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ABSTRACT

In this paper we give a numerical algorithm for solving hybrid fuzzy differential equations based on Seikkala’s derivative of fuzzy process. We
discuss in detail a numerical method based on extended Runge-Kutta like formulae of order four. The algorithm is illustrated by an example.
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1. Introduction

The topics of fuzzy differential equations has been rapidly growing in recent years. Fuzzy set theory is a tool that
makes possible to describe vague and uncertain notions. The differential systems containing fuzzy valued func-
tions and iteration with a discrete time controller are named hybrid fuzzy differential systems. These systems are
devoted to modeling, design and validation of interactive systems of computer programs and continuous systems.
That is, control systems that are capable of controlling complex systems which have discrete event dynamics as
well as continuous time dynamics can be modeled by hybrid systems.

The concept of a fuzzy derivative was first introduced by Chang and Zadeh [2] and later Dubois and Prade [3]
defined the fuzzy derivative by using Zadeh’s extension principle. Fuzzy differential equations have been sug-
gested as a way of modeling uncertain and incompletely specified systems and were studied by many researchers
[5, 10, 16, 17]. Tt is difficult to obtain exact solution for fuzzy differential equations and hence several numerical
methods where proposed [1, 7, 8, 11, 15]. Pederson and Sambandham [12, 14] have investigated the numerical
solution of hybrid fuzzy differential equations by using Euler method, Runge-Kutta method and discussed the
characterization theorem for solving hybrid fuzzy differential IVPs. Recently Ghazanfari and Shakerami [4] stud-
ied the numerical solution of fuzzy differential equations by extended Runge-Kutta-like formulae of order four.
In this paper we apply extended Runge-Kutta-like formulae of order four to solve hybrid fuzzy differential equa-
tions and establish that this method gives better solution than the Euler method [12]. The structure of the paper is
organized as follows:

In section 2, we give some results for fuzzy valued functions. In section 3, we define the hybrid fuzzy differ-
ential systems. In section 4, we discuss the extended Runge-Kutta-like formulae of order four to solve the hybrid
fuzzy differential equations and a convergence theorem. Finally in section 5, we provide an example to illustrate
our results.
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2. Preliminaries

Let Px(R™) denote the family of all non-empty compact, convex subsets of R". If a, 5 € Rand A, B €
P (R™), then

a(A+ B) =aA+aB, o(BA) = (aB)A, 1A=A

andif v, B > 0, then (a + B)A = aA + BA.
Denote E™ the set of u : R™ — [0, 1] such that u satisfies (i)-(iv) mentioned below:

(i) w is normal, that is, there exists an ¢ € R™ such that u(z¢) = 1,
(i1) w is fuzzy convex,
(iii) w is upper semi continuous,
(iv) [u]® =cl{z € R" : u(z) > 0} is compact.

For 0 < a < 1, we denote [u]* = {& € R™ : u(z) > a}. Then from (i)-(iv) it follows that a-level set
[u]* € Pg(R"™) for 0 < a < 1. An example of a u € E is given by

dr—3, if z € (0.75,1],
u(z) =9 —2x+3, if x€(1,1.5), 2.1
0, if x ¢ (0.75,1.5).

The a—level sets are given by
[u]* =10.75 4+ 0.25a, 1.5 — 0.5q]. 2.2)

Let I be a real interval. A mapping y : I — FE is called a fuzzy process and its aw—level set is denoted by
[y(®))* = [y @), 7)), t € I, v € (0,1].

Triangular fuzzy numbers are those fuzzy sets in E which are characterized by an ordered triple (2!, z¢, 2") €
R3 with 2! < 2¢ < 2" such that [U]° = [z}, 2"] and [U]' = {2}, then

U] = [2¢ — (1 — a)(z — Y, 2°4 (1 — a)(z" — z°)] (2.3)
forany a € 1.
3. Hybrid fuzzy differential systems

Consider the hybrid fuzzy differential systems

{ y'(t) = f(t,y(t), M (k) a0
y(tk) = Y,
where 0 <tg <t; < <t <--+, tp > 00, fE€C[Ry x ExE,E], \; € C[E, E]. Here we assume the

existence and uniqueness of solutions of hybrid fuzzy system hold on each [t txt1].
To be specific the system would look like:

y(:)(t) = f(t,90(t), Mo(¥0)), Yol(to) =yo, to <t <ty
(1) = f(tv1(t), M(y1)), vi(t) =1, t1 <t <t

y;q(;f) = f(t,yr(t), \e(yr))s yn(te) = yr, te <t <tpya,
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By the solution of Equation (3.1) we mean the following function

Yo(to) = wo, to <t <ty
yi(t) =y1, t1 <t <to,

y(t) = y(t, to, yo) = : (3.2)
yk(tr) = Yk, te <t <try,

We note that the solution of Equation (3.1) are piecewise differentiable in each interval for ¢ € [ty,tx41] for a
fixedy, € Fandk =0,1,2,....

Using a representation of fuzzy numbers studied by Goetschel and Voxman and Wu and Ma , we may represent
y € E by a pair of functions (y(r),7(r)),0 < r < 1, such that (¢) y(r) is bounded, left continuous, and
nondecreasing, (1) 7(r) is bounded, left continuous, and nonincreasing, and (iii) y(r) < 7(r), 0 < r < 1. For
example, u € E given in (2.1) is represented by (u(r),@(r)) = (0.75 + 0.25r,1.5 — 0.5r), 0 < r < 1, which is
similar to [u]® given by (2.2).

Therefore we may replace (3.1) by an equivalent system

{ yl(t) :i(tvya Ak(yk)) = Fk(ta y,y)v g(tk) = yk? (3 3)
7'(t) = f(t,y, \e(yx)) = Gr(t,y,7), H(tk) =Ty, '

which possesses a unique solution (y,%) which is a fuzzy function. That is for each ¢, the pair [y(t;7),5(t;7)] is
a fuzzy number, where y(t; ), 7(t; r) are respectively the solution of the parametric form given by

Y (t;r) = Filt,y(t;r), g(t:r)], ylte:r) =y, (1),
{y'a;r)— Gult, y(t:1). 9], Tltxir) = T(r), S

forr € [0, 1].

4. Fourth-order extended Runge-Kutta like formula

In this section for a hybrid fuzzy differential equation (3.1), we develop the Fourth order Runge-Kutta like formula
via an application of the Fourth order Runge-Kutta like formula for fuzzy differential equation in [4] when f and
Ak in equation (3.1) can be obtained via the Zadeh extension principle from f € C[Ry x Rx R, R], A\, € C[R, R].
We assume that the existence and uniqueness of solutions of Equation (3.1) hold for each [t txt1].

For fixed r, we replace each interval by a set of N;, 4 1 discrete equally spaced grid points(including the end-
points) at which the exact solution y(¢;7) = (y(t;7),%(t;7))) is approximated by some (y, (¢;7), 7, (¢;7)). For
the chosen grid points on [tx, txy1] at tg, =t + nhg, hy = %70 <n < Ny, let (Y, (t7),Yi(t;r) =
(y(t;7),y(t;7)). (Y, (t;7),Yi(t;r))  and (y,(t:7), 7, (t;7)) may be denoted respectively by
(Y} (r),Yin(r)) and (Y, (1) Up,n(r)). We allow the Ny s to vary over the [ty t41]'s so that the hj s may
be comparable. '

The extended Runge-Kutta like formula is a fourth-order approximation of Y} (¢;7) and ?;c(t; 7). To develop
the extended Runge-Kutta like formula for (3.1), we follow [4] and define

1
Yy () = 4, (1) = BEE (b Y () + B2 (b i (1)

1
+ §h2E§2) (tk,m Yk,n (T)) )

(2)(

_ _ =(1) 15—
yk,n-s-l(?") - ykn(") = hk; (tk,nayk,n(r)) + éthl tk,myk,n(r))
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R (b ().
where
B (s g (1)) = min{ f (tins s M) € [y, (7)o (7))t € Ly, (), Too ()]}
Tyt (1)) = e f (b, (i) € [y (0T (7)) i € [ o), Bo (01
K (b Yo (1) = min{ £ (th o, w, M (i) € [y, (1), T (0w € [y, () Tio ()]}
Ty (b, n (1)) = maz{ £ (b, M) € [y, (7). T ()], 0 € [y, (1), To(r)]}
K (b s Y (1)) = min{ f' (b, w0, M (i) |w € 25t Y (1)), 2 (b Y. (1)),
wi, € [y, O(T),yk,o(r)]},
B (trms gin (1)) = maa{ £ (b, w0, M) 0 € (25t Yo (7)), Z2 (s 9 (1),
wk € [y, o), To ()]},
where
alths (1) = () + S (s (1)),
Zalth () = T () + S8 (s (1)
So that
ES (thoms Y (1)) = mind f (trns v, Me(00) [V € [21 (s Yoo (1)), Z2 (B i, (7)),
ok € g, 4 (1), To ()]}
B (b gion (1)) = maz{ f (b, v, Akwk))\v 21 (Bms Y (7)), Z (i, o ()]
€ [y o (7). T (]},
where

)

1 Y (1)) = 9, (1) B (G (1),
21t Yo (1)) = T () HF (G ().
Next we define
Seltins Uy ()T 1)) = W (s (1)) + G2 (ks (1)
+3 th N (thms Ui (1),
Tultion gy ), ()] = A (s () + SR (i (1)

1 ,—(2
+§h2ké )(tk,n, Yr.n(T))-
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The exact solution at ¢, 1 is given by

{ Y1 (r) = Yoo () + Skltins 4y, (7), U ()]

Yins1(r) = Yin(r) + Tiltkn, y, (0 Gn ()]
The approximate solution is given by

’ 4.1
T 1) = T () + Tiltin. y, (7): T () @D

)

{ Y1 (7) = () 4 Siltin gy (1), T (),

By an application of methods suggested in [4](Theorem 4.3) and [12](Lemma 3.1 and Theorem 3.2), the following
result can be proved (convergence is pointwise in 7 for a fixed k).

Theorem 4.1 ([13]). Consider the systems (3.3) and (4.1). For a fixed k € ZTand r € [0,1],

ho,..l_l,rfﬁ_)o Y, (1) = Y(thr1;7), “42)
hO:--1-17I}Eg—)O yk:,Nk (T) = Y(tk+1, 7"). (43)

5. Numerical example
Before illustrating the numerical solution of a hybrid fuzzy IVP, first we recall the fuzzy IVP Example 3 of [11];
y'(t) = y(t), y(0,r)=1[0.75+0.25r,1.125 — 0.1257], 0 <r < 1. (5.1

By the Euler method with N=10 in [5],

10 10
1 1
y(1.0;r) = [(0.75 + 0.257) (1 + 10) ,(1.125 — 0.1257) (1 + 10) ] , 0<r <1, (5.2)
where y(t; ) denote an approximate solution of (5.1). Since the exact solution of (5.1) is
Y (t;r) = [(0.75+ 0.25r)€’, (1.125 — 0.125r)e’], 0 <r <1, (5.3)
we see thatatt = 1.0
Y (1;r) =[(0.75 + 0.25r)e, (1.125 — 0.1257)e], 0 <71 <1, (5.4)

Now by ERK4 with N = 10 in [4], (5.1) gives

y(1.0;7) = [(0.75 4+ 0.257)(co,1) "%, (1.125 — 0.125r) (co,1)'%] , 0 <7 <1, (5.5)
where
h? RB*  n?
= 1 _— —_— _—
Co,1 +h+2+6+24

now we proceed with (5.5) to ERK4 for hybrid fuzzy IVP.
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Example 5.1. Next consider the following hybrid fuzzy IVP from [12];

y/(t) = y(t) + m(t))‘k(y(tk))7 te [tkvtk"rl]? tk = kv k= 0) 1a 27 ceey (5 6)
y(0,7) = [0.75 + 0.25r,1.125 — 0.125¢], 0 <r < 1, :

where

{ 2(t(mod 1)), if t(mod 1) < 0.5
2(1 — t(mod 1)), if t(mod 1) > 0.5,

0, if k=0
Ak () = { p, ke{1,2,3,...}.

In (5.6), y(t) + m(t)Ax(y(tx)) is a continuous function of ¢, x and A (y(tx)). Therefore by [13], for each
k=0, 1, 2,...the fuzzy IVP

{ y'(t) = y(t) + mO)Ae(y(tr)), t € [te, tosa], tr =k,

Y(te) = Yir, SR

has a unique solution on [tg, tx4+1]. To solve the hybrid fuzzy IVP (5.6) numerically we apply the ERK4 method
for hybrid fuzzy differential equations from Section 4 with N = 10 to obtain y1 10(r) approximating Y (2.0; ).
Let f : [0,00) X R x R — R be given by

f(tvyv )\k(y(tk))) = y(t) + m(t))‘k(y(tk))a lg = ka k=0, 1,2,..., (5.8)
where A\ : R — R is given by

[0, ifk=0
'“@>_{ z, if ke {1,2,...}.

Using the hybrid fuzzy ERK4, we have

1
Uy ) = 9, () 4 1) (s e (1) + GHES (B, 1 (1)

)

1
+5 S (b Y (1), (5.9)

_ _ —(1) 1552
Uknt1(1) = Ypn (1) + hky " (tkns Yo (1)) + 6h2k1 (tkns Yk (1))

1 52
312 s (). (5.10)

Here
Egl)(tkm’yk,n(r)) = min{f(tk,nvu7>‘k(uk))|u € [gkm(r)vyk,n(r)]?uk € [gk)o(r)7yk:,0(T)]}’
= gk,n =+ m(tn)gk,
F b (1)) = maa{ (b, M) € [y, (), T ()]0 € [, (7). T )],
= ?k-,n + m(tn)ylm
K (s Y () = mind £ b e ()l € [y, (1), T ()t € [y o) Tro ()]

= Yy T (mltn) + m'(tn))y,,

R (b i (1)) = maz (b, M) o € [y (1), T (7). 0 € [0 (r). To ()]}
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- ?k,n + (m(tn) + m/(tn))ylm
min{ f (tin, w, Me(wi))|w € (25 (ks Y (1)), Z2 (s Yen (1))
Wi € [gho(?"),?k,o(r)]}»

ES (b Y (7))

E?) (tk,na yk,n(T)) = maﬂi{f/(tk,m w, Ak (wk))|w € [52 (tk,nv yk,n(r))7§2 (tkm’ ykﬂl(r))]7
w € [, (7). Tro ()]}

where
1
2tk Yk (1) = 5, (1) + SHES (B, (1),
_ _ 1 -
ZQ(tk,na yk,n(r)) = yk,n(’r) + ith (tk,n; yk,n(r))
So that
Egl)(tk,n,yk,n(r)) = min{ f(trn, v, A (ve))|v € [21 (Ekns Yrn (7)) Z2(Ek s Yrn (1))],
Vi € [yk’o(T)vyk,O(r)]}7
p— 1 p—
By (thoms U (1) = maz{ (om0, M (W) [0 € (2 (Bms Yon (1)) Z (s Yo (1),
ok € [y (7). o]},
where

1
21t Yk () = gy, (7) + 0K (B, g (1),

1
= 9, () + 70 (3, () + mlta)y, )
h h

=y, () (1 n 4> + mlta)y,
_ _ 1 -
Z1 (s Y (7)) = Tin (1) + ZhEL (b Y (7)),

_ 1, _
= Up.n(r) + Zh T (1) + m(tn)Ts) »

= Tpn(r) (1 - Z) + %m(tn)m

Using these with N = 10 and k¥ = 1 in (5.9) and (5.10), we get the approximate solution for hybrid fuzzy IVP
(5.6) as

ngO(T) = 00711001710(0.75 + 025T), (511)
T110(r) = co1"0c1,10(1.125 — 0.1257), (5.12)
where
1 9 1 1
= —(h—=2Zh?*+-h3+ =n*
C1,10 = C0,1C1,9 + 5 ( 3 + 5 + 7 ,
2 1 1
= “(h—=2n+-h3+ =nt
C1,9 = Cp,1C1,8 + 5 ( + 5 =+ 2 ,

3 7 1.. 1
= S(h==h?+ 34+ =nt
c1,8 = Cp,1C1,7 + ( 6 + 6 + Y )

5
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Exact
+ Euler
O ERK4

0.6

0.4

0.2

Figure 1: Att = 2 with h = 0.1.

4 1
c1,7 = Cp1C16 + = (h3h2+ —h? + 24}14)7

3
01,6 = 60710175 —+ h + *h2 + *h?’ + 7h47

4 3
€15 = €0,1C14 + ¢ <h+4h2+ —h3+ h4>7

C1,4 = C0,1C1,3 + = 3 (h + 7}7/2 + h3 h4) 5

1
= h + 3h* h3 —pt
€1,3 001012+5( + +6 Y

1
C1,2 = Cp, 1cll+ <h+h2+ h3 24h4) y

cin=1+h+ 7h2 + 6h3 + —h4.
For t € [1,1.5], the exact solution of Equation (5.6) satisfies

Y (t;r) Lir) (3¢t —2t), 0<r<1.

For t € [1.5, 2], the exact solution of Equation (5.6) satisfies

]
(
Then Y'(1.5; 1) is approximately 5.290 and y(1.5; 1) is approximately 5.294
2]
Y(t;

) =Y(Lr)(2t—2+e"53yVe—4)), 0<r <1
Then Y (2; 1) is approximately 9.677 and y(2; 1) is approximately 9.678
6. Conclusion

In this work we applied extended Runge-Kutta-like formulae of order 4 for finding the numerical solution of
hybrid fuzzy differential equations. Comparison of solutions of Example 5.1 shows that our proposed method
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Table 1: Comparison of solutions to Example 1 when r = 1 the Euler method, the extended Runge-Kutta of order four(ERK4), the exact solution and difference.

t Euler ERK4 Exact Exact-Euler Exact-ERK4
1.0 2.5937 2.7183 2.7183 0.1246 0

1.5 4.7539 5.2627 5.2902 0.5363 0.0275

2.0 8.6631 9.6785 9.6770 1.0139 -0.0415

gives better solution than Euler method.
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