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AN IMPLICIT METHOD FOR FUZZY PARABOLIC PARTIAL
DIFFERENTIAL EQUATIONS

K. NEMATI ** AND M. MATINFAR?

ABSTRACT. In this paper, we consider an implicit finite difference method for
solving fuzzy partial differential equations (FPDEs). We present stability of
this method and solve the parabolic equation with this scheme.

1. INTRODUCTION

Calculation of the solution of fuzzy partial differential equations is in general
very difficult. We can find the exact solution only in some special cases. When
we are studying in fields of physics and engineering, we often meet the problems
of fuzzy partial differential equations where sometimes have to solving those as
numerical methods. The topics of numerical methods for solving fuzzy differen-
tial equations have been rapidly growing in recent years. The concept of fuzzy
numbers and arithmetic operations with these numbers were first introduced and
investigated by Zadeh [11] and others.The fuzzy derivative was first introduced
by S.L. Chang, Zadeh in [5]. The fuzzy differential equations and fuzzy initial
value problem were regularly treated by O.Kaleva and S.Seikkala in [7, 8, [9]. J.
Buckley and T. Feuring investigate exist of solution for FPDE in [4]. In [1, 2]
T.Allahviranloo used a numerical method (explicit finite difference method) to
solve FPDE, that was based on Seikkala derivative.

This paper is organized as follows:

In Section 2, we bring some basic definitions of fuzzy theory. In Section 3, we in-
troduce fuzzy partial differential equations base on the Siekkala derivative. Finite
difference method for fuzzy partial differential equation is discussed in Section 4.
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The necessary conditions will discuss for stability of the proposed method in Sec-
tion 5. The implicit difference method is illustrated by solving an example in
Section 6. We conclude in Section 7.

2. PRELIMINARIES

e We placed a tilde sign(~) over a letter to denote a fuzzy number as subset of
the real number.

e We write A(z), a number in [0, 1], for the membership function of A evaluated
at x.

e An o — cut of A, written Ao ], is defined as {z|]A(z) > a}, for 0 < a < 1.

e The triangular fuzzy number N is defined by three number a; < as < ag, where
the graph of N (x), the membership function of the fuzzy number N is a triangle
with the base on the interval [a;,as] and vertex at @ = ay. We specify N as
(al, as, ag).

We write:

1. N >0if a; > 0;

2. N>0if a; > 0;

3. N<0ifaz <O0;

4. N<0ifas <0.

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

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

2. w(r) is a bounded right continuous non increasing function over [0, 1].

3. u(r) <a(r), 0 <r < 1. Where u(r) and u(r) are crisp number.

For arbitrary fuzzy number v = (z,7), y = (y,7) and real number & :

1. z =y if and only if z(r) = y(r), and Z(r) =y(r) for all 0 <7 < 1.

kx:{ (kz, k%) k>0,

2. (k7 k) k <O0.

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

4w —y=(z(r) —y(r),z(r) —y(r)).

5. w.y = {min{x(r).y(r),z(r).y(r), z(r).y(r), 2(r).y(r)}, maz{z(r).y(r), z(r) y(r), z(r).y(r), 2(r).3

Since the a — cut of fuzzy numbers are always a closed and bounded, intervals,
so we can write N[a] = [N(a), N(«a)], for all a.

Now we denote the set of all nonempty compact subset of R" by k™ and the
subset of kK™ consisting of nonempty convex compact sets by «”. Recall that

P(IB, A) = mlil ||1' - CLH,
ac
is the distance of a point x € R™ from A € k" and also the Hausdorff separation
p(A, B) of A, B € k" is defined as

p(A, B) = max p(a, B).

acA
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Note that the notation is consistent, since p(a, B) = p({a}, B). Now, p is not a
metric. In fact, p(A4, B) =0 if and only is A C B.
The Hausdorff metric dg on k™ is defined by

dH(A7 B) = max{p(A, B)7 p(37 A)},

and (k",dy) is a complete metric space.
Let F be the set of all upper semicontinuous normal convex fuzzy numbers with
bounded « — level sets. The metric dy is defined on E as

doo (1, 0) = sup{dg(ulal],v[a]) : 0 <r <1},a,0 € E.

3. FINITE DIFFERENCE METHOD

Assume U is a fuzzy function of the independent crisp variables z and ¢. Sub-
divided the x — t plane into sets of equal rectangles of sides dx = h,dot = k,
by equally space grid lines parallel to Oy, defined by x; = ¢h,7 = 0,1,2,... and
equally spaced grid lines parallel to Oz, defined by y; = j = 0,1,2,... . Denote
the value of U at the representative mesh point p(ih, jk) by

U, = U(ih, jk) = U (3.1)

and also denote the parametric form of fuzzy number, [7” as follow
Uij)- (3.2)

Then by taylor’s theorem and definition of standard difference (DxDx)Ui,j =

((DxDa:)Ui,j> (DxDx)Uz,])7

where

S
]
>
&
Sz
[2

y{(i+1)h7jk}—Qﬂ{if;,jk}w{(i—1)h,jk}
h

Y

(3.3)
7 w{(i+Dh,gk}—2u{ih,jk}+a{(i—1)h,jk}
(DyD,)U; j =~ i |
By (10) we have
(3.4)

W o Bit1,i =2+ i1,
z T 7”.7 - .

h2
with a leading error of order h?. Similarly, with this notation the forward-

difference approximation for (D,U) at p is

(DU,

e LY
k Y

12

(3.5)

12

(Dt)(jm WT_HJv



64 K. NEMATI, M. MATINFAR

with a leading error of O(k). By (11) and (12) and technique of Crank-Nicolson
(C-N), the finite difference representation of equation

is

Ui,j—i—l — Uz] _ 6_2{(}1'+1,j+1 — 20i,j+1 + Uz’-1,j+1 " Ui—l—l,j — QUW‘ + U,
k 2 h? h?

or the following equations must be hold:

l,j}
)

Y1 — /\wel,jﬂ — Mjy1 g1+ 20 541 = (1 — 2/\)@‘,3' + )‘uifl,j + /\%H,j

Wi g1 — ANUi—1 541 — My o1+ 200 50 = (1= 20w, 5 + AUi1 5 + Mg
(3.7)
where U = (u, @) is the exact solution of the approximating difference equations,

@ =ih,(i="0,1,2,..,n) and t; = jk,(j = 0,1,2,...), and X = 2%,

4. FINITE DIFFERENCE METHOD

Assume U is a fuzzy function of the independent crisp variables z and ¢. Sub-
divided the z — ¢ plane into sets of equal rectangles of sides dx = h,dt = k,
by equally space grid lines parallel to Oy, defined by x; = i¢h,7 = 0,1,2,... and
equally spaced grid lines parallel to Oz, defined by y; = 7 = 0,1,2,... . Denote
the value of U at the representative mesh point p(ih, jk) by

U, = U(ih, jk) = U (4.1)

and also denote the parametric form of fuzzy number, U” as follow
Uij). (4.2)

Then by taylor’s theorem and definition of standard difference (DxDx)Um- =

((D:va)Uz}j) (Dwa)Uiyj%

where

w{(i+D)h,jk}—2u{ih,jk}+u{(i—1)h,jk}

S
8
>
N
NQI
[2

h2 ,
(4.3)
7 w{(i+1)h,jk}—2u{ih,jk}+u{(i—1)h,jk}
(DZD:E)U” n h2 .
By (10) we have
(Do D) Uy o Bt Zg it
(4.4)

H P T Uit —2U Ui
(DJ:D:E)UZ,] ~ hzzj .
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with a leading error of order h%. Similarly, with this notation the forward-

difference approximation for (D,U) at p is

(DU o Mttt

(4.5)

(D)U;; ~ WT‘H%

with a leading error of O(k). By (11) and (12) and technique of Crank-Nicolson
(C-N), the finite difference representation of equation

18
Uz',jJrl — [7” _ 5_2{Ui+1,j+1 — 20i,j+1 + Uifl,g#l n 0i+1,j - 2Ui,j + Uvifl,j}

k 2 h? h? ’
or the following equations must be hold:

Ui oy = AUy — Migrgen + 200501 = (1= 2005 + Ay 5+ Ay

Wig1 — NUi—1,j41 — Mgy jyg + 200 5401 = (1= 201 5 + ANUi—15 + MUy
(4.7)
where U = (u, @) is the exact solution of the approximating difference equations,

@ =ih, (i =0,1,2,..,n) and t; = jk,(j = 0,1,2,...), and A = 2%

5. A NECESSARY CONDITION FOR STABILITY

Now we are going to consider the stability of the classical implicit equations
(14). If the boundary values are know at ¢ = 0 and N, j > 0, then the 2(N — 1)
equations can be written in matrix as

1 =X 2\
A 1 =X 2\ Uy i1
. . . @273'-"-1
-\ :

-2 1 2A UN-14+1 | —

2\ 1 -\ ﬂ17j+1 -
2\ —A 1 —A EQJ‘_H
—A UN-1,j+1

2\ -2 1
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0 A 1—2\
A 0 A 1—2\
A
A 0 1—2\
1 -2\ 0 A
1—2\ A 0 A
A
1—2\ A 0
ie,
(ny W -
Pl =t ) = —J C
(WH> Q(%>+J’
where
0 1
4 B 1 0 1 1 1
P:(B A),A:]—/\ ,B =2\
1 0 1
1 0
and
0 1
B 1 0 1 1 1
Q:(F E),F:/\ JE = (1-2))
1 0 1
1 0
Thus

Livt ) =pig( % )+ plc, T=P}
(@#1) Q<@j)+ J’ <

u .
+C

UN-1,

= 2\,

= (1-2))1.

(5.1)

We first give Theorem 4.1 and then prove the stability of the above method

in Theorem 4.2.
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Theorem 4.1 Let matrix P has spacial structure as follow
A B
B A )
Then the eigenvalues of P are union of eigenvalues of A + B and eigenvalues of

A— B [3].
Now we prove the stability of C'— N method in the following theorem.

Theorem 4.2 Difference equations (14) for all A are stable.

Proof: It is sufficient to show that p(7') < 1 in (15). Thus, by Theorem 4.1, it
is enough to find eigenvalues of A + B and A — B, where

14+2\ =X
A 1+2) =)
A+ B= : :
-
—A 142X
and
1—2\ =)
—A 1-=2X =)\
A—-B=
—A
-\ 1-=2\
Let matrixes (N — 1) x (N —1) S and S’ as follow
2 -1 2 1
-1 2 -1 1 2 1
S = S =
-1 1
-1 2 1 2
Thus
A+ B=1+\S,
A—B=1-)\5".

where I is the Unit matrix of order (N —1) and S, 5" are (N —1) x (N —1)matrixes
whose eigenvalues Ag and Ag are given by [10]

k k
)\S:/\S/:2+2COSW7T:2(1+COSWW)

k
= 4 cos? Wﬂ,k =1,2,...,. N —1.
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Hence, the eigenvalues of A+ B and A — B are

km
A =1+ 4\cos? —
A+B + 4\ cos oN’

k
Mg = 1+ 4)\cos? rn

2N’
where at those k = 1,2,..., N — 1, respectively
1—2\ A
A 1—2X\ A
E+F =
A
A 1—=2\
and
22 —1 A
A 22 —1 A
E—-F=
A
A 22 -1
thus
E+F=1-M\S,

E—-—F=—-1+)\5".

The eigenvalues for above matrixes are:
Npir =1 —4heos® 20 k=12, N1
E+4+F — 2N7 T Ly &y ey

k
Mg g = —1 4 4) cos? %k ~1,2,..N—1
We know when p(T') = p(P~'Q) < 1, then iterative method is stable.

1 — 4\ cos? ix
p(T) = max | M| <1,
ko 1+ 4Xcos? 3

or

—1+4)\cos? iz
p(T) = max | —

<1
km ’
k 1+4ACOSQW

for all A. Therefore, the scheme is stable.
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6. EXAMPLE

Consider the fuzzy parabolic partial differential equation

oU 02U
5 (z,t) axZ(x,t),O_x_l,t>O,

with the boundary conditions
U0,t) =U(1,t) =0,t > 0,

and

U(z,0) = f(z) = Ksin(rz),0 < z < 1,
and

K = [k(a), k()] =[a—1,1—q].
The exact solution for

ou 0?U
E(:c,t, a) = 92 (x,t; ),
oU 0?

U
E(w,t,a) = W(x,t, a),

for 0 < x < 1,t > 0 are U(x,y;a) = k(a)e ™ 'sin(rz) and U(z,y;a) =
E(a)e ™ tsin(r).

We use the equations (14) to approximate the exact solution. We have shown
in Figurel and Figure2 some of the U value in the various grid points for all
a belong to [0,1]. In these Figures have compared approximated solutions and

the exact solutions, where Hausdorff distance between the solutions in the case
h =0.01,k = 0.001, and A = 5, is 0.00115909722312.

Symbols in the Figures are:

g, .d wrapprozr & | —.—approx g | ——tapprox g | —:approx
LY O exact, 2L 4 exact, 220 A exact, 34°) o exact,

7. CONCLUSION

The fuzzy partial differential equation can be applied for modeling in physics,
engineering and mechanical systems. In this paper, we applied an implicit finite
difference method to solve some partial differential equations. Moreover, the nu-
merical examples gave a good approximation for the solutions.
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FIGURE 2. h =0.01,k =0.001 and A =5
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