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Abstract

In the present paper, we establish a multivariate fuzzy chain rule under generalized
differentiability by extending the corresponding chain rule under H-differentiability.
Based on the result, we discuss the Ulam stability problems of two types of first order
linear partial fuzzy differential equations under generalized differentiability.
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1 Introduction
In 1993, Obloza [1] first initiated the study of the Ulam stability problem of differential
equations. Subsequently, Alsina and Ger [2] investigated the Hyers-Ulam stability of the
differential equation y’ = y. Further, the stability results of the differential equation y' = Ay
in various abstract spaces have been established by Miura and Takahasi et al. [3-5]. As of
now, the stability problems of many types of linear differential equations have been sys-
tematically and extensively studied by many authors [6—14]. Especially, it is worth noting
that several types of partial differential equations have attracted much attention during
last few years [15-17].

Generally speaking, for an n-order X-valued differential equation (here X denotes a Ba-

nach space with the norm || - ||)
F(ty,5,....9") =0, tel,

where I denotes a subinterval of R, we say that it has Hyers-Ulam stability or it is stable in
the sense of Hyers-Ulam if for a given € > 0 and an # times strongly differentiable mapping
f:I— X satisfying

|E@Efofe o f )] < €

for all ¢ € I, then there exists an exact solution g : I — X of the preceding differential
equation such that [|f(¢) — g(¢)|| < K(e) for all ¢ € I, where K(¢) depends only on € and
lim._,o K(¢) = 0. More generally, if the € and K(¢) are replaced by two control functions
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¢ and @ in ¢, respectively, then we say that the differential equation mentioned above has
the Hyers-Ulam-Rassias stability or it is stable in the sense of Hyers-Ulam-Rassias.

At present, most of the studies associated with fuzzy differential equations are based on
generalized differentiability, because there are some defects in the original fuzzy differen-
tial equations defined by H-differentiability, i.e., the length of the support or the diame-
ter of the solution is increasing as the time increases. Specifically, Bede and Gal [18, 19]
proposed the concept of strongly generalized differentiability of a fuzzy number-valued
function by using unilateral derivatives, which enlarged the class of H-differentiable
fuzzy number-valued functions introduced by Puri and Ralescu [20]. To a certain ex-
tent, such improved differentiability overcomes some shortcomings in the sense of H-
differentiability. In addition, this improvement brings about many new problems, which
are never encountered in the study of classical differential equations. These problems in-
dicate that, under the generalized differentiability, fuzzy differential equations must be
considered by means of new ideas and methods which are different from classical differ-
ential equations. Very often, it is difficult to extend some important results in classical
differential equations to fuzzy environment. Therefore, it is still necessary to study some
similar problems in fuzzy differential equations. Inspired by the study of the Ulam stabil-
ity problems of classical differential equations, the author has recently studied the Ulam
stability of three types of first order linear fuzzy differential equations under generalized
differentiability [21]. To our knowledge, it is the first paper reported on the Ulam stability
of fuzzy differential equations. As a continuation of our previous work, the aim of this
paper is to discuss the Ulam stability problems of the following first order linear partial

fuzzy differential equations:

b O uy(x,y) @) Oulx,y) =a O ulxy) ®o(y) (a,b>0), 1)

ﬂ@”x(x)y)®8(x)®u(x)y) :bQMy(x»J’)@G(x) (a,b>0): (2)

where u and o are two fuzzy number-valued functions, § is a real-valued function and the

symbol ‘=" means identity of membership functions on both sides.

2 Preliminaries
Let N, R, R,, and R_ denote the set of all natural numbers, the set of all real numbers,
the set of all positive real numbers, and the set of all negative real numbers, respectively.
Denote by R r the class of fuzzy sets u : R — [0, 1] with the following properties:
(i) uisnormal, i.e., there exists xyg € R such that u(xg) = 1;
(ii) u is fuzzy convex, that is, u(Ax + (1 — A)y) > min{u(x), u(y)} for any x,y € R and
A €1[0,1];

(iii) u is upper semicontinuous;

(iv) cl{x € R:u(x) > 0} is compact, where ¢/ denotes the closure of a set.

Usually, the set R £ is called the space of fuzzy numbers. If every real number is equiva-
lently represented by its characteristic function, then it is easy to know that R C Rx. For
0 <a <1, wedenote [u]* = {x € R: u(x) > «} and [4]° = c/{x € R : u(x) > 0}. Then it fol-
lows from the conditions (i)-(iv) that the «-level set [1]* is a nonempty compact interval
forall @ € [0,1] and each u € R~.
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For u,v € Rz, A € R, the addition u# & v and scalar multiplication A ® u can be defined,

levelwise, by
[udv]*=[u]*+[v]* and [rOu]® =Ar[u]®

for all @ € [0,1].
The supremum metric between two fuzzy numbers « and v is defined by

D:Rr x Rr — R, U{0},

D(u,v) = sup dy([ul*,[v]%),
ael0,1]

where dp is the Hausdorff metric. It is well known that the metric space (R z, D) is a com-
plete metric space and the following properties for the metric D are satisfied:

(P1) D(u ® w,v®w) =D(u,v), Vu,v,w € Rx;

(P2) DA O u, A O Vv) = |A|D(u,v), VA € R, u,v € Rx;

(P3) D(u®v,w®e) <D(u,w)+D(v,e), Vu,v,w,e € Rr.

Letu,v € Rr. If there exists w € R 7 such that u = v w, then w s called the H-difference
of u and v, and it is denoted by u © v.

Throughout this paper, the symbol ‘©’ always stands for the H-difference. In general,
uv#u®d(-1)ov, (-1)Ov=-v.

The concept of strongly generalized differentiability was introduced by Bede and Gal
[19] and further studied by Chalco-Cano and Romén-Flores [22]. Here we shall extend
this concept to a bivariate fuzzy number-valued function.

Definition 2.1 Let D = (a, b) X (¢, d) be an open domain, where a, b, ¢,d € RU {£00} with
a<b,c<d,andlet F: ® — Rz be a bivariate fuzzy number-valued mapping and (xo, y0) €
®. We say that F is partially differentiable at (xo, yo) with respect to the variable x if there
exists an element Fy(xo,y0) € Rx (or % |xo,50) € RF) such that either:

(i) for all Ax > 0 sufficiently small, the H-differences F(xo + Ax, o) © F(x0,%0), F(x0,%0) ©
F(xo — Ax, yo) exist and the limits (in the metric D)

lim F(xo + Ax,50) © F(x0,50) - m F(x0,90) © F(xo — Ax,y0)

Ax—0+ Ax Ax—0+ Ax

oF
= Fx(%0,¥0) = %
% 1 (x0.90)

or
(ii) for all Ax > 0 sufficiently small, the H-differences F(xo,0) © F(xo + Ax,¥0), F(xo —
Ax,y0) © F(x0,0) exist and the limits (in the metric D)

lim E(x0,90) © F(x0 + A% y0) _ lim F(xo — Ax,0) © F(x0,y0)
Ax—0+ —Ax Ax—0+ —Ax

oF
= Fx(x0,¥0) = ™ ,
% 1 (x0.90)

where Ax and —Ax in the denominators denote Aix- and —ALx', respectively.
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Analogously, we can introduce the partial derivative of F (denoted by F,(xo,yo) or
% (xo.30)) at (x0,¥0) with respect to the variable y. In general, for any (x,y) € D, the par'tial
derivatives of F with respect to x and y can be abbreviated as F, (or %) and F, (or %),

respectively.

Remark 1 In essence, the case (i) of Definition 2.1 follows from the H-differentiability
introduced by Puri and Ralescu [20]. Then the presented definition of partial differen-
tiability can be considered as an extension of the H-differentiability of a univariate fuzzy

number-valued function.

A bivariate fuzzy number-valued function F : ® — Ry is said to be partially (i)-
differentiable (or partially (ii)-differentiable) on © if it is partially differentiable in the sense
(i) (or (ii)) of Definition 2.1.

In the following, we will recall some fundamental theorems of calculus of a univariate
fuzzy number-valued function. Obviously, these results can easily be extended to partial

derivatives of a bivariate fuzzy number-valued function.

Theorem 2.1 (Kaleva [23], Khastan et al. [24]) Let F: R, U {0} — Rx be a differentiable
fuzzy number-valued mapping and assume that the derivative F' is integrable over R, U{0}.
Foreacht e R, U{0},

(i) if F is (i)-differentiable, then

E(t) = F(0) ® / Fo)ds;
0

(ii) if F is (ii)-differentiable, then

F(t) = F0)© / t—F’(s) ds.

Theorem 2.2 (Kaleva [23]) Let F : R, U{0} — Rz be continuous. Then foranyt € R, U{0}
the integral H(t) = fot F(t)dt is (i)-differentiable and H'(t) = F(¢).

Theorem 2.3 (Khastan et al. [24]) Let F: R, U {0} — Rx be continuous. Define the inte-
gral

t
H(t)::ye/ -F(r)dr, teR,U{0},
0

where y € R is such that the preceding H-difference exists on R, U {0}. Then H(t) is (ii)-
differentiable and H'(t) = F(t).

For a bivariate fuzzy number-valued function F : ® — Rz, we say that
(i) F satisfies the condition (H1) with respect to x if for a given (x,y) € ©, the
H-differences F(x + Ax,y) © F(x,y) and F(x,y) © F(x — Ax,y) exist for sufficiently
small Ax > 0;
(ii) F satisfies the condition (H2) with respect to « if for a given (x,y) € D, the
H-differences F(x,y) © F(x + Ax,y) and F(x — Ax,y) © F(x,y) exist for sufficiently
small Ax > 0.
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Obviously, F satisfies the corresponding condition (H1) and (H2) with respect to the
second variable y can be defined in a similar way, respectively.
As a direct generalization of Theorem 2.19 in [25], we can formulate the following mul-

tivariate chain rule under generalized differentiability.

Theorem 2.4 Let x; : [a,b] x [¢,d] — xi([a,b] x [¢,d]) =1, CR,i=12,...,n,n €N, be
strictly increasing and differentiable functions with respect to each of the variables. Con-
sider U an open subset of R" such that x!_,I; C U. Consider f : U — Rr a fuzzy continuous

function. Assume that f,,: U — Rr,i=1,2,...,n, i.e., the partial (i)- or (ii)-derivative with
respect to x;, exist and are fuzzy continuous. Call z : z(s,t) := f(x1, %2, ...,%,). Then % and
0z

37 exist, and

y,*
9 9z ow;
ZoS ZEo vselab),
S
VR R P
_ZZE:_Z@ﬁ, vt € [¢,d],

Ax;
as

respect to x;, s, and t, respectively.

-, denote partial (i)- or (ii)-derivatives of z and x; with

where %,i:l,l...,n, and
1

Proof Itisadirect consequence of Theorem 2.19 in [25] whenf is partially (i)-differentiable
with respect to x;. So we just need to prove the corresponding results hold true when f is
partially (ii)-differentiable. For simplicity, we only prove the first equality, i.e., %, the sec-
ond one can be proved in a similar way. Setting s € (a, b). Let (x1,%5,...,%,) € U be fixed

and let Agx; >0,i=1,2,...,n, be small. Now, we set

a1 = f(x1, %0 + Agxo, .o, X + Asy) © (X1 + Agxr, X + As, ..o X0 + Agxy) € Ry,

g = f (o1, %0, %3 + AgX3,. .., %, + Agxy) © fx1, %0 + Agxo, ..., %, + Asxy) € Rz,

oy =f(x,%0, ..., %4) © f(x1,%0,...,%, + Asxy) € R,

equivalently, we have

S, 20 + Agxn, .oy + Asxy) = 01 + f(x1 + Agx, %0 + Agn, .o X0 + AgXy),

S, %0, %3 + Agxz, oo Xy + Agity) = o + f(x1, %0 + AgXo, .. %, + Agxy),

S, %0,.00,%0) =y + f (01,22, .0, % + Agxy).

Summing both sides of the above equalities and using the cancellation law, we get

n *

flx,20,...,%,) = Z ;i @ fxr + Agxy, 0 + Agxn, .. Xy + Agy).
i=1
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That is,

n *
Flxr,0,..,%,) ©F (%1 + Agxr, %3 + AgXo,s ooy + Agxy) = Z o;.
i=1

Since f is partially (ii)-differentiable with respect to x;, the H-differences mentioned above

o;,i=1,2,...,n, exist in Rz for small Agx; > 0. Define
Asxi = ¢i(s + As, t) — ¢i(s,t), As>0,i=1,2,...,n
That is,
Qi(s+ As, 8) =x; + Agxi,  x;:= i(s, ).
Since ¢;(s,-), i =1,2,...,n, is strictly increasing with respect to s, we know that Ax; > 0.

The continuity of ¢;(s, -) implies that Agx; — 0 as As — 0. Then, by (ii) of Theorem 2.1,

we can infer that

lim D

As—0+

(f(¢1(s, 1), Pu(s, 1) © f(Pr(s + As, t), ..., Pu(s + As, 1))
—As ’

Zﬁfz(xlx %) © (s, t))

i=1

f(xb %) ef(xl + AKXy + Agxy) 9x;(s,t)
= I D X; ey
Xl St 02

i=1

= lim D(Z -1 % Z_fxl(xly ;xn)G axla(jt))

< lim D flxr, 20 + Agxn, . Xy + Agxy) © f(x1 + Agixy, X0 + AgXos ooy %y + Agxy)
As—0+ _Asxl
X1 0x1(s, £)
S ﬂC1(xl’ rxn) © )
as
+ lim D fx1, 20,03 + Agxz, .., X + Asxy) © f (%1, %0 + AsXo,y oo s Xy + Asky)
As—0+ —Agxo
xz 0x5(s, t)
—= f;cz(xlf ’xn) © 9s ) +
+ lim D f(xl)x% .. ')xn—lrxn) ef(xl)x% e Xn-1,% t Asxn) o Asxn ,
As—0+ —Asx,, As
0x,(s, t
S (1,0, %,) © A ))
as
Ag
. —f;;” (T30 + Agxn,s oy + Ax)dT A,
= lim D © )
As—>0+ —Asx; As

Sa @, .%,) O %S’t))
s
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X +Agxy
. _fxz s fo(xl’ T,03 + AgX3, ... %, + Asxy,) dT Agxs
+ lim D O] )
As—0+ _Ast As
0%y (s, £)
f;CQ(xlwufxn)@i +
as
Xp—1+Asxy_1
' _‘/xnn—l T e XL, X0, X2, Ty X + Agxy) AT A x,
+ lim D O] )
As—0+ _Asxn—l As

S (X1 5%,) O

0%,-1(s, ) )
ds

. ANgxy 0x,(s, t
+Ahrrg) D(fxn(xlxxb ,xn)Q f;cy,(xl’ nm)@%) = A.

Further, by Lemmas 2.16 and 2.17 in [25], we get

dxi(s,t) . 1 w1+ Asxl
A= B(S ) A£1%+ A D(/ S (Toxa + Agxo, %, + Agy) dT,
- sV X1

Asxl Qfxl (xb cee yxn)>

0xy(s, 1) . 1 X+ Ak
+ 2 A£%+ A D / oy (X1, T, %3 + Ags, .., % + Agy) dT,
sA2 x2

ASxZ @f;cz (xlr e ;xn)) +

9%,_1 ( s, t) ) 1 Xp-1+Asxp-1
+ 9s All_l;l})+ Ax D f;fn—l (xl,xZ)-n,xn—Z,Trxn + Asxn) dTr
sAn—1 X

n-1

AS‘xnfl ®f;€n—l (xlﬁ coe ,xn)>

-1 A
— dx;(s,£) . 1 i+ Aski
= lim D Sy (1, X1, T, X1
0 As—>0+ A !
) S s—>0+ AgX; X

Xi+Agx;
+ AgXisly e Xy + Asx,,)dt,/ R CI dr)
X,

i

,_.

n—

ox (S, ) X+ Agx;
= lim D(f;ci(xlr»-nxi—lt T,Xi+1 + Asxi+1;~~~’xn + Asxn)y
s As—0+ Asxi %

I
—

i

fri s ox0)) d

n-1
ox;(s t)
< ’ < sup  (D(fr; (%1, s Xicts T K
P as As~>0+ Agx; £l Asa]
+ Asxi+1¢ e Xp Asxn)rf;c,- (xly oo ;xn)))) Asxi
n-1
0x;(s, t)
= i=1 aS, As_>0+D(f (xb -1 Xi-15 Ti*:xi+1 + AgXily e Xp + Asxn):ﬁci(xl;-uyxn))
i=

(for some T;* € [x;,%; + Asxi])

@
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When As — 0+, Agx; — 0 for every i =1,2,...,n. Then 7" — x;. By the continuity of f;,,
i=1,2,...,n, we conclude that

n-1
ox (s, t)
®= AHO D(fxi(xl,...,x,,),ﬁci(xl,...,xn))
i=1
! ox;(s, t)
— 1\2 0 _ O’
as

which implies that the first equality holds. The proof of the theorem is now completed.
O

3 Hyers-Ulam-Rassias stability of linear partial fuzzy differential equation (1)
In this section, we shall establish the stability results of the linear partial fuzzy differential
equation (1) under different differentiability.

3.1 Stability of (1) under partial (i)-differentiability

Theorem 3.1 Let o : R, U {0} — R be a continuous fuzzy number-valued function and
let u:R x R, U{0} > R be a bivariate fuzzy number-valued function which has contin-
uous partial (i)-derivatives with respect to each of the variables. Assume that u satisfies the
following inequality:

D(b© uy(x,y) ®5(y) © u(x,y),a © ux(x,5) & o () < @(y) (3)

forall x € R and y € R, U {0}, where a,b > 0 are constants, § : R, U {0} - R, is a con-
tinuous function and ¢ : R, U {0} — R, is a function. Moreover, assume that the following
conditions are satisfied:
) [q 8(t)dr exists for all y € R, U{0};

(ii) fy exp(1 fow 8(t)dt) © o(w) dw exists for ally € R, U {0};

(iii) [y~ (w)exp(; [y 8(t)dr) dw exists;

(iv) hmx_),oo,y_wroo u(x,y) exists;

(v) the H-difference exp(fy 38(t)dT)u(x,y) © 3 [J exp(3 [ 8(v) dt) © o' (w) dw exists

foreach x € R and each y € R, U {0}.

Then there exists a unique uy € R such that

(u(x,y) u(x,y)) % ( %/{;ya(r)dt) fyoogo(a))exp(% /Owés(r)dt) dw (4)

forallx e Rand all y e R, U {0}, where

(%, ) :exp<—%/0y8(t)dr> 0] (uo ® b/ exp< / T)dl') Oa(w)dw). (5)

Proof First, we introduce a new coordinate (£,7) and choose the following coordinate

transformation:

a 1
E=x+ 77 n= 3y ()
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Setting %(§,n) = u(§ — an, bn) = u(x,y). By (6), we know that the new variable £ is strictly
increasing with respect to x and y, respectively. Meanwhile, 7 is strictly increasing in y.
According to Theorem 2.4, it follows from the previous equality that

- ad -
) =T 1) © 5o =6, )

- & on a . 1.
uy(xry) = ug(é, n) o 3_y @ Mn(éxﬂ) O] 3__j/ = Z O] Ms(é, 77) @ E”n(gr 77)'
Applying these two equalities to (3), we obtain

D(#,(&,n) @ 8(n) © (&, n),5(0)) < §n) 7)

for all £ € R and all n € R, U {0}, where s = 8(bn) =8(y) and 5 (n) = o (bn) = (y), @(n) =

@(bn) = @(y).
If we set
E=A ar 1
= +b , ,u—bt,

then () = 8(bu) = 8(¢) and it follows from (i) that

Y 1 [
S(n)du = — 8(r)d 8
[ S [ s ®

exists for all y € R, U {0}. Moreover, if we set

1
$:u+ﬁr, V=-w,
b b

then 5 (v) = 0(bv) = 6 (w) and from (8) we can infer that

v b 1)
/Oyexp(/o g(u)du) OoW)dv = %fo yexp(%/o 6(r)dr> O o(w)dw. 9)

From (ii), it can easily be seen that the integral of the left side exists for all y € R, U {0}.
Furthermore, it follows from (iii) that the following integral of the left side exists:

/0 ﬂv)exp(/o 5(M)du> dv:%/o (p(a))exp(%/; 6(1)dr)da). (10)

In view of the inequality (7), the conditions (8), (9), and (10), together with Theorem 3.1
in [21], imply that, for each fixed & € R, there exists a unique 6(£) € Rz such that

n_ n Vo
D(zz(s,n),exp(— | S(M)du>®<9(£)® | exp( | S(M)du>®5(v)dV))
n_ o) v
sexp(— /0 S(M)du> / a<v>exp( /0 S(M)du>dv )
n

for all n € R,. According to the proof of Theorem 3.1 in [21], we know that

n_ n Ve
o€ = lim <exp< /0 s<u>du)ﬁ<s,n)e /0 exp( /0 S(M)du>®5(V)dv>. 12)
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Notice that the conditions (iv), (v) together with the equalities (8) and (9) imply that the
H-difference of (12) exists, and then we conclude that

1 o
€)= lim (exp(z /0 s<r>dr)u(s ~ an,bn)

1 bn 1 w
95/(; exp(Z/O 8(r)dt>®a(a))dw)

is a constant fuzzy number; we write simply u.
By the preceding transformations and the equality (8), we can infer that

/ong(ﬂ)du - %‘/(;ya(t)dr, /OUE(M),;[M = %/Owg(f)dt.

Since #(§,n) = u(x,y), and G (v) = 0 (bv) = 0 (), 9(v) = (bv) = ¢(w), by (9) and (10), ap-
plying these relations to the inequality (11), we can obtain the inequality (4). O

Remark 2 Under certain additional conditions, we can show that Z(x, y) is a partially (i)-
differentiable solution of the partial fuzzy differential equation (1). In fact, it can be seen
from (5) that 7(x, y) depends only on the variable y. So we can easily obtain 7z, (x, y) = 0= X0-
Now, we consider the partial (i)-derivative of Z(x, y) with respect to the variable y. For
simplicity, we set

y
0 =:exp(—% /0 6(r>dr),

g i=up & % /Oyexp(% fowé(r)dr) Oo(w)dw.

By Theorem 2.2 in [23], it follows that g(y) is (i)-differentiable on R, U {0}. According to
(e) of Theorem 5 in [26], if f(y) © g(y) satisfies the condition (H1) on R, U {0}, then we
conclude that #(x, y) = f(y) © g(y) is partial (i)-differentiable with respect to y on R, U {0}
due to f(y) - f'(y) < O for each y € R, U {0}. Therefore, we have

y(x,9) = (f») 0 g)’
=f)ogm e (-f»)ogy)

1

1 -
= Ea(y) o Ea(y) O ux,y).

Applying the above relation to the left hand side of (1), we obtain
bOw,(xy) ®8(y) O i(x,)
=b0O <%a(y) S) %5@ @ﬂm)) ® 8(y) O ulx,y)
=0(y) =a Qu(x,y) ® o (y),

which equals the right hand side of (1). That is to say, %(x,y) is a partial (i)-differentiable
solution of the partial fuzzy differential equation (1).
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Based on Theorem 3.1 and Remark 2, we can formulate the following theorem.

Theorem 3.2 Let o, 5, and ¢ be given as in Theorem 3.1 and let u: R x R, U {0} - Rx
be a bivariate fuzzy number-valued function which has continuous partial (i)-derivatives
with respect to each of the variables. Assume that u satisfies the inequality (3) for all x € R
andy € R, U{0}. If the conditions (i)-(v) given in Theorem 3.1 are satisfied, then there exists
a unique ug € Rr such that the inequality (4) holds for all x € R and y € R, U {0}, where
u(x,y) is given by (5). Furthermore, if ti(x, y) fulfills the condition (H1) with respect to the
variable y, then U(x,y) is the unique partial (i)-differentiable solution of (1) satisfying the
inequality (4).

In particular, as a direct consequence of Theorem 3.2, the Hyers-Ulam stability of (1)
can be established as follows.

Corollary 3.3 Let o, 8, and ¢ be given as in Theorem 3.1 and let u:R x R, U {0} - Rx
be a bivariate fuzzy number-valued function which has continuous partial (i)-derivatives
with respect to each of the variables. For a given € > 0, assume that u satisfies the following
inequality:

D(b O uy(x,9) ®8(y) © ulx,y),a O ug(x,y) ® o (y)) <€ (13)

forall x € R and y € R,. If the integral fooo exp(% [y 8(x)dr) dw exists and the conditions
(i), (ii), (iv), and (v) given in Theorem 3.1 are satisfied, then there exists a unique uy € Rr
such that

R € 1 (7 o0 1 [®
D(u(x,y),u(x,y))§ Eexp(—z/(; S(r)dt)/y exp(zfo 5(t)dr) dw (14)

for all x € R and y € R, U {0}, where u(x,y) is given by (5). Furthermore, if 1(x,y) ful-
fills the condition (H1) with respect to the variable y, then U(x, y) is the unique partial (i)-
differentiable solution of (1) satisfying the inequality (14).

3.2 Stability of (1) under partial (ii)-differentiability
Theorem 3.4 Let o : R, U {0} — Rx be a continuous fuzzy number-valued function and
let u:R xR, U{0} = Rx be a bivariate fuzzy number-valued function which has continu-
ous partial (ii)-derivatives with respect to each of the variables. Assume that u satisfies the
inequality (3) for allx € R and y € R, U{0}, where a, b > 0 are constants, § : R, U{0} - R_
is a continuous function and ¢ : R, U {0} — R, is a function. Moreover, assume that the
following conditions are satisfied:
(i) ) 8(x)dr exists forall y € R, U{0};

(i) f7exp(; [y 8(r)dr) © o(w)dw exists for all y € R, U {0};

(i) [, @(w)exp(~3 [ 8(v)dr) dw exists;

(iv) imy, _ooyos +oo U(X, ) exists.
Then there exists a unique uy € Rx such that

exp(% /oyrS(r)dt>u(x,y) @ %/Oy—exp(/ow S(r)dt> O o(w)dw — uy (15)
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as y — 0o. Moreover, if the H-difference

Uy © % /Oy—exp<% /OwS(r)dr) Oo(w)dw

exists for each x € R and each y € R, U {0}, then ug corresponds to a unique u(x,y) such
that

y 00 w
D(u(x,y),ﬁ(x,y))f %exp(—%/o S(I)dt)[y w(w)exp(—%/o 6(r)dr> do (16)

forallx e Rand all y e R, U {0}, where

ux,y) = exp(—% /jS(r)dr) 0} (uo O % /:—exp(% /Owg(t)dl’) Oo(w) da)). 17)

Proof Using the same coordinate transformations as in Theorem 3.1, by Theorem 2.1, we
can obtain the inequality (7). Therefore, according to Theorem 3.5 in [21], for each fixed
& € R, there exists a unique 6(¢) € Rz such that

exp(/ong(u)d/i)ﬁ(é,n)@/On—exp(/ou’g(u)du> OFW)dv — 0(€)

as 1 — 0o, where §, I, and & are given as in Theorem 3.1. Moreover, we have

bn
exp(%/o 5(r)dt>u(§—m),bn)
b w
@%/0 n—exp(%[; 8(r)dt>®6(w)dw—>9($) (18)

as 1 — o0o. Notice that every integral of (18) exists, together with the condition (iv) imply-
ing that 6(£) is a constant fuzzy number; we write simply #,. This means that (15) holds.

Furthermore, if the H-difference uo © } [) —exp(3 [y’ 8(t) dr)o (w) dw exists, by Theo-
rem 3.5 in [21], then we can infer that

D(ﬁ(é,n),eXp<— fo " ?s‘(mdu) o (uo o /0 "—exp( /0 vg(u)du) @a(mdv))
<exp (— [ nm)du) [ e (— [ E(u)du) v (19)
n

for all n € R,, where @(v) = ¢(bv) = p(w). Using the foregoing relations of coordinate
transformations, it follows from (19) that the inequality (16) holds. O

Remark 3 Under an additional condition, we claim that Z(x, y) is a partial (ii)-differen-
tiable solution of the partial fuzzy differential equation (1). In fact, it can be seen from
(17) that 7(x, y) depends only on the variable y. So it follows that %, (x,y) = 0= Xo- Next,
we shall check the partial (ii)-differentiability of Z(x, y) with respect to the variable y. For
convenience, we set

f):= eXp(—% /oyS(r)dr>,
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g =up e % /Oy—exp<% /OwrS(t)dr> Oo(w)dw.

According to Theorem 2.3, it follows that g(y) is (ii)-differentiable on R, U {0}. By (d) of
Theorem 5in [26], since f(y)-f'(y) > 0, if f (y) © g(y) satisfies the condition (H2) on R, U{0},
then we conclude that Z(x, y) = f(y) © g() is partial (ii)-differentiable with respect to y for
each y € R, U {0}. Hence, we have

ﬁy(x»}/) = (f()/) Qg(y)),

=f)0gdm o (-f'») gy
1

1 -
=500)© £80) Oulx.y).

Applying the above relation to (1), we get

b O u,(x,y) ® 8(y) O ulx,y)
=b0O Go(v) o %S(v) @ﬁ(x,y)) ® 3(y) O U(x,y)

= o'(y) =a @’rix(x,y) @0()/),

which implies that 7(x, y) is a partial (ii)-differentiable solution of the partial fuzzy differ-
ential equation (1).

In view of Theorem 3.4 and Remark 3, a further result of the stability of (1) can be for-
mulated as follows:

Theorem 3.5 Let o, §, and ¢ be given as in Theorem 3.4 and let u:R x R, U{0} - Rr
be a bivariate fuzzy number-valued function which has continuous partial (ii)-derivatives
with respect to each of the variables. Assume that u satisfies the inequality (3) for all x e R
and y € R, U {0}. If the conditions (i)-(iv) given in Theorem 3.4 are satisfied, then there
exists an uy € Rr such that (15) holds for all x € R and y € R, U {0}. Furthermore, if the
H-difference uy © % foy —exp(% fow 8(t) dt)o (w) dw exists and 1(x,y) defined by (17) fulfills
the condition (H2) with respect to the variable y, then U(x,y) is the unique partial (ii)-
differentiable solution of (1) satisfying the inequality (16).

Based on Theorem 3.5, the following Hyers-Ulam stability result of (1) as a particular
case can be obtained.

Corollary 3.6 Let o, 8, and ¢ be given as in Theorem 3.4 and let u:R x R, U{0} - Rx
be a bivariate fuzzy number-valued function which has continuous partial (ii)-derivatives
with respect to each of the variables. For a given € > 0, assume that u satisfies the inequality
(13) forallx € Randy € R, U{0}. If the conditions (i)-(iv) given in Theorem 3.4 are satisfied,
then there exists an ug € R such that (15) holds for all x € R and y € R, U {0}. Further-
more, if the H-difference uy © %foy—exp(% f(;” 3(t)dt)o (w)dw exists and U(x,y) defined
by (17) fulfills the condition (H2) with respect to the variable y, then U(x,y) is the unique
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partial (ii)-differentiable solution of (1) satisfying the following inequality:

D(u(x,y),ﬁ(x,y)) < %exp(—% /:(S(r)dt) /y‘oo exp<—% /Ow(S(r)dr> dw

forallx e Randye R, U{0}.

4 Hyers-Ulam-Rassias stability of linear partial fuzzy differential equation (2)
Under some suitable conditions, in this section, we shall discuss the stability of the linear
partial fuzzy differential equation (2).

4.1 Stability of (2) under partial (i)-differentiability

Theorem 4.1 Let o : R, U{0} = R be a continuous fuzzy number-valued function and
let u:R, U{0} x R — R be a bivariate fuzzy number-valued function which has contin-
uous partial (i)-derivatives with respect to each of the variables. Assume that u satisfies the
following inequality:

D(a ® uy(x,y) ® 8(x) © u(x,y),b © uy(x,y) ® 0 (x)) < ¢(x) (20)

forall x e R, U{0} and y € R, where a,b > 0 are constants, § : R, U {0} - R, is a con-
tinuous function and ¢ : R, U {0} — R, is a function. Moreover, assume that the following
conditions are satisfied:
(i) [y 8(r)dr exists for all x € R, U{0};
(i) fyexp(2 [, 8(z)dT) O 0(w)dw exists for all x € R, U{0};
(iii) ;" @(w)exp(L [} 8(r)dr)dw exists;
(iv) limy, ooy —oco (X, y) exists;
(v) the H-difference exp(fox %5(1’)6]1’)1/!(96,)/) o ifox exp(% waS(t)dr) O o(w)dw exists
foreach x e R, U{0} and each y € R.
Then there exists a unique uy € Rx such that

D(u(x,y), u(x,y)) < éexp(—i /jé(r)dr) /xoogo(a)) exp(é /Owé(t)dr) do  (21)

forallx e Rand all y e R,, where

Ulx,y) = exp(—i /(;xé(r)dr) ® (uo ® é /oxexp<i /Ows(r)dt> @o(w)dw). (22)

Proof According to Definition 2.1, if we set u(x,y) = v(y,x) for all x € R, U {0}, y € R, then
we get

A ’ )
uy(,9) = lim ulx + Ax Ay) O u(x,y)
x—0+ X

. v(x+ Ax) ©v(y,x)
= lim
Ax—0+ Ax

=1, (9, %),

’ A ’
uyly) = lim YN O U
Ay—0+ Ay
v(y + Ay, x) © v(y,x) B

= lim =V, (y,%).
Ay—0+ Ax x(y: )
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Therefore, the inequality (20) changes into the following form:
D(a OV (3,%) B 8(x) O v(y,%), b O vi(y,%) B a(x)) <o)

for all x € R, U {0}, y € R. Now, we exchange the roles of the variables x and y in the
preceding inequality, and we obtain

D(a ®vy(x,y) ®3(y) O v(%,9),b O vy(x,y) ® () < 9()

forallx e R, y e R, U{0}.
In view of the conditions (i)-(v) and Theorem 3.1, we know that there exists a unique
ug € Rx such that

D(v(x,y),exp(—% /(;yé(r)dr) O} (uo ® é/jexp(i /OwS(‘L')dT> Qo(w)dw))
y o] w
< iexp<—$f0 8(r)dt>/y <p(a))exp<$/0 S(I)dr) dw

for all x € R, y € R, U {0}. By exchanging the roles of the variables x and y in the above
inequality again, we can infer that the inequality (21) holds for all x € R, U {0} and all
yeR. O

Remark 4 Similar to Remark 2, by a tedious calculation, it can be verified that %(x, y)
defined by (22) is a partial (i)-differentiable solution of the partial fuzzy differential equa-
tion (2).

Based on Theorems 3.2 and 4.1, by adding an additional condition, we can obtain the

following result.

Theorem 4.2 Let o, 8, and ¢ be given as in Theorem 4.1 and let u:R, U {0} x R - Rr
be a bivariate fuzzy number-valued function which has continuous partial (i)-derivatives
with respect to each of the variables. Assume that u satisfies the inequality (20) for all
x € R, U {0} and y € R. If the conditions (i)-(v) given in Theorem 4.1 are satisfied, then
there exists a unique uy € Ryr such that the inequality (21) holds for all x € R, U {0} and
y € R, where U(x, y) is given by (22). Furthermore, if u(x,y) fulfills the condition (H1) with
respect to the variable x, then U(x,y) is the unique partial (i)-differentiable solution of (2)
satisfying the inequality (21).

Especially, the Hyers-Ulam stability of (1) under partial (i)-differentiability can be in-
duced by Theorem 4.2.

Corollary 4.3 Let o, 8, and ¢ be given as in Theorem 4.1 and let u: R, U{0} x R > Rr
be a bivariate fuzzy number-valued function which has continuous partial (i)-derivatives
with respect to each of the variables. For a given € > 0, assume that u satisfies the following

inequality:

D(a O ux(x, ) ® 8(x) O u(x,9),b © uy(x,y) ® U(x)) <e€ (23)
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forallx e R, U{0} and y € R. If the integral fooo exp(é fow 8(t)dt) dw exists and the con-
ditions (i), (ii), (iv), and (v) given in Theorem 4.1 are satisfied, then there exists a unique
ug € Rrx such that

D(u(x,y),fl(x,y)) < zexp<_£ /Oxg(f)dr> /);Ooexp(% /Ows(r)dz> dw (24)

for all x € R, U {0} and y € R, where 1u(x,y) is given by (22). Furthermore, if u(x,y) ful-
fills the condition (H1) with respect to the variable x, then U(x, y) is the unique partial (i)-
differentiable solution of (2) satisfying the inequality (21).

4.2 Stability of (2) under partial (ii)-differentiability

Theorem 4.4 Let o : R, U {0} = R be a continuous fuzzy number-valued function and
let u:R, U{0} x R - Rr be a bivariate fuzzy number-valued function which has continu-
ous partial (ii)-derivatives with respect to each of the variables. Assume that u satisfies the
inequality (20) forallx € R, U{0} andy € R, wherea, b > 0 are constants,§ : R, U{0} - R_
is a continuous function and ¢ : R, U {0} — R, is a function. Moreover, assume that the
following conditions are satisfied:

(i) f; 8(t) dt exists for all x € R, U {0};
(i) fyexp(2 [, 8(7)dT) O 0(w)dw exists for all x € R, U{0};
(i) ;" @(w)exp(=L [ 8(r) dr)dw exists;
(iv) limy, o0,y —o0 U(X, ) exists.
Then there exists a unique uy € Rr such that

exp(é /OxS(r)dt>u(x,y) &) é/j—exp(_/jS(r)dt)o(a)) dw — ug (25)

as x — 00. Moreover, if the H-difference

Uo © é/ox—exp<§ /(;wé(r)dr>o(a))dw

exists for each x € R, U {0} and each y € R, then uy corresponds to a unique u(x,y) such
that

D(u(x,y),ﬁ(x,y)) < éexp(_i /Ox(;(r)ah:) /xm o(w) exp(_% /Ow(g(r)dr> do (26)

forallx e R, U{0} and all y € R, where

ii(x,y)=exp(—£/ox5(r)dr>®<uoeé/Ox—exp(i /Owg(t)dr)Qa(w)dw) (27)

Proof By Theorem 3.4 and using the same argument as in the proof of Theorem 4.1, we
can easily carry out the proof of this theorem. O

Remark 5 By a tedious calculation, it can also be checked that %(x, y) defined by (27) is a
partial (ii)-differentiable solution of the partial fuzzy differential equation (2).

Using an additional condition and Theorem 4.4, we can obtain the following theorem.
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Theorem 4.5 Let o, §, and ¢ be given as in Theorem 4.4 and let u:R, U {0} x R > Rr
be a bivariate fuzzy number-valued function which has continuous partial (ii)-derivatives
with respect to each of the variables. Assume that u satisfies the inequality (20) for all
x € R, U {0} and y € R. If the conditions (i)-(iv) given in Theorem 4.4 are satisfied, then
there exists an uy € Rx such that (25) holds for all x € R, U {0} and y € R. Furthermore,
if the H-difference uy © % fg —exp(% fow 8(t) dt)o (w) dw exists and Uu(x,y) defined by (27)
Sfulfills the condition (H2) with respect to the variable x, then Uu(x,y) is the unique partial
(ii)-differentiable solution of (2) satisfying the inequality (26).

In particular, as a direct consequence of Theorem 4.5, we can obtain the Hyers-Ulam
stability of (2) under partial (ii)-differentiability.

Corollary 4.6 Let o, §, and ¢ be given as in Theorem 4.4 and let u:R, U{0} x R - Rx
be a bivariate fuzzy number-valued function which has continuous partial (ii)-derivatives
with respect to each of the variables. For a given € > 0, assume that u satisfies the inequal-
ity (23) for all x € R, U {0} and y € R. If the conditions (i)-(iv) given in Theorem 4.4 are
satisfied, then there exists an uy € Ry such that (25) holds for all x € R, U {0} and y € R.
Furthermore, if the H-difference uy © ifox—exp(% f(;u 3(t)dr)o(w)dw exists and u(x,y)
defined by (27) fulfills the condition (H2) with respect to the variable x, then u(x,y) is the
unique partial (ii)-differentiable solution of (2) satisfying the following inequality:

D(u(x,y),?i(x,y)) < zexp(_i /O"g(f)dr> /:oexp<_i /o“’g(f)dr> dow

forallx e R, U{0}andy e R.

5 Conclusions

As a continuation of our previous work [21], in the present paper, we investigate the Hyers-
Ulam-Rassias stability of two types of first order linear partial fuzzy differential equations
(see (1) and (2)) under generalized differentiability. These results show that, under some
appropriate conditions, if an approximate solution to the given equation satisfying the
specific error is obtained, then the unique exact solution to the corresponding equation
can be formally constructed, and the error can be accurately estimated. In addition, we also
established a multivariate fuzzy chain rule under generalized differentiability in order to
study the stability problems of (1) and (2) in the sense of the same differentiability.

In these results obtained in this paper, the coefficient functions § and o in (1) and (2) are
assumed to be a univariate positive (negative) real-valued function and a univariate fuzzy
number-valued function, respectively. Therefore, it is an open question whether the cor-
responding stability result is still true if the coefficient functions § and o are the functions
of two variables. Moreover, it would be interesting to discuss the stability problems of (1)
and (2) in which the coefficient function § contains a finite number of zeros.
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