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Abstract

The fuzzy-valued vector function is defined and then divergence, Laplace, and gradient operators are defined for fuzzy-valued
vector functions and fuzzy-valued functions. Moreover, a fuzzy Riemann line integral and its fundamental theorem are introduced.
To complete our discussion, fuzzy Green’s, fuzzy divergence, and fuzzy Green’s identity theorems are proved. In detail, a fuzzy
Poisson equation is considered by discussion of fuzzy maximum and minimum principles. Also, the uniqueness and stability of the
solution of a fuzzy Poisson equation are investigated as theorems. Finally, for more illustration, some examples are solved.
© 2018 Elsevier B.V. All rights reserved.
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1. Introduction

Differential equations with partial derivatives play an important role in modeling many physical phenomena, and
in most branches of engineering. On the other hand, the lack of adequate information, uncertainties in the data,
measurement errors, etc., result in uncertainties in provided models. These uncertainties in a differential equation can
appear in every part of the equation, including the initial and boundary conditions, the coefficients in the equation,
and the shape and dimension of the domain. Fuzzy modeling is an effective method for modeling problems with
uncertainties in a way that can provide researchers with a more realistic view of the problem.

The fuzzy set theory was first introduced by Zadeh [25]. The concept of the fuzzy derivative was then studied by
Chang and Zadeh [20]. Next, Dubois and Prade [10] extended the definition of the fuzzy derivative using Zadeh’s
extension principle. One of the first definitions of difference and derivative for set-valued functions (H-difference and
H-derivative) was given by Hukuhara [13]. These concepts were then extended by many authors and researchers, such
as Puri and Ralescu [19] and Kaleva [15] in fuzzy differential equations. Bede and Gal [4] framed the concepts of weak
and strong generalized differentiability. Despite some advantages, these definitions were associated with a number
of shortcomings. To alleviate this weakness, Stefanini [22] proposed a generalization of the Hukuhara difference.
Then Stefanini and Bede [24] introduced generalized Hukuhara-type differentiability concepts of the interval-valued
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functions and studied interval differential equations with the differentiability concepts. Stefanini [23] developed a
definition of difference called gH-difference, which was an extended definition of Hukuhara’s difference. Later, Bede
and Stefanini [5] suggested a newer definition. This difference, called g-difference, was proposed for fuzzy-valued
functions.

The methods of solving fuzzy ordinary and fuzzy partial differential equations were extended, parallel to the de-
velopment of fuzzy derivative definitions and concepts. From a historical point of view, fuzzy partial differential
equations were first proposed by Buckley and Feuring [7]. Allahviranloo [1] proposed difference methods for solving
partial differential equations, Faybishenko [11] proposed a fuzzy partial differential equation model for simulation
of hydrogeologic system behavior, and Oberguggenberger [17] discussed weak and fuzzy solutions for the Burgers
equation. In addition, Chen et al. [8] proposed an adaptive fuzzy algorithm for the calculation of fuzzy solutions of
fuzzy partial differential equations. Furthermore, Jafelice et al. [14] introduced a fuzzy partial differential equation
model for a biological phenomenon and computed its fuzzy solutions. The heat, wave, and Poisson equations, includ-
ing fuzzy number parameters, were introduced in [6]. Allahviranloo et al. [2] considered a fuzzy heat equation and
presented its fuzzy solution based on the generalized Hukuhaha differentiability.

The present article investigates the existence, uniqueness, and stability of a fuzzy Poisson equation with Dirichlet
boundary conditions, and provides its fuzzy fundamental solution. This solution is obtained by use of a Green’s
function and the fuzzy Green’s identity. Both the Poisson equation and the Laplace equation (in the special case) are
second-order elliptic equations, and they are the reduced form of the Navier—Stokes equation, and are capable of
modeling many problems in the field of engineering and fluid mechanics, such as groundwater flow with recharge
or depletion and petroleum simulation and the mechanics of stretched, loaded membranes, and in the study of the
theory of torsion of prismatic elastic bodies [21]. These reduced equations are used to give better insight to solve the
more complicated Navier—Stokes equation with various boundary conditions for various solution domains. Because
of the importance of such equations and according to the aforementioned explanations, investigating a fuzzy Poisson
equation can provide us with a more comprehensive and precise view for solving several problems.

This article is organized as follows: First, Section 2 expresses some basic concepts of the fuzzy differentiability
and the fuzzy integration and their properties. Furthermore, we prove some new properties to be used in the article. In
Section 3 we introduce a fuzzy-valued vector function, fuzzy gradient, fuzzy divergence, and fuzzy Laplace operators,
and their properties. Then we give some examples to illustrate their concepts. In Section 4 we propose a fuzzy line
integral and its fundamental theorem. Then the fuzzy Green’s theorem, fuzzy divergence theorem, and fuzzy Green’s
identity are proved. We then present some numerical examples to demonstrate their applications. Finally, in Section 5,
a fuzzy Poisson equation with Dirichlet boundary conditions is studied, and then its uniqueness and stability are
proved by use of the maximum principle. The fundamental fuzzy solution for a fuzzy Poisson equation is introduced,
and then the fundamental solution for a fuzzy Poisson equation on a two-dimensional disc is studied in detail.

2. Preliminaries

In this section we review the basic definitions and the theorems that are used in this study. Furthermore, we prove
some new concepts.

We denote R r, the set of fuzzy numbers, that is, normal, fuzzy convex, upper semicontinuous, and compactly
supported fuzzy sets that are defined over the real line. Let u € R r be a fuzzy number; for 0 < o < 1, the a-level set (or

a-cut) of u is defined by [u] = {x eR”

u(x) > a}, and for o = 0 is defined by the closure of the support [u]y =

cl{x eR” ‘u(x) > O}. We denote [u]y, = [u,, u;r], so the a-level set [u], is a closed interval for all @ € [0, 1].

Ifu, ve Rr and X € R, the addition and the scalar multiplication are defined as having the «-levels of [u + v]y =
[u]q + [v]e and [Au]y = Alu]y, respectively.

A trapezoidal fuzzy number, denoted by u = (a, b, ¢, d), where a < b < ¢ <d, has a-cuts [u]y =[a + a(b — a),
d —oa(d—c)] for 0 <a < 1;If b = ¢ we have a triangular fuzzy number. The support of fuzzy number u is defined as
follows:

supp(u) = cl{x e R"u(x) > O},

where cl is the closure of set [x eR"u(x) > 0].
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Definition 2.1. ([23]) Let u, v € Rz be two fuzzy numbers. Then the gH-difference is the fuzzy number £, if it exists,
such that

(Hu=v+k,

uOgHv=k<:>{or(ii)vzu—}—(—l)k.

In terms of a-levels we have we have [u Ogp vy = [minfuy, — vy, uf —vl}, max{uy — vy, u} — vi}l, and if the

H-difference exists, then u © v =u Ogy v. The conditions for the existence of w =u Ogpy v € R are

. kOl :u;—v; andki‘:u&“_v&ﬂ VO[E[O,]],
case (i) T 3 A ' B N
with k, increasing, k- decreasing, k; <k,
I R o + = oy V.
case (ii) { kg =uq — vy andky =ug — v, a€[0,1].

. . . + . — +
with k increasing, k; decreasing, k, <k, .

It is easy to show that (i) and (i7) are both valid if and only if k is a crisp number.

Proposition 2.1. (/23]) Suppose that u, v € R are two fuzzy numbers. Then

1. If the gH-difference exists, it is unique.

2. uOggv=u0voruOgy v=—( O u) whenever the statement on the right exists, especially, u Ogyg u =
ucou=0.

3. If u Ogy v exists in sense (i), then v Ogy u exists in sense (ii) and vice versa.

4. (u+v)Ogg v=u.

5. 00gn (4 Ogp V) =v Ogy u.

6. u Qg V="V Ogp u =k ifand only if k = —k; moreover, k =0 if and only if u = v.

Definition 2.2. ([5]) The generalized difference (or g-difference for short) of two fuzzy numbers u, v € R r is defined
by its level sets as

[ Og vla =cl | J([ulp Ogn [vlp), Yo €], 1],
B>a

where the gH-difference ©g4y is with interval operands [u]g and [v]g.
Remark 1. We assume that u Oy v € Rr and furthermore u Ogy v =1u O v.

Definition 2.3. ([16]) The Hausdorff distance between fuzzy numbers is given by D : Rx x R — RT U {0} as

D, vy= sup d(lul” , ()= sup max{lu=(@ v @], [t @ - v @I},
ael0, 1] a€l0, 1]
where d is the Hausdorff metric. The metric space (Rx, D) is complete, separable, and locally compact. Moreover,
the Hausdorff distance has the following properties:

Du®w, vow)=D(u, v), Vu, v, weRr.

D(Au, Av) =|X|Du, v), VLER, u, veRr.

Du®v, wdz) <D, w)+ D, z), Yu, v, w, ze Rr.

Duov, woz)<D(u, w)y+ D(v, z),aslongasu © v and w O z exist, where u, v, w, z€ Rr.

Ll S

Definition 2.4. ([5]). Let f : [a,b] — Rz and xo € (a, b), with f~(x;a) and fT(x;a) both differentiable at x.
Hence we say that

e fis[i — g H]-differentiable at xq if

flen@ose) =1(f7) (x0;0) , (fN) (x0;0)], O<a<l, D
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e f is[ii — gH]-differentiable at x if
fiieu o) =17 (x0s@) , (f7) (x0;@)], O<a<l 2)

Definition 2.5. ([24]) We say that a point xo € (a, b) is a switching point for the differentiability of f if in any
neighborhood V of x( there exist points x; < x¢ < x2 such that

type I at x; (1) holds while (2) does not hold and at x> (2) holds and (1) does not hold, or
type II at x; (2) holds while (1) does not hold and at x; (1) holds and (2) does not hold.

Definition 2.6. ([2].) Let f : [a,b] > Rx and f éf (x) be gH-differentiable at xo € (a, b). Moreover, there is no
switching point on (a, b), and (f~)'(x; o) and (f )’ (x; ) are both differentiable at xo. We say that

o f é g (%) is [i-g H ]-differentiable whenever the type of gH-differentiability f(x) and f é g (%) is the same:
flen@os) =[(f7)"xos @) » (fN)'(xos0)], O0<a<I;

o f g’ g (x) is [ii — g H]-differentiable if the type of gH-differentiability f(x) and f, (gﬁ g (%) is different:
[ gm0 ) =15 (x0; ), ()" xos )], 0<a<l.

Definition 2.7. ([9].) Let f : [a, b] = Rx. We say that f(x) is fuzzy Riemann integrable in [ € R if for any ¢ > 0
there exists 6 > 0 such that for any division P = {[u, v]; £} with the norms A(P) < § we have

D(Z(u—u)@f(s), 11) <e,

p

where Z: denotes the fuzzy summation and I indicates [ ab f(x)dx.

Theorem 2.2. (/5].) If f is g H-differentiable with no switching point in the interval [a, b], then we have
b
[ fintos = 1) 0n s
a

Theorem 2.3. ([12]) Let I C R be an open interval and x € 1. Let f : I — Rr and g : I — R. Suppose that g(x) is
differentiable at x and the fuzzy function f(x) is gH-differentiable at x. Then

(f O),u(0) = fiy () O gx) ® f(x) @ g (x). 3)

Theorem 2.4. ([2].) Let I be an open interval in R. Consider g : I — ¢ := g(I) C R is differentiable at x, and
f:¢ — Ry is gH-differentiable at the point g(x). Then we have following conditions:
Ifg'(x)>0

(fo@i_gn(®) =8 (X) O fi_op(g(x)),

(fo@ii—egn () =g (X) O fi;_gn(8(x)).
Ifg'(x) <0

(fo@)i_gn(®) =8 () O fii_gn(g(x)),

(fo@i—en () =g (x) © fi_yp(g(x)).
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Definition 2.8. ([2].) A fuzzy-valued function f of two variables is a rule that assigns to each ordered pair of real
numbers, (x, y), in a set D a unique fuzzy number denoted by f(x, y). The set D is the domain of f and its range is
the set of values that f takes on, that is, { f(x, y)|(x, y) € D}.

We show the parametric representation of the fuzzy-valued function f : D — Rr by f(x,y; ) =[f"(x,y; @),
fr(x,y;a)], forall (x,y) €eDand a € [0, 1].

Definition 2.9. ([2].) A fuzzy-valued function f : DD — Rr is said to be fuzzy continuous at (xg, yo) € D if
limy y)— (xg,y0) S (X, 1) = f(x0, y0). We say f is fuzzy continuous on D if f is fuzzy continuous at every point
(x0, yo) in D.

Definition 2.10. ([2].) Let (xg, yo) € D. Then the first generalized Hukuhara partial derivatives ([gH-p]-derivatives
for short) of a fuzzy-valued function f(x,y): D — Rzx at (xg, fp) with respect to variables x, y are the functions

Jxen (%0, yo) and fy , (xo, yo) given by

fxo+h,y0) Ogn f(x0,Y0)
P .

f(x0,y0 +k) Ogn f(x0, yo)
k 9

provided that fxgH (x0, yo) and fng (x0, y0) e Rr.

ren (x0. yo) = lim

Fyerr (X0, Y0) =I}i_1>T(1)

Definition 2.11. ([2].) A fuzzy-valued function f(x,y) : DD — Rx at (xg, yp) with respect to variables x,y is
[gH-p]-differentiable if

. fxo+h,y0) Ogn f(x0,¥0)
}}%D( . » fron (X0, yo)) -0, )
) f(xo, yo+ k) Ogm f(x0, y0)
lim D - + Fren @0, 30)) = 0, (5)
respectively.

Definition 2.12. ([2].) Let f(x,y) : D — Rz, and let (xo, yo) € D and f~(x,y;a) and fT(x, y; @) be real-valued
functions that are partially differentiable with respect to. x. We say that

e f(x,y)is[i — p]-differentiable with respect to x at (xo, yo) if

Fricen (%0, Yo @) = [f (x0, yos @), fF (x0, yos &)]. (6)
e f(x,y)is[ii — p]-differentiable with respect to x at (xg, yo) if
Friicen (X0, y0: @) = [ (x0. yos @), £ (x0. yos @)]. (7

Definition 2.13. ([2].) For any fixed &g, we say that (§&y, y) € D is a switching point for the differentiability of f(x, y)
with respect to x if in any neighborhood V of (&g, y) there exist points (x1, y) < (§0, y) < (x2, y) such that

Type I at (x1,y) (6) holds while (7) does not hold and at (x3, y) (7) holds and (6) does not hold for all y, or
Type I1 at (x1,y) (7) holds while (6) does not hold and at (x7, y) (6) holds and (7) does not hold for all y.

Note 1. In this article we assume that we do not have a switching point unless mentioned otherwise.

Definition 2.14. ([2].) Let f(x,y): D — Rx, and let oy f (x, y) be [gH-p]-differentiable at (xg, yo) € D with respect
to x. Moreover, there is no switching point on D. We say that

® fr.y(x,y) is [i — p]-differentiable with respect to x if the type of [gH-p]-differentiability of both f(x,y) and
Jrgn (x, y) is the same:

Frxizgn (%0, Yo @) = [f i3 (X0, Yo: @), f7 (x0. yo: @)].
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® fr.u(x,y)is[ii — p]-differentiable with respect to x if the type of [gH-p]-differentiability f(x, y) and fy,, (x,y)
is different:

Frxii—gn (X0, Y03 @) = [ f7 (x0, yo: @), [ (x0, yo: @)].

Lemma 2.1. (/2].) Consider f : 1D — R x as a fuzzy continuous function. Assume that f is [gH-p]-differentiable with
respect to x, with no switching point in the interval [a, b], and fuzzy continuous, then we have

b
/fyg,,(x,y) dy = f(x.b) Ogn f(x.a).
a
Theorem 2.5. (/2].) Let f be a fuzzy-valued function such that fé 1 (¢) =0 and the second gH-derivative of f exists

on an open interval containing c.

1. Iff;H (c) > 0, then c is a local minimum of f.
2. Iff(gf/H (¢) < 0, then c is a local maximum of f.
3. IfO € supp (fgf’H (¢)), the test is inconclusive.

Lemma 2.2. fba fx,y) dx = @fab f(x,y) dx, where © denotes the Hukuhara difference and f(x,y) is a fuzzy-
valued function.

Proof. According to Lemma 2.1 we know that

b
/f(X,Y) dx:F(b»)’) @gH F(avy)a

where Fxg »#(x,y) = f(x,y). Without loss of generality, suppose that O,y is case (i), so in terms of «-levels we have

b b b
[/f(x,y) dx} _ [/f‘(x,y;a)dx, /f+<x,y;a>dx]

:[F_(biy;a)_F_(avy;a)ﬂ F+(b’y§a)_F+(a»y;a)],

taking into consideration 0 © [ ab fx,ydx=0/ ab f(x,y) dx, where 0 is a singleton. Therefore in terms of «-levels
we have

b b
I:_/f_(xvy;a)dx’ _/‘f+(xvy;a)dxi|:[F_(avy;a)_F_(bvy;a)v F+(avyva)_F+(bvyva)]

=[/f(x,y;a)dx, /f*(x,y;a)dx}=[/f(x,y) dx} :
b b b “

The proof of case (ii) is similar. O
Corollary 1. Under the assumption of Lemma 2.2, we also have fba flx,y)dy= @fab fx,y)dy.

Definition 2.15. Let Z := f(x, y) be a fuzzy-valued function. Then f is gH-differentiable at (xq, yo) if A Z can be
expressed in the form

A Z = fryy (X0, Y0)O A X @ fy, (X0, Y0)O Ay +e1 AXx+e2A Y, (®)

where 61 —> O and e, —> 0 as (A x, A y) — 0.
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Note2.Let A Z= f(x+Ax, y+ Ay)Ogn f(x,y)and Ax =x(t+ A1) —x()and Ay =y(E+ A1) —y(@).

Theorem 2.6. (The chain rule) Let Z := f(x, y) be a fuzzy-valued function, where x = x(t) and y = y(t) are differ-
entiable real-valued functions of t. Then f is a gH-differentiable function of t and we have

dz dx dy

E:fXgHQEEnygH@E. (9)

Proof. By dividing both sides of equation (8) by A ¢, we obtain

ANZ _f x@f @Ax+ Ax+ Ay
gl— +ep——.
e Oy Ol O e e
Let A t — 0;then A x, A y — O because of differentiability of x(¢) and y(¢). This means that €1, &, — 0, and therefore
the following result is obtained:
dz . ANZ

dt At—0 At

. Ay . AX A X

= —_— o1 — lim lim — li lim —
= fxen © lmo At ®fyg” lIno At +AL0 L ar T A, e m

dx dy
= = 0-—40.2
fxg”th@fyg” dt+ dt ; dt

dx dy
zfxgHQE@fngOE- g

Remark 2. If r(#) = x(¢)i+ y(¢)j, a <t <b, is a parametric curve where x(¢) and y(¢) are the real-valued functions
and f(x, y) is a fuzzy-valued function, by setting z := f(r(¢)), and according to Theorem 2.6, we obtain

U

dx dy
dr fxgy(x y)® ®fygy(x Y)@

Lemma 2.3. Assume that fab f(x,y) dx and fabg(x, y) dx exist, where f(x,y) and g(x,y) are the fuzzy-valued
functions and H (x,y) € R is defined as follows:

fx,y) ac=<b,

H(x’y):{g(x,y) b=c.

Then we have

c

c b
/H(x,y) dx:/f(x,y) deB/g(x,y)dx.

b

Proof. By use of the fuzzy integral properties and the definition of H (x, y), it is obvious that

c b c
/H(x,y)dx:/H(x,y)dx@/H(x,y)dx
a a b

c

b
=/f(x,y) dx@/g(x,y) dx.

b
See [3]. O

Remark 3. These properties can be generalized for finite number integrals.
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Lemma 2.4. If f(x,y) and g(x, y) are the fuzzy-valued functions, then we have
/f(x,y) dx Ogn /g(x,y) dx =/(f(x,y) O 8(x,7)) dx. (10)

Proof. First we set F := [ f(x,y) dx and G := [ g(x, y) dx for short, and then according to Definition 2.1

i) F=Go®K,

Fog”GZKii(ii) G=Fa®(-Dk.

In terms of «-levels we have the following statements:

Incase (i): [F,, Ff1=[G, +K,, G} +KJ1,s0K, =F, —G, and K = F,} — G}.
Incase (ii): [G,, GF1=I[F, — K}, Ff —K,;l,soK; =F -G} and K} =F; — G.

If on the right side of equation (10), we put f := f(x,y) and g := g(x, y), by Definition 2.1 we have

(i) [f=g®k,

(i) g=f& =Dk

In terms of a-levels we have the following statements:
Incase (i): k, = f, —g, and k] = f,;f — g} So

ngHg=ké{

[fro ~[ o 0]

=;/(f07—go7)dx, /(fJ—géf)dx}
=_/fa—dx—/ggdx, /f;dx—/g;dx]

=[F;, -G, , Ff -G}1=I[K, , K}

So (10) for case (i) exists.
Incase (ii): k, = f,7 — gl andk} = f,7 — g, . So

[/kde= /k;dx, /k;rdx:|

e -]

= /f(jdx—/g;dx, /fa_dx—/g;dx]

=[F} -G}, F, —G,1=[K, , K}1.

So (10) for case (ii) exists. O

Lemma 2.5. Suppose that if u € Ry and v is a singleton, then u ® (—1)v =u Ogp v in the sense of case (i), and
ifu is a singleton and v € R, then u @ (—1)v =u Ogp v in the sense of case (ii).

Proof. First, we suppose that case (i) holds. In terms of «-levels we have

[u® (—Dvly = [ug +(=Dvf , ul + (=D, ]

o Vo s uoz_vot]'

= [u
Also in case (i) we have
[ Ogp vlg = [uy — vy, uf — v}l
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Because v is a singleton, v~ = v*. Hence the first statement holds. Now we assume that case (ii) exists. In terms
of a-levels we get

(U Ogr vlo = [uf — vy, ug —vyl.

o
Because u is a singleton, u~ = ™. Thus the second statement holds. O
3. Fuzzy-valued vector function

In what follows, we first define a fuzzy-valued vector function and introduce its properties. Then we propose a
fuzzy gradient, a fuzzy divergence, and a fuzzy Laplace operator. We end this section with some examples to illustrate
their concepts.

Definition 3.1. Let D be a setin R? (D C R2); p(x,y) and q(x,y): D — R r are the fuzzy-valued functions and i = (1, 0)
and j = (0, 1) are standard basis vectors on a two-dimensional plane region. F (x, y) is a two-dimensional fuzzy-valued
vector function, and we can show it in terms of its fuzzy-valued function components as follows:

Fxy) =pxyi@ q(xy)j= (p(xy) . 4(x.y))

(or for short, F = pi® gj = (p, g)). This means that p(x, y), g(x, y) € R are fuzzy-valued function components on
the x-coordinate and the y-coordinate, respectively. As a result, F € Rr x Rr.

Note 3. Briefly (., . ) denotes the vector-valued function.

Proposition 3.1. Let F = (f|, f5) and G = (g1, &) be two fuzzy-valued vector functions under the assumption of
Definition 3.1, and ¢ € R is a scalar. We have

. FoG=(fi®g. /LDEg).
2. cOF=(cOf;, cOf).
3. FOgn G=f| Ogn &1+ f» OgH 82)-

Proof. In the sense of Definition 3.1 f1,/5,81,8 : D — Rz and f] (x, y; a),ﬁ(x,y; a), f (x,y; a),ﬁ(x,y; o),
g (x,y;a), gfr(x, y;a), g (x,y; o), and g;r(x, y; «) are the real-valued functions for all (x, y) € D and o € (0, 1].
Then

1. F®G={fi.fr) ® (g, &) Interms of a-levels we have

[F®Glo=Fy+Gq
=((fy . ys ), ff (o ys ), (5 Gy, f1 (x, y; @)
+ (g7 (x, ys @), gf (x, ys @), (85 (x,yia), g5 (x, yi )
=((fy (i), ff (x, yi o)) + (g7 (x, yi @), gf (x, yi )
(5 (. yia).fo (. ys o)) + (g5 (x, yi @), g5 (x, yi @)
=((ff x,yi ) + 87 (L ys o) ff (x, vy o) + g7 (x, yi )
(5 (x, y;0) + g5 (x, yia), f3 (x, y; @) + g5 (x, y; @)))
={fi(x,y;0) + g1 (x, i), HH(x,y;a) +g(x, y;0)) .
Hence the first statement exists.
2. For second case, first we suppose that ¢ > 0:
[cOFla=c:Fy
=c-(fitx,yia), fr(x,y; )
= ((ff G,y @), f (6, y3 @) 5 () (6, y3 @), f3 (x, 3 @)))
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=(c-(ff .yso) ff (e, yi) e (5 (x, yia), /i (x, y; @)
=((c-fix,y;a),c-ffx,yia), (¢ fy(x,yi),c-fi(x, y; )
={c-fitx.yi), c-frlx,y; ).

If we suppose that ¢ < 0, then we have

[cOFla=c-Fy

=c-(fix.y;a), H(x,y:a))

e ((f Ly o) ff (e yi@) L (f (x, s @), f3 (x, v @)

(e (fF oy fi( yia) . e (f (x, yia), /i (x, y; @)

(c flfayio) e fix ysa), (c-fy(x,y;a),cf5 (x, y; @)

=<c~f1(x,y;ot) , C-Hhx,y;a)) .

Therefore the second statement is true.
3. For last case, based on Definition 2.1 we have

FOgn G=K =>{(ii) G=F& (1) K,

where K € R r is fuzzy-valued vector function and K = (kl, kg). If case (i) exists, then
F=K®&G=/(ki, ko) D (g1, &),

and on account of the first part of Proposition 3.1 we obtain
F={(fi, L=k ®g1, ka® g2) .

If case (ii) exists, we have
G=F& (D -k=(f1, 2)® 1) {ki, ko).

In terms of «-levels we have [(fl, f2) ® (—1) - (kq, kZ)]a' By using the first and the second parts of Proposi-
tion 3.1, we obtain

(fT oy, it yia), (5 (uysa), £ G,y )
(kv =k yi), (—k (L yia) . —k; (x, i)

= <<f1(x, yia) + (= ki (i), fi (e yia) + (= ky (x, y; oc))) ,

(f{(x, yia)+ (= k3 (x, y; ), f5 (e, yso) + (— k5 (x, a)))>
= (filx,y;0) + (=Dki(x, y;0), falx,y;0) + (=Dka(x, y; @))
=(g1(x,y;0), g2(x,y;@)).
Hence the third part of this proposition is established. O
Definition 3.2. (The inner product between two fuzzy-valued vector functions) If F(x,y) = (f1, f2) and G(x, y) =

(g1, g&2) are two fuzzy-valued vector functions defined by Definition 3.1, then the inner product of F and G is a
fuzzy-valued function, given by

FoG=(fi0g) ®(0g),

where © is fuzzy inner product of F and G.
We define two fuzzy-valued functions P(x, y) and Q(x,y) by f1 © g1 := P and f> © g2 := Q. Then we observe
thatforall0 <o <1
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[fi ©g1le=[Pla =[P, , P,
where
Py =min{u-v | u€lfila, velgila}
ng—:max{u'v | u€lfile, velgilel)
Furthermore,
[/208]a=[0]la =105 . OF1.
where
Q; =min{u-v | uelfrle, velgll,
Q(—; =max{u-v | uclfrle, velgle}
Hence for all 0 < o < 1 we have

[F©Gle =[P, , PY1+10Q, ., OF1.

Definition 3.3. (The inner product between a real-valued vector function and a fuzzy-valued vector function)
If F(x,y)=(f1, f2) is a fuzzy-valued vector function defined by Definition 3.1 and h(x, y) is a real-valued vec-
tor function given by h(x, y) = hy(x, y)i+ ha(x, y)j, where h, hy € R, then the inner product between # and F is a
fuzzy-valued function given by

h©F = (O f1)® (20 f2).
In terms of a-levels [Fly = ([ f1la, [f2]a). We have
(i f e £), MGy 20,
hi-[file = N -
(hifi - fa), Gy <0
and
ha fas 2 fh)s () 20,
hy- fof s ha- fa_z)), ha(x,y) <O.

As a consequence we obtain A(x, y) - [Fle =h1 - [file + 72 - [f2)a-

hy - [f2le =

Definition 3.4. (Gradient of a fuzzy-valued function) If f(x,y) € R is a fuzzy-valued function on R?, the gradient
of f(x,y), or grad f(x, y), is defined by

grad f(x, y) =V f(x,y) = fa(x, i® fy(x, )i= (fx . fy)

This means that grad f (x, y) is a fuzzy-valued vector function and we have the following conditions:

If fy and f) are [i — p]-gH differentiable at (xo, yo), grad f (x, y) is denoted by Vi 1 f.
If fy and f) are [ii — p]-gH differentiable at (xo, yo), grad f (x, y) is denoted by V5> f.
If f, is [i — p]-gH differentiable and fy is [ii — p]-gH differentiable at (xo, yo), grad f (x, y) is denoted by Vi > f.
If f; is [ii — p]-gH differentiable and fy is [i — p]-gH differentiable at (xo, yo), grad f (x, y) is denoted by V3 1 f.

Note 4. The gradient of the fuzzy-valued function is denoted briefly by grad f(x, y) = V; ; f, {i, j} € {1, 2}.
Note 5. V = (%)i ® (%)j is a linear operator on the fuzzy-valued functions.

Remark 4. Since in some cases we have no idea about the type of gradient of fuzzy-valued functions, we generally
use V f for short.



116 R. Ghasemi Moghaddam, T. Allahviranloo / Fuzzy Sets and Systems 347 (2018) 105-128

Definition 3.5. (Divergence of a fuzzy-valued vector function) If F(x,y) = P(x, y)i ® Q(x, y)j is a fuzzy-valued
vector function defined by Definition 3.1, divergence of F(x, y), or div F', is defined by div F(x,y) = Py(x,y) &
0Oy (x, y). Interms of the gradient operator defined by Remark 5, the divergence of F (x, y) can be written symbolically
as the fuzzy inner product of V and F'(x, y) as follows:

divF=VOoF.
Note 6. div = ( %) & ( %) is an operator.

Since V f is a fuzzy-valued vector function, by Definition 3.3 we obtain the following properties:

div(Vf) =Vo (Vf)

0 (of ® a (of
T 9x \dx ay \ dy
_9rf 0%f

T oax2 T 9y?’

We can express these properties as V2 f, where V2 = V® V. V? is called the Laplace operator. We can apply V2 to
fuzzy vector F(x,y) = P(x, y)i® Q(x, y)j in terms of its components. Hence we have V2F = V>P @ V2 Q.
Lemma 3.1. Let U (x, y) be a fuzzy-valued function and g(x, y) be a real-valued function, where g—i and g—‘;’ have the
same sign. Then

VoUog=V,jUbgdUOVg,
where {i, j} € {1, 2}.

Proof. According to Definition 3.5 and Theorem 2.3 and because of the linearity of the divergence operator we have

0 0 0 0
(aﬁa5)@(U@g)=£(U®g)EB@(U®g)
oU dg oU 9g
= <(a— Og)@(U@—)) @((—@g)@(U@—))
x dax dy ay

ad d ag 0g
<(8x@8y)© )@g@( ®(8x+8y)>
=V,jUCg®dUOVg,
for {i, j} € {1,2}. O

Definition 3.6. (Laplace operator of a fuzzy-valued function) If f(x,y) is a fuzzy-valued function, and if f(x,y)
is [i,ii — p]-gH differentiable and fx, and fy, exist, V2 (x,y) = 3275 ® ‘;27; is the Laplace operator of f(x,y).
Therefore we have four conditions:

If fix and fy, are [i — p]-gH differentiable, the Laplace operator of f(x, y) is denoted by V12,1 f-

If fyx and fy, are [ii — p]-gH differentiable, the Laplace operator of f(x, y) is denoted by sz’z f.

If fyx is [i — p]-gH differentiable and fy, is [ii — p]-gH differentiable, the Laplace operator of f (x, y) is denoted
by v12 o f

If fyx is [ii — p]-gH differentiable and f, is [i — p]-gH differentiable, the Laplace operator of f (x, y) is denoted
by sz e

Example 3.1. Consider the fuzzy-valued function f(x,y) = Ay?sinx, where A is a fuzzy number and f(x,y) :
[0, Z1x R* — R; thus Sxen = Ay cos x is [i — p]-gH differentiable and Sxxen = —Ay?sinx is [ii — p]-gH differen-
tiable. Also fy,, =2Aysinx is [ — p]-gH differentiable and fyy,, =2Asinx is [i — p]-gH differentiable. Therefore
grad f(x, y) is denoted by Vi 1 f and the Laplace operator of f(x, y) is denoted by V22,1 f.
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Fig. 1. Graph of Example 3.2: gradient of f(x,y) for o = % (left) and Laplace operator of f(x, y) for o = % (right).

Example 3.2. Consider the fuzzy-valued function f(x,y) = Ae™ Y sinx, where A is a fuzzy number and f(x,y) :
[0, 7] x Rt — R x; therefore fxgH =Xe Ycosx is [i — p]-gH differentiable in 0 < x < % and [ii — p]-gH differen-
tiable in % <x <m,and fxxgH = —Xle Vsinx is [ii — p]-gH differentiable in 0 < x < z. Thus x = % is the type I
switching point for dy,, f (x, y) and we do not have a switching point for dxx,, f(x,y) in0<x <m,y € RT.

On the other hand, fng = —Ae Vsinx is [ii — p]-gH differentiable in 0 < x < 7, and fyng = Ae Vsinx is
[i — p]-gH differentiable in 0 < x < . Namely, we do not have a switching point for ayg nf(x,y)and Byyg nfy)
in0<x<myeR".

Hence in view of the statements expressed, in 0 < x

b1

<
operator of f(x,y) is denoted by V22 (f.and in 5 <x <

operator of f(x,y) is denoted by V22,1 f (see Fig. 1).

7. grad f(x, y) is denoted by V> f and the Laplace
7, grad f(x,y) is denoted by V5 f and the Laplace

4. Fuzzy Green’s identity

In this section we propose the fuzzy line integral and its fundamental fuzzy theorem. Then we prove the fuzzy
Green’s theorem, the fuzzy divergence theorem, and the fuzzy Green’s identity. Moreover, some examples are given
to show the applications and the efficiency of the proposed concepts.

Definition 4.1. If f(x, y) is a fuzzy-valued function defined on smooth curve C given by the parametric curve equa-

tion r(t) = x(t)i+ y(1)j, a <t < b, where r’(t) # 0 is continuous and x(¢) and y(¢) are real-valued functions, then the

fuzzy Riemann line integral of f(x,y) along C is I. = [ f(x, y) ds if for any & > O there exists § > 0 such that for
c

any division § = {[s,-_1, sil, ¢ = (xl?", yl.*)} on C and A s; = s; — s;—1 with the norms of subarcs A s5; < & we have

D> Gi—siin0f@). L) <e (11)

*

where Y denotes the fuzzy summation.
N

Note 7. We divide C into n subarcs A s;, so [a, b] is divided into n subintervals [#; _1, #;], where tl.* €[ti—1,t]. Then we
choose corresponding points x* = x(¢/) and y’ = y(¢/) in the ith subarcs.

If f(x,y) is a fuzzy continuous function, then (11) exists, and we can calculate the fuzzy line integral with respect
to arc length as
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b dx\? dy 2
/f(x,y) dS=/f(X(l),y(t))®\/<E> +<E> dt, (12)
c a

2
where if 5(7) is the length of C between r(a) and 7 (1), then ds = |r'(1)] =/ (%)’ + (‘;—;) dr.

Example 4.1. Consider [(u @ v © x2y)ds, where u and v are fuzzy numbers defined in terms of a-level by uy, =
C
[-1+43a,5 —2«] and vy, =[1 + 2,4 — ], and C is the upper half of the unit circle XX+ y2 =1.
The parametric equations of C are x = cost, y =sint, 0 <t < . Therefore we have

b
/(u@v@xzy) ds:/(u@v@cosztsint)@\/sinzt—i—cosztdt
C 0

T T
:/udt@/(v@cosztsint) dt
0 0

M

—cos3t 1"
=uQ®t| ®vo( )| -
0 3 0

Hence the answer by a-levels is [—1 4 3, 5 — 2] + %[1 + 20,4 — a].

Remark 5. We can express the fuzzy line integral with respect to x and y by the following formulas:

b
/f(X,y) dx:ff(x(f),y(t))Gx/(t) dt, (13)
C a

b
/f(x,y) dy:/f(X(t),y(t))Gy’(t) dr. (14)
C a

Definition 4.2. Suppose that F(x,y) = P(x,y)i ® Q(x, y)j is a fuzzy-valued vector function defined by Defini-
tion 3.1. If the curve C is given by the vector parametric equation r () = x(t)i+ y(1)j, a <t < b, where r'(t) # 0 and
F(x, y) is continuous on C, we have

b

/F(x,y) dr:/F(x,y)@T(t) ds:/F(r(l))@r/(t) dt, (15)

C C a

/
where T (t) = ‘rr ((t’))‘ is the unit tangent vector.

Example 4.2. To find the work done by the force field F(x,y) =u © —x> i® v © y j (where u and v are fuzzy
numbers defined in terms of a-level by uy = [0.2 + 0.6a, 1.5 — 0.7«] and vy, = [0.5 4+ 1.5¢, 3 — @]) on moving a

particle along the upper half circle r(t) = cost i+ sint j, 0 <t < , we must evaluate f F(x,y)dr.
C
Since x =cost, y =sint we get F((r(t)) =u O —cos2ti®vOsins jand r/(f) = —sint i+ cost j. In view of
Definition 3.3 we have F(r(1)) ® r' (1) = (u © cos? ¢ sint) @ (v © cos sint), where

cos?tsint >0, costsint >0, 0

<
costsint >0, costsint <0, %gz
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Therefore
/ F(x,y)dr= / F@r®)or @) dt
C 0

L

T
= / ((u O cos’tsint) ® (v ®© cost sint)) dt & / <(u © cos’ ¢ sin 1)@ (v ® costsin t)) dt
%

—cos3¢ —cos?r 1% —cos3¢ —cos?t 1"
)OO )| @O YD (O )

s

0

1 1 1 —1
=(u®§@v®§)®(u®§®v®7).

Hence the answer by a-level is ([0.2 + 0.6, 1.5 — 0.7] - £ +[0.5 + 15,3 — ] - %) + ([0.2 + 0.6,

1.5—0.7a]- % +[3—,0.5+ 1.5a] - 71).

Remark 6. The parametric equation of C (x = x(¢t), y = y(t),a <t < b) denotes an orientation with a positive
direction corresponding to increasing value of ¢. Thus —C denotes the same points as curve C but with opposite
orientation. Therefore we have [ f(x,y) dx=0 [ f(x,y)dxand [ f(x,y)dy=0 [ f(x,y) dy.

-C C -C C

Remark 7. [ f(x,y) ds = [ f(x,y) ds, because by Definition 4.1, when we reverse the orientation of C, A s5; > 0
: c

for all i.

Lemma 4.1. Suppose that C is a piecewise-smooth curve and F(x, y) is a fuzzy-valued function defined as follows:

fix,y)  onCy,
fx,y)  onC,

F(x,y) = :
fn(x» )’) on C}’lv
where fi(x,y) € Rr, 1 <i <n,andC;, 1 <i <n, are smooth curves. Since curve C is a union of C1, Ca,...,Cy, we
have
[Fraar=[nenae [ puyao..o [ feyd (16)
C Ci C Cy

Proof. The proof is almost identical to the proof of Lemma 2.3. O

Theorem 4.1. (The fundamental theorem for the fuzzy line integral) Let f(x,y) be a differentiable fuzzy-valued func-
tion on R? and C be a smooth curve defined in Definition 4.1. Suppose that the gradient of f (x,y) is continuous on C
forany type (V; ; f, {i, j} € {1, 2} exist). Then

/Vi,jf(x,y) dr=f () Ogn f(r(@) {i,j}el{l,2}. (17)

C

Proof. In view of Definition 4.2 we get
b

/v,-,,-f(x,y) dr=/v,-,,-f<r(r>>@r’(t> dr.

C a
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First we suppose that V; ; f := V3 1 f. According to Definition 3.3 we obtain

b

/ Va1 fr,y) dr = / (Foron ©X0) @ (fyrow ©¥'®)) dr.

C a

Consequently by Theorem 2.4 we obtain the following conditions:

L IEX (@), Y/ (0 > 0: 7 (frogn O X ) @ (fripw © V' (1)) dt.
2. IE3'(0), ' (6) < 0: [ (friigy O X)) ® (fr_yw ©Y' (@) dt.
31X > 0, (1) <0: [7 (frign OX (1) ® (frigw © V' (1)) dt.
4. I x'(1) <0, (1) > 0: [7 (frryu OX'®) ® (fyy_py © Y () d1.

It is evident from Theorem 2.6 and Lemma 2.1 that

b
d
/Vz,lf(x,y) dr:/af(r(l)) dt = f (r(b)) Ogn f (r(a)).

c

The proof of another type of gradient is similar to this one. So equation (17) exists. O

Example 4.3. Suppose that f(x,y) =u © x ® v © yx?, where u and v are the fuzzy numbers defined in terms of
a-level by uy =[1 + 20,6 — 3] and vy, = [—1 + 3,5 — 3], and r(¢) =sinti+cost j, 0 <t < % Then Vi1 f =
uidvo x2j and f(r(t)) =wOsint) ®(v0O sin®f cos t). Because of the statement expressed and Theorem 4.1 we
conclude that

/ Vi1 f(x,y) dr = f(r(%)) Oer £ (0))
C
=u @gH 0= u,

where 0 is a singleton and the answer by «-level is [1 + 2a, 6 — 3«].

Theorem 4.2. (Fuzzy Green’s theorem) Let C be a positively oriented, piecewise-smooth, simple closed curve and
D be the region bounded by C. Suppose that P(x,y) and Q(x,y) are fuzzy-valued functions on R> whose partial
derivatives are continuous on an open region that contains D. Then

%P(x, V) dx @ Q(x,y)dy = // 0x(x,y) Ogn Py(x,y) dA. (18)
C D

Proof. If we prove the following equations, we can obtain (18):

f]{P(x,y) dx =Ogy /f Py(x,y)dA (19)
c D

and
foand=[[ oy aa (20)
C D

To prove (19) we express D as a type region D = {(x,y)|a <x <b, g1(x) <y < g2(x)}, where a,b € R2 and
g1(x), g2(x) are real-valued continuous functions. Hence, by using Lemma 2.1, we have
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b &(x)
// Py(x,y)dA =/ / Py(x,y) dy dx
D a gi(x)
b
Z/P(x,gz()c)) OgH P(x,g1(x)) dx. (21)

a

Now we evaluate the left side of (19) by breaking up C as the union of four curves: C;, C,, C3, C4. On C| we take

x as the parameter and obtain the parametric equations as x = x and y = g1(x), a < x < b. Thus f P(x,y)dx =
Cy

fab P(x, g1(x)) dx. Notice that C3 goes from right to left, and we can write the parametric equations of —C3 as x = x
and y = g2(X), a < x <b. Therefore according to Remark 6 and Lemma 2.2,

b

/P(x,y) dx =0 / P(x,y) dx:@/P(x,gg(x)) dx.
C3 —C3 a

On C; and Cy4, x is constant, so dx = 0 and we have

/P(x,y) dx:/P(x,y) dx =0.
C3 Cy

Hence according to Lemma 4.1

fP(x,y) dx:/P(x,y) dx@/P(x,y) dx@/P(x,y) deB/P(x,y) dx

Cc C Cy C3 Cy
b b
=fP(x,g1<x)> dxea@/P(x,gz(x» dx.
a a

Consider 0 Ogp § P(x,y) dx =g § P(x,y) dx. We get
C C

b b
O f P(x.y) dx = f P(x, 2(x)) dx Ogn f P(x, g1(x)) dx.
C a a

Hence (19) is proved.
By defining D as the region D = {(x, y)| f1(y) <x < f2(y), a <y < b}, where a,b € Rand fi(y), f2(y) € RF,
we can prove (20) in the same way:

b f2(y)
f 0.(x.y) dA=/ f 0.(x.y) dx dy
D a fi(y)
b
- / 013, y) Ogrr Q(2(»). ) dy. 22)

We break up C as the union of four curves: C;, C, C3, C4. If we follow the same steps as in first part of the proof,

[ O(x,y)dy= [ QO(x,y) dy =0 (y is constant on C; and C;) and
Ci C3

b
/Q(x,y) dy=/Q(fz(y),y) dy,

C
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b
/Q(x,y) dy=®ngQ(f1(y),y) dy.

C a

So we can evaluate the left side of (20) as follows:

fQ(m) dy=/Q<x,y> dy@/Q(m) dy@fQ(m) dy@/Q(m) dy
c C Cy C3 Cy
b b
:/Q<fz(y),y) dy@@/Q(ﬁ(y),y) dy

b
_ / O£, ¥) Oerr OO, ¥) d.

Then equations (19) and (20) exist. O

Example 4.4. Consider f uo x4) dx ® (v ®xy)dy, where u and v are fuzzy numbers defined in terms of «-level

C
by uy =[—1+4 3,5 — o] and vy = [2+ «, 7 — 2], and C is the triangular curve consisting of the line segments from
(0,0) to (1, 0), from (1, 0) to (0, 1), and from (0, 1) to (0, 0). To evaluate this fuzzy line integral we can use the fuzzy
Green’s theorem (Theorem 4.2). So we have

1 1—x
?{(u®x4)dx ®(v®xy)dy=/ /(v®y)®gH (u ©O0) dydx
C

0 0
1 1—x

://(v@y)dydx

0 0

The answer by a-levels is % 24a,7—2a].
Lemma 4.2. According to the fuzzy Green'’s theorem we can conclude that

%P(x,y) dy Ogn Q(x,y) dx :// Pe(x,y)® Qy(x,y) dA. (23)
C D

Proof. It is enough to change the roles as follows: P(x, y) := ©gn Q(x, y) and Q(x, y) := P(x, y). Then similarly
to the fuzzy Green’s theorem proof, we obtain

$OguQ(x,y)dx= [ Qy(x,y)dAand ¢ P(x,y)dy= [[ Pc(x,y) dA.
c D C D

By these equations we have

fP(x,y) dyeaegﬂyg 0(x,y) dX=/f Py(x,y) dA@// Oy(x,y)dA,
c C D D
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ffP(x,y) dy Og¢n f Q(x,y) dx =ff Pre(x,y) ® Qy(x,y) dA,
C C D
and by Lemma 2.4 § P(x,y) dy Ogr Q(x,y) dx = [[ Pe(x,y) ® Qy(x,y) dA is obtained. O
C D

Theorem 4.3. (Fuzzy divergence theorem) Let C be a smooth curve given by r(t) = x(t)i + y(t)j, a <t < b, and
F(x,y) = P(x,y)i® Q(x, y)j be a differentiable fuzzy-valued vector function. It is sufficient that one of the compo-
nents in F(x, y) be a fuzzy function (this means one of P and Q has fuzziness and other one is a singleton). Then

‘%F(x,y)@n(t) ds://divF(x,y) dA, 24)
c D

Y@ .
KOk

2 t)j is an outward unit normal vector to C.

where D is a region enclosed by C and n(t) = \r:(t)l

Proof. As result of Definitions 3.3 and 4.2, equation (5), and Lemmas 2.5 and 4.2 we have

%F(x,y)@n(t) ds:/(F(x,y)@n(t))@Ir/(t)|dt

C

b
/(P(X(t) y(®) O 0 & (=DOH@), y(1) O 0 ) © |r'(1)ldt

J (0] (0]
b /
=f (P(x(t>,y(t>)o YO o 0w, vy o 20 ) © IF(1)|dt
Ir' () ¢ Ir (1)

a

fp(x y) dyG)gH Q(X y)dX—// x[i,ii— gH]@Qy[t ii—gH] dA

//W,@F(x y) dx,

where {i, j} € {1, 2} and according to Definition 3.5 we know that V; ; © F(x,y) = div F'(x, y). In the case of a
singleton, both types of differentiabilities are the same. Hence equation (24) exists. O

Theorem 4.4. (Fuzzy Green’s identity) Let U (x, y) (for short U ) be a fuzzy-valued function and G (x, y) (for short G)
be a real-valued function, the derivatives of which in any direction are uniform and continuous, and let n(t) (for
short n) be the outward unit normal vector to C. We define surface D bounded by closed curve C by assumption of the
fuzzy Green’s theorem (Theorem 4.2). Then

/(UG>V2G)@gH(G®V2 U)dA= f((U@VG)egH(G@Vi,jU))@nds, (25)
C
where {i, j} € {1, 2}.

Proof. By the divergence theorem we have ¢ F(x,y) @ n(t) ds = [[V; ; ® F(x,y) dA. We put F :=U © VG,
c D

where F is a fuzzy-valued vector function where one of the components is a fuzzy-valued function and % and
3G have the same sign. By Lemma 3.1 we get VO F=Vo U OVG) =U O (Ve VG & (V;jU) O (VG) =
(U OV (Vi,jU) O (VG), for {i, j} € {1,2}. Also F @n = (U © VG) @ n. So by using Theorem 4.3, we get

/ U6 VG) & ((VijU)O(VG)) dA= f(U ©VG)©n ds. (26)
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Now define F:=G OV, ;U, for {i, j} € {1,2}. So by Lemma 3.1 we have VO F =V @ (GO V,; ;U)=(G 0O
V2,U)® (VG) O (V; ;U). Hence

//(G O VAU)®(VG) O (Vi ;U)dA = %(G OV U)@nds. @7

Since (VG) © (V; ;jU) Ogn ((Vi,j U)o (VG)) = 0, by subtracting equation (27) from equation (26), we get

/(U@VZG)@gH(GG)Vz U)dA = y{((UQVG)QgH(G@vi,,»U))@nds. O
C

5. The fuzzy Poisson equation

In this section we investigate the fuzzy Poisson equation with Dirichlet boundary conditions of the following form:

Visz =K(x,y) inD.

U=0o(x,y) on 9D,
where {i, j} € {1,2}, U=U(x,y), K =K(x,y),0 =0(x,y) € Rr, and D is bounded. To achieve this, first we will
prove the fuzzy maximum principle, then we will prove the uniqueness and stability theorem. Finally, the fundamental

solution of the fuzzy Poisson equation is presented by use of a Green’s function [18] and the fuzzy Green’s identity
theorem (Theorem 4.4).

5.1. Uniqueness and stability of the solution of the Dirichlet boundary conditions for the fuzzy Poisson equation

Theorem 5.1. (Fuzzy maximum principle) Suppose that U satisfies V2 U = K in surface D, where U = U (x, y),
K =K (x,y) € Rg. Then U attains its maximum on its boundary 0D. Then maxyp U (x, y) = maxz U (x, y).

Proof. We prove the theorem in two parts:

1. Suppose that K (x, y) > 0 in D. Since U is continuous in D (D U dD), U assumes its maximum there. Suppose
for contradiction that U attains its maximum at point (xo, yo) in D. Then, by Theorem 2.5, we have

Usxen (X0, y0) =0, Uy, (x0, y0) =0,
UxxgH (x0, yo) =<0, Uyng (x0, yo) =<0.

This means Vl.z jU =<0 at (xg, yo), which contradicts K > 0 in D. Hence in this case U must attain its maximum
on 0D. So

max U (x,y) =maxU(x, y).
oD D

2. Suppose that K(x,y) > 0. Let M := maxyp U(x, y) and ¢ > 0. We define an auxiliary function v(x, y) =
Ux,y) @ ,s(x2 + yz), for any ¢ > 0. Then V?,j" = K @ 4¢ > 0 in D. From the first part v attains its maximum
on dD; thus we have v < M @ ¢R? in D (where U < M on 9D and R is the radius of the circle containing D).
This gives that U <v <M & eR2.

Since ¢ > 0 is arbitrary, let ¢ — 0 to obtain U < M in D (i.e., if U satisfies Vi%jU =K >0in D, then U cannot
exceed M), thus the maximum value of U on 0D. O

Remark 8. The same can be applied to the minimum principle.

Theorem 5.2. Consider the Dirichlet boundary value problem

2 _ .
Vi’jU =K(x,y) inD,

U=o(x,y) on 0D, (28)
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where {i, j} € {1,2}, U=U(x,y), K=K(x,y), 0 =c(x,y) € Rr, and D is bounded. This has at most one solution,
and its solution is stable.

Proof. Suppose that Uy, U, are two solutions of the Poisson equation (28). Let V = Uy ©gp U,. Then V satisfies
V2V =0in D (V2U1 OgH VU, = K Ogn K =0) with V. =0 in 9D (U = 0, U = o). Then, by use of the
maximum principle, U; ©Ogy U, =V =01in D, and therefore Uy = U>.
For proof of stability of the solution, let U;, U; satisfy

VU =K(x,y) inD,

Upgy=op,2(x,y) ondD,
where {i, j} € {1,2}, and let D(01 Ogy 02, 0) =& on 9D. Then D(U; Ogy Uz, 0) =& on 0D. As before V =
Ui ©gn Uz must have its maximum and minimum values on dD; hence D(o1 Ogy 02, 0) < ¢ in D. So the solution
is stable (i.e., small changes in boundary data lead to small changes in the solution). O

5.2. The fundamental solution for the fuzzy Poisson equation

Consider the fuzzy Poisson equation with Dirichlet boundary conditions in the general form, given by equa-
tion (28). We will solve problem (28) by using the fuzzy Green’s identity and the Green’s function.

Suppose that £(X) is a Laplace operator defined in Definition 3.6 (V2 := £)and U (X) is an unknown fuzzy-valued
function and K (X) is a known fuzzy-valued function, where X = (x, y). We can now represent problem (28) as
follows:

LX)UX) = K(X). 29)
The solution to equation (29) can be written formally as
Ux)=L"K(X),

where £~!, the inverse of £, is an integral operator. £~! is defined by use of the Green’s function:

U(X)=£71K(X)=—//G(X;E)K(§) dg, (30)
D

where G(x; &) is the Green’s function associated with £ and depends on both the position vector X = (x, y) and a
fixed location vector & = (&1, &>).
We know the Dirac §-function has the following properties:

[[8X)dX=1and [[8§(X—§&) h(§) d§ =h(§). 31
D D
By applying L to equation (30), we get

LU(X)=KX)= —f/ LG(x;§)K () dE.
D

Therefore the Green’s function defined as the solution of the Dirichlet boundary value problem is given by

LG(x;6)=—-6(X—&) inD,
G=0 ondD,
where G (x; &) is a real-valued function [21].

According to the fuzzy Green’s identity theorem (Theorem 4.4) and replacing G by the Green’s function G(X; &)
introduced in equation (32), we have

(32)

[[w® o6 o) oo Gy 0 52U ) da (33)
D
= % ((U(X) OVGX;§)) O (GX;6) 0O V,‘ij(X)) ©nds.
oD
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According to the fuzzy Poisson equation (28) and the Green’s function equation (32) we get

//(U(X)G —3(X—§)) Ogn (GX;8) © K(X))dA (34)
D

= 7§ (cX)OVG(X; &) @nds.
aD
By Lemma 2.4 and Dirac §-function properties (31) we have

(—1)- U(E) O / f (G(X: £) 0 K(X)) dA = f (6(X) O VG(X: £)) @ n ds. (35)
D oD

Hence
o if Ogp is case (i), we obtain

(-1 U@E) = //(G(X; £) 0 K(X) dA ® y§ (0(X) O VG(X: £) ©n ds
D oD

or

Ue) =(—1)~/[(G(X;E)®K(X)) dA® (—1)- f (c(X)OVG(X;§)) @nds. (36)
D aD

e if Ogp is case (ii), we obtain
(=) U@E) = //(G(X; £)OK(X)dAO (—1)- f (0(X) © VG(X; £)) @ n ds
D oD

or

U@E)=(D- /[(G(X;E) O K(X)dA© ?{ (cX)OVG(X:§))@nds. (37
D aD

In equations (36) and (37), if U (§) is a fuzzy number, then the solution of the Poisson equation exists; otherwise
a solution does not exist.

Example 5.1. (The fundamental solution for the fuzzy Poisson equation on a two-dimensional disc) Consider the
fuzzy Poisson equation with Dirichlet boundary conditions as follows:

v,%jU =K(x,y) inD,

U=o(x,y) on 0D, (38)

where {i, j} € {1,2}, D= {(x,y) | x>+ y?> <a?}, and U(x,y), K(x,y), o(x,y) € Rr. In the polar plane on a
two-dimensional disc, the Green’s function is evaluated [18] as

1 2 2407 —2rr* cos(6 — 0
G(XJ;El,Sz)=G(r,9;r*,9*)=_4_1n<a re+r rr*cos( ))’
TT

2 4 2
rrt 4 45— 2r % cos(6 — 6%)
r

where x =rcosf, y=rsinf, 0 <0 <mw. C(0) =acosf i + asinb j is the vector equation of curve 9D, and we
denote G(r, 6; r*,0™) by G (for short). Therefore
_ 1— ()2
VG on= % ( 2 ) ) .
2 \r* 4+ a2 —2ar*cos(f — 6*)
In view of the general form of the solution for the fuzzy Poisson equation given by equations (36) and (37) we have
two types of solution as follows:
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2 a

1 2 24 ¥ 0prtcos(0 — O
U(r*,e*)z—//1n<a—z'r et ))QK(r’e) e
47 s P r2+%_2r:—*cos(9—9*)
r

2
1 (a2 — r*z)

21 / a2 — r¥* = 2ar*cos( — 6%)

©o(8)do (39)

or

1 T a 2 2+ *2 2rr* 0 o*
U(r*,e*)z_//1n<“_2.’ - ”2"08( )>®K(r,9) rdrdg
4 - rr2 4+ 45— 2r gz cos(0 — 6%)
r

2w
-1 (@ —r*)

2 ] a2 —r® —2ar cos(f — 6%)
0

Oo(0)do. (40)

6. Conclusion

In this study, the fuzzy Poisson equation with Dirichlet boundary conditions (boundary value problem) was investi-
gated in detail. Its uniqueness and stability were proved by use of the fuzzy maximum principle. Then its fundamental
fuzzy solution was provided. To achieve these results, some new concepts such as a fuzzy-valued vector function,
fuzzy gradient, divergence, and Laplace operators, and a fuzzy line integral were studied. Then the fuzzy Green’s the-
orem and the fuzzy divergence theorem and the fuzzy Green’s identity were proved. Consequently, the fuzzy solution
of the fuzzy Poisson equation was obtained by our applying an inverse operator. As a result, an integral equation was
obtained; therefore the fundamental fuzzy solution was presented by use of the fuzzy Green’s identity and a Green’s
function. The aforesaid fundamental solution can be calculated by numerical methods that were discussed in this
study. Future research will be concerned with adopting these results to calculate the fuzzy Poisson solution numeri-
cally. In this article, all the results obtained are original results that have been extended to the fuzzy form in such a
way that their restriction (one level) results in the real mode, and this is a criterion for establishing the authenticity of
results.
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