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Abstract

In this paper a numerical method for solving ”fuzzy partial differen-
tial equation” (FPDE) is considered. We present difference method to
solve the FPDEs such as fuzzy hyperbolic equation and fuzzy parabolic
equation , then see if stability of this method exist, and conditions for
stability are given. Examples are presented showing the Hausdorff dis-
tance between exact solution and approximate solution is too small.
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1 Introduction

Knowledge about dynamical systems modeled by differential equations is of-
ten incomplete or vague. For example, for parametric quantities, functional
relationships, or initial conditions, the well-known methods of solving Fuzzy
Partial Differential Equations (FPDE) analytically or numerically can only be
used for finding the selected system behavior, e.g., by fixing unknown param-
eters to some plausible values. Here, we are going to ”operationalize” our
approach, i.e., we are going to propose a method for computing approximate
of the solution for a fuzzy partial differential equation using numerical meth-
ods. Since finding this set of solutions analytically does only work with trivial
examples, a numerical approach seems to be the only way of "solving” such
problems. In [4], J. Buckley and T. Feuring proposed a method to solutions of
elementary fuzzy partial differential equations. In [5] T. Allahviranloo used a
numerical method to solve FPDE, that was based on the Seikala derivative.
The method proposed here is to use a difference method for solving the fuzzy
parabolic equations. The paper is organized as follows:
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In section 2 we bring some basic definitions of fuzzy numbers and fuzzy deriva-
tive which have been discussed by S. Seikkala and we will use in the paper.
In section 3 we define a FPDE, in particular cases, the fuzzy heat equation
and also use difference methods for it. The necessary conditions for stability
of proposed method will discuss in section 4. The difference methods are il-
lustrated by solving one example in section 5 and conclusions are drown in
section 6.

2 Preliminaries

We begin this section with defining the notation we will use in the paper. We
place a ~ sign over a letter to denote a fuzzy subset of the real numbers. We
write A(z), a number in [0, 1], for the membership function of A evaluated at
z. An a—cut of A, written A[a], is defined as {z|A(z) > a}, for 0 < a < 1.

We represent an arbitrary fuzzy number by an ordered pair of functions
(u(r),a(r)), 0<r <1, which satisfies the following requirements:

1. ) is a bounded left continuous non decreasing function over [0, 1].

3.

u(r
2. u(r) is a bounded left continuous non increasing function over [0, 1].
u(r) <a(r), 0 <r<1.

A crisp number « is simply represented by wu(r) =u(r) =a, 0<r < 1. For
arbitrary fuzzy numbers z = (z,7) , y = (y,7) and real number k,

1. =y if and only if z(r) = y(r) and T(r) = 7(r).

2. x+y = (x(r) +y(r),z(r) +7(r))
3.

kx,kT) k>0,
. (kz, k) (2.1)

(kz,kz) Kk <O.

Let E be the set of all upper semicontinuous normal convex fuzzy numbers
with bounded a—level sets. Since the a—cuts of fuzzy numbers are always
closed and bounded, the intervals we write N[a] = [N(a), N(«)], for all .
Consider the FPDE

¢(Dy, D,)U(z,y) = F(z,y,K), (2.2)

subject to certain boundary conditions where the operator ¢(D,, D,) will be
a polynomial, with a constant coefficient, in D, and D,, where D, (D,) stands
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for the partial differential with respect to x(y). The boundary conditions can
be of the form [z(O,yN) =, [7(~x,0)~: Cs, ﬁ@/ll,y) 353, e [7(O,y) =,
U0,y) = g1(y; Cy), U(z,0) = fi(z;C5), .... F(x,y, K) is the fuzzy function
which has K = (El, ce %n) for k; a triangular fuzzy number in J;, 1 < i <n.
Let I, = [0, M;] , I = [0, M5]. The fuzzy function U maps I; x I, into fuzzy
numbers. Also let C' = (€1, ...,Cn) With ¢ being triangular fuzzy numbers in
the intervals L;, 1 <i < m. Let

Klo] = ﬁla[a], Cla] = ﬁla[a].

Let U(z,y)le] = [U(z,y;a),U(z,y;a)]. We assume that the U(z,y; o) and

U(z,y; ) have continuous partial so that ¢(D,, D,)U(x,y; «) and

©(Dy, Dy)U(x,y; ) are continuous for all (x,y) € I x I, all a. Define

I'(z,y; ) = ¢(Dy, Dy)U(z,y)[a] = [¢(Ds, Dy)U(z, y; &), (D, DU (2, 1(/; 04))],
2.3
for all (z,y) € I; x I3, and all a.

Definition 2.1 If for each fized (v,y) € I, X I, I'(x,y; ) defines the a—cut
of a fuzzy number, then we will say that U(x,y) is differentiable.

Sufficient conditions for I'(z, y; ) to define a—cuts of a fuzzy number are:

1. ¢(D,, Dy)U(x,y; @) is an increasing function of a for each (z,y) € Iy X I;

2. ¢(Dy, Dy)U(z,y; o) is an decreasing function of a for each (x,y) € I X Is;
and

3. ¢(Dy, Dy)U(z,y;1) < p(Dy, Dy)U(z,y; 1) for all (x,y) € I x L.

Consider the system of partial differential equations

@(Dy, Dy)U(2,y; ) = F(z,y; @), (2.4)
¢(Dy, D))U(2,y; ) = F(z,y; @), (2.5)
for all (z,y) € I x I and all o € [0, 1], where
F(z,y;0) = min{F(z,y, k)|k € K[o]}, (2.6)
F(x,y; a) = maz{F(z,y, k)|k € K[a]}. (2.7)

We append to equations (2.4) and (2.5) any boundary conditions, for example,
if they were U(0,y) = C; and U(M;,y) = Cs, then we add

U0, y;0) = Ci(e), UMy, y; ) = Co() (2.8)
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to equation (2.4) and
U0,y;) = Ci(a), U(My,y;a) = Cay(a) (2.9)
to equation (2.5) where Cj[a] [ i(a ),51( )], ¢ = 1,2. Let U(z,y; ) and

U(x,y; a) solves equations (2.4) a 2.5), plus the boundary equations, re-
spectively.

Definition 2.2 If U(z,y)[o] = [U(x,y; a), LU(z,y; )], defines the a—cut of a
fuzzy number, for all (z,y) € Iy x I, then U(x,y) is the solution for (2.2), See

[4].

3 A fuzzy partial differential equation
In this section we solve the two types of FPDE as numerically. Fuzzy parabolic
equation

Consider the fuzzy heat equation which is illustrated below with the parabolic
equation:

(Dy — ?D,D)U(z,t) =0, 0 <z <, t>0, (3.10)

where

U0,t)=K,, Ul,t)=EK,  t>0,

U(z,0) = f(z), 0<z<l

If (a—U) € E and (8—U) € E then by (2.4) and (2.5) we have

(Dy — 2D, D,)U(x,t; ) = 0,
B (3.11)
(Dy — 32°D,D,)U(z,t;a) =0, 0<x<l, t>0, acl0l]
where

U0,t;0) = Ky(a), U(l,t;a) = Ky(a), t>0, «aecl0.1],

U0, t;0) = Ki(a), U(l,t;a) = Ky(a), t>0, «aecl0.1],

U(z,0;0) = f(z;0),U(z,0;0) = f(z;0) 0<z<l, «cl0.l]
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Assume U is a fuzzy function of the independent crisp variables x and t.
Subdivide the x-t plane into sets of equal rectangles of sides dx = h, 0t = k,
by equally spaced grid lines parallel to O,, defined by x; = ih, 1 = 0,1,2,. ..
and equally spaced grid lines parallel to O, defined by y; = jk, 7 =0,1,2,...
as shown in (fig 1).
Denote the value of U at the representative mesh point p(ih, jk) by

U, = U(ih, jk) = Uy (3.12)
and also denote the parametric form of fuzzy number, UZ] as follow

Uy = (Wi 5, Wi g)- (3.13)
Then by Taylor’s theorem and definition of standard difference

(D:th>Uz,j = ((DxD:t>UZ,j7 (DxDx)Uz,J>7

where

(Dy D) Uy ; =~ w{(i + 1)h, jkY — 2u{ih, jk} + u{(i — 1)h, jk}
\Walz)Vij = 72 ’

(DD, ~ Mt Dh, jk} = 2ufih, jk} +7{(i = Dh, jk}
cHx )Y,y — h2 .

By (3.12) and (3.13) we have

—2u;,5+u,

7 o~ Hit1,j —1,5
(DxDx)Uz,]— — h2 - Ja

(3.14)

> Uit1,j—2U; HUi—1,;
(DxDx)Uz,] =~ hZQJ )
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with a leading error of order h?. With this notation the forward - difference
approximation for (D;)U at P is

(DU ; ~ @ ’

(3.15)

Ui j+1 =Y 4
k- 9

12

(DU

with a leading error of O(k). By (3.14) and (3.15) and definition of standard
difference one finite-difference approximation to

(D))U = B*(D,D.)U =0 (3.16)

18

(DU — B*(D,D,)U =¢(r — 1),

(DU — B*(D,D,)U =e(1—7) ,

or the following equations must be hold:

Uij1 — Wij B (Wig1,; — 2u; ; + Uiy ) 317
k - h2 ( . )

J— 2 —
Wij+1 — Uij _ B (Qiﬂ,j — 2u;; + Qifl,j) (3.18)
k h?
where U = (u, ) is the exact solution of the approximating difference equa-
tions, x; = ih, (1 =0,1,2,...) and t; = jk, (j =0,1,2,...). This can be
written as

Wi 1 =Ui1,j + (=2r)w j + Ui + Wi (3.19)
Ui ja1 = T q 5 + (=20)Usj + T j + Uy (3.20)

where r = % Hence we can calculate the unknown pivotal values of u along
the first time-row, ¢t = k, in terms of known boundary and initial values along
t = 0, then the unknown pivotal values along the second time-row in terms of
the calculated pivotal values along the first, and so on.

4 A necessary condition for stability

Now we are going to consider the stability of the classical explicit equations
(3.19), (3.20). If the boundary values at i = 0 and N, j > 0 are known, then
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2(N — 1) equations can be written in matrix as

—2r 1 T
Uy,j+1 . r Lo Uy 5
U j11 ) e Us,;
: r
QN—l,j'i‘l _ —2r r 1 QN_LJ'
ﬂl’j+1 1 r 0 —2r El,j
ﬂ2’j+1 T 1 r . ﬂg’j
UN-1,j+1 | roo 1 r . | UN-1,; |
| T 1 —2r
(4.21)
i.e.
Yirt | = p| Y (4.22)
Wj+1 wj
where
0 1
A B 1 . -
P—[B A]’ A= (=2r)I, B=1I1+r o . (4.23)
1 0

Before proving the stability of the method, below lemmas should be considered

Lemma 4.1 Let x be an eigenvector of the matriz A corresponding to the
eigenvalue \ . Then Ax = \x. Hence A(Az) = A%r = NAz = Nz showing
that the matriz A? has an eigenvalue \* corresponding to the eigenvector x.
Similarly APx = NPz p=3,4,.... [?]

Lemma 4.2 If f(A) = apyA? + a, 1AP™F + ... + aol is a polynomial then
F(A)x = (ap NP +...4+ag)x = f(N)z, showing that f(A)has an eigenvalue f(\)
corresponding to the eigenvector x. [?]

Lemma 4.3 The eigenvalues of a common tridiagonal matriz the eigenvalue
of the N x N matrix
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are
km

N+1

where a, b and ¢ may be real or complex. [6]

A = a + 2{Vbc} cos k=1,2,...,N

Theorem 4.1 Let matrix P has special structure as follow

5 4

then the eigenvalues of P are union of eigenvalues of A+ B and eigenvalues

of A— B.[7]

Now we prove the stability of this method in the following theorem.

Theorem 4.2 Ifr = 15 < 1 difference equations (3.19) and (3.20) are stable.

Proof:
It is sufficient to show in (4.22) p(P) < 1, thus by theorem (4.1) it is enough
to find eigenvalues of

[ 1—2r T |
T 1—2r r
A+ B= )
r 1-—2r r
I T 1—27“_
and ) ;
—2r —1 -
- —2r—1 —r
A—B=
—r —2r—1 -r
I - —2r—1 |

Let matrices (N — 1) x (N — 1) T and T” as follow

2 -1 2 1
-1 2 -1 1 2 1

thus
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A-B=—T -1,

where I5(y_1) is the unit matrix of order 2(N —1) and Ty_; an (N —1)x (N —1)
matrix whose eigenvalues Ay are given by

km

Ar = A — dcog? —
AT T RS N T 1)

Hence the eigenvalues of A — B and A + B as shown later in Lemma 4.2 are

km
A_p=—-1—-4 I
A—B T COS Q(N—l—l)’
km
A =1—-4 2~
A+B T COS 2(N+1)
Therefore the equations will be stable when
(A—B)—max|—47“0082k77r—1|<1 k=12 N-—-1
P Tk 2(N +1) T
(A+B)—max]1—4rcosQL\<1 k=1,2 N-—-1
p - X 2(N+1) It B L
ie. i
s
1< —-1—4drcos® ——<1 k=1,2,...,.N—1
< r COS 2(N+1)< J2, .., ,

km
—1<1—4 2 <1 k=1,2....N—1.
T COS 2N+ 1) ) 2y )

Ash—>0,NﬁooandCOSQWthencﬂﬂ<%.

This is the necessary and sufficient condition for the difference equations to be
stable when the solution of the FPDE dose not increase as t increases.

|
5 Examples
Example 5.1 Consider the fuzzy parabolic equation
oU U

with the boundary conditions
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U0,t)=U(l,t) =0, t >0,
and
U(z,0) = f(x) = keos(mz —7/2), 0 <z < 1.
and k[a] = [k(e), k()] = [a—1,1—a].

The exact solution for

W (a,t;0) — PY (2, t;0) = 0, (5.25)
Wz, t;0) — LY (x,t;a) = 0, (5.26)

for 0 <z <[, t>0areU(z,y;a)=k(a)e ™ cos(rz —r/2) and U(zx, y; a) =
E(a)e ™ cos(mz—m/2). We use the equations (3.19) and (3.20) to approximate
the exact solution with A = 0.1 and k£ = 0.00001, therefore » = 0.001. Fig. 3
shows the exact and approximate solution at the point (0.1,0.000001) for each
a € (0,1]. The Hausdorff distance between the solutions is 1.2363e — 004.

0.9 o
0.8
0.7
0.6
0.5F

0.4

-0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4
figure 2. h=0.1, 1=0.0001

6 Conclusions

We presented difference methods for solving fuzzy partial differential equations.
This numerical method based on the seikkala derivative. If all terms of FPDE
belong to E then solutions of FPDE | would exist, which have been concluded
from the numerical values. We presented necessary conditions for stability of
this method.
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