' @) 4 eF@) foz P(t)e F®dt
7z, o) = 7(0,a)ef @ 4 F@) Iy P(t)e F®dt
(b) If y(x) is (ii)-strongly generalized differentiable, then the solution of (Ps) is
y(z,a) = y(0,a) cosh(F(z)) + (0, &) sinh(F(z)) + eF'®) fom P(t)e F®at
y(z, a) = 7(0, ) cosh(F(z)) + y(0, o) sinh(F(x)) + X' [7 P(t)e ¥t
Proposition 4.6.
(a) If y(x) is (i)-strongly generalized differentiable, then the solution of (P}) is
given by
y(z,a) = y(0,a) cosh(F(z)) — 7(0, @) sinh(F(z)) + e F'® f P(t)e Ot
Y(z, o) = (0, a) cosh(F(x)) — y(0, ) sinh(F(z)) + e~ F@ [ P(t)eF O at
(b) If y(x) is (ii)-strongly generalized differentiable, then the solution of (P) is
y(z, a) = y(0, a)e @) 4 = F(@) foz P(t)eF®dt
Yz, ) =7(0,a)e F@ 4 e=F@) (7 P(t)el Ot

5. NUMERIC EXAMPLES

The following examples 5.1 and 5.2 were studied in [2], under one type of differ-
entiability.

Example 5.1.
Py {y%x) = y()
y(0)=w € E
Here f(x) =1, then F(z) =
(a) If y(x) is (i)-strongly generalized differentiable, then the solution of (Ps) is
{ y(z,a) = y(0,a)e”
Y(x, ) = (0, a)e”

this is the solution given in [2] for the same example, but it is asymptotically
unstable.
(b) If y(z) is (ii)-strongly generalized differentiable, then the solution of (P3) is

{ y(z,a) = y(0,a) cosh(z) + 7(0, a) sinh(z)
Y(x, o) = 7(0, ) cosh(x) + y(0, ) sinh(z)

this solution (not given in [2]) is asymptotically stable.
Example 5.2.

(P) {y’(x) =—ylz)+z+1

y(0)=yo € E

Taking P(xz) =z + 1 in (P}), we get
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(a) If y(x) is (i)-strongly generalized differentiable, then the solution of (P%) is
y(r,a) =y(0,a)e™ +x
Bz, a) = 5(0,a)e " + 2
this is the solution given in [2], which is asymptotically stable.
(b) If y(z) is (ii)-strongly generalized differentiable, then the solution of (Pj) is
y(z, ) = y(0, ) cosh(x) — 7(0, ) sinh(z) +
¥(x, o) =7(0, ) cosh(x) — y(0, ) sinh(z) + =’
this solution (not given in [2]) is asymptotically unstable.

Example 5.3. We consider the equation with variable coefficient f(z) = z™:

y'(x) = z"y(x)
e {y(o) =y €F

(a) If y(x) is (i)-strongly generalized differentiable, then the solution of (Py) is
n+1
y(x, o) = Q(Oa @) exp a;ﬁ

n+1

y(z,a) =5(0,a)exp ( 245

8

this solution is asymptotically unstable.
(b) If y(z) is (ii)-strongly generalized differentiable, then the solution of (Py) is

y(z,a) = y(0, ) cosh f::ll + 7(0, ) sinh f:—_:
7(z, ) = 7(0, ) cosh f:ll + (0, ) sinh “;:_:11

this solution is asymptotically stable.

6. CONCLUSION

Using operator method, a general form of the solution for linear first order dif-
ferential equation y' = f(z)y + P(x) is given, where f is continuous nonnegative
(respectively nonpositive) function. For future research, one can apply this method
whenever f changes sign on R.
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