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Abstract.In this paper, the (m + 1)-step Adams-Bashforth, Adams-Moulton, and Predictor-
Corrector methods are used to solve first-order fuzzy linear ordinary differential equations.
The concepts of fuzzy interpolation and generalized strongly differentiability are used, to
obtain general algorithms. Each of these algorithms has advantages over current methods.
Moreover, for each algorithm a convergence formula can be obtained . The convergence of
these methods is proven in detail. Finally, these methods are illustrated using examples of
initial value problems.
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1. Introduction

The topic of fuzzy differential equations (FDEs)has been attracting growing interest
for some time, particularly regarding fuzzy control. As a result, the subfield has
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rapidly developed in recent years. At first, definitions of fuzzy derivatives and
integrals were developed; then, the concept of FDEs was introduced, and sufficient
conditions for the existence of unique solutions to these equations were established.
Finally, algorithms for calculating approximate solutions were devised. Thus, in
order to understand fuzzy differential equations and their associated numerical
algorithms, introduction to fuzzy numbers and fuzzy calculus is necessary.

The concept of fuzzy sets which was originally introduced by Zadeh, led to the
definition of the fuzzy number and its subsequent application to both fuzzy control
[10] and approximate reasoning problems [38]. The basic arithmetic structure for
fuzzy numbers was later developed by Mizumoto and Tanaka [26, 27], Nahmias [28],
Dubios and Prade [11, 13] and Ralescu [32], all of whom defined a fuzzy number
as a location of r— levels 0 < r < 1. Additional background material can be found
in [5, 6, 9, 16-18, 20, 22, 35].

The fuzzy mapping function was introduced by Chang and Zadeh [10]. Later,
Dubois and Prade presented an elementary fuzzy calculus based on the extension
principle. Puri and Ralescu [30]then suggested two methods for the fuzzy deriva-
tive of fuzzy functions. The first method was based on the H-difference notation
and was further investigated by Kaleva [21]. The second method was derived from
the embedding technique and was analyzed by Goetschel and Voxman [18], both of
whom used the method to develop various applications. Strongly generalized differ-
entiability was introduced in [7] and studied in [8]. Indeed, the strongly generalized
derivative is defined for a larger class of fuzzy-number-valued function than the set
of functions for which the H-derivative is defined, and fuzzy differential equations
may have solutions that have a decreasing length of their support, that is, decreas-
ing uncertainty. Thus, we use strongly generalized differentiability concept in the
present paper.

The concept of integrating a fuzzy function was first introduced by Dubois and
Prade [12]. Alternative approaches were later suggested by Goetschel and Voxman
[19], Kaleva [21], among others. While Goetschel and Voxman [18] and later Mat-
loke used a Riemann integral type approach, Kaleva [21] defined the integral of a
fuzzy function using Lebesgue integration.

The notion of fuzzy differential equation was initially introduced by Kandel and
Byatt [23] and later applied to fuzzy processes and fuzzy dynamical systems. A
Fuzzy Cauchy problems have been thoroughly researched by Kaleva [21], Seikkala
[33], Ouyang and Wu [24], and Kloeden and Wu [36]. The numerical method used
for solving fuzzy differential equations are introduced in [2, 14, 25]. In addition,
several applications of FDEs to fuzzy control are presented in [31].

In this study, we concentrate on algorithms to solve FDEs that possess unique
fuzzy solutions. In Section 2, some basic definitions and results are presented. In
Section 3, the concept of fuzzy Newton finite differences is reviewed. The Adams-
Bashforth method, Adams-Moulten method and their corresponding algorithms
are introduced in Sections 4 and 5, respectively. We prove convergence of this
methods in Section 6. In addition, we demonstrate these methods in Section 7.
Finally, concluding remarks are presented in Section 8.

2. Preliminaries

We now recall some definitions that form the foundation of this paper. We denote
R as the set of all real numbers.

The basic definition of fuzzy numbers is given in [34, 37| as follows:

A fuzzy number is a mapping u : R — [0, 1] with the following properties:
(a) u is upper semi-continuous,
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(b) w is fuzzy convex, ie., u(Az + (1 — N)y) = min{u(z),u(y)} for all
xz,y € R, A €10,1],

(¢) w is normal, i.e.,3x¢ € R for which u(xp) = 1,

(d) supp u = {x € R| u(x) > 0} is the support of the u, and its closure cl(supp u)
is compact.

Let E be the set of all fuzzy number on R. The r-level set of a fuzzy number
u€ E, 0<r <1, denoted by [u], is defined as

_J{zeR|u(x)=r} if 0<r<1
[ulr = cl(supp u) if r=0

It is clear that the r-level set of a fuzzy number is a closed and bounded interval
[u(r),u(r)], where u(r) denotes the left-hand endpoint of [u], and w(r) denotes
the right-hand [u],. R can thus be embedded in E, because, each y € R can be
regarded as a fuzzy number, with 7 defined by

~n 1 af t=y
y(t) = { o if t#y
It is well known that the following properties are true for all levels
[u & vl = [u]r + [v];, [k © uly = Kklu]r
From this, we see that a fuzzy number is determined by the endpoints of the
intervals [ul,. For arbitrary v = [u(r),u(r)], v = [v(r),v(r)] and k& > 0, we define
addition v @ v , subtraction u © v and scaler multiplication k£ as follows:
(a) Addition:
u@v = [u(r) +u(r),u(r) +o(r)]
(b) Subtraction:
uwo v = [u(r) —v(r),u(r) —u(r)]
(c) Scalar multiplication:
(ku(r), ku(r)), k > 0,
ku =
(ku(r), ku(r)), k < 0.
The Hausdorff distance between fuzzy numbers[5] is given by D : ExE — R > 0,

D(u,v) = sup max{[u(r) — u(r)], [u(r) —v(r)|},
rel0,1]

where u = [u(r),u(r)] ,v = [v(r),v(r)] C R are utilized. Thus, D is a metric in F
and has the following properties :
(1)D(u ® w,v ®w) = D(u,v), Vu,v,w € E,
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(14)D(k © u, k ©v) = |k|D(u,v), Vke€ R,u,v€E,
(#0)D(u @ v,w @ e) < D(u,w) + D(v,e), Vu,v,w,e€ E,
(iv)(D, E) is a complete metric space.

DEFINITION 2.1 [5]/Let E be a set of all fuzzy numbers. f is said to be a fuzzy-valued
function if f 1 R — FE

DEFINITION 2.2 [5] Let f : R — E be a fuzzy-valued function. If for an arbitrary,
fixred tg € R, € > 0, and § > 0 such that

[t —tol <= D(f(t), f(t0)) <e

the f is said to be continuous(See [14]).

DEFINITION 2.3 [5] A mapping f : R x E — FE is called continuous at point
(to, o) € R x E provided that for any fived r € [0,1] and arbitrary € > 0, there
exists an 0(e,r) such that

D([f (@, x)]r, [f (to, x0)]r) <€

whenever |t — to] < d(e,r) and D([z]y, [xo]y) < d(e,7) for allt € R, x € E (See
[34])-

DEFINITION 2.4 [5] A function f: R — E is Riemann-integrable on [a,b] if there
exists Ir € E with the property that: Ve > 0, 3§ > 0, such that for any division of
[a,b], d:a =y <...<xzp=">, of normv(d) <9 and for any point & € [x;, Tit1],
1=0,...n—1,

D310 f(&)-(wirr — 33), Ir) < €.

We denote Ip = fabf(a:) as the fuzzy Riemann integral (see [15]).

H-derivatives refer to functions differentiated according to the Hukuhara method;
it is well-known that the H-derivative for fuzzy mappings was initially introduced
by Puri and Ralescu([30]). It is based on the notion of H-difference of sets, defined
as follows:

DEFINITION 2.5 [5] Let x,y € E. If there exists z € E such that © = y @ z, then
2z is called the H-difference of © and y, and it is denoted by z —" y.

—h7 always stands for H-difference, also note that z—"y

In this paper, the sign ”
rOy.
In this paper, we consider the following definition which was introduced by Bede

and Gal in ([8]).

DEFINITION 2.6 Let f : (a,b) — E and xo € (a,b). f is strongly generalized
differential at zo (Bede-Gal differential), if there exists an element f (v9) € E,
such that

(i) for all h > 0 sufficiently small, 3f (zo + h) =" f(x0) and 3f(zo) =" f(zo — h)
so that in the metric D .
limy, o w = limy o M = (o)

or

(i3) for all h > 0 sufficiently small, 3f(xo) —" f(xo + h) and If(xo — h) =" f(x0)
so that in the metric D

hmh\,O f(zo)*iJ;L(l"o+h)
or

Lo p T ) _ ()
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(iii) for all h > 0 sufficiently small, 3f(zo + h) =" f(x0) and 3f(zo — h) =" f(x0)
so that in thz metric D .

limy o M = limp o %;f(%) = f'(20)

or

(iv) for all h > 0 sufficiently small, 3f(x0) —" f(zo + h) and 3f(zo) —" f(xo — h)
so that in thehmetm}'lc D . .

limy o f(%)—_)}:(:to-&- ) _ limy 0 f(zo)— hf(fco— ) _ ' (z0)

The denominators of h and —h denote multiplication by % and _Tl, respectively.

To account for the special case when f is a fuzzy-valued function, we have the
following theorem.

THEOREM 2.7 Let f: R — E be a function and denote [f(t)], = [f(t,7), f(t,7)],
for each r € [0,1]. Then B

(1)If is f differentiable according to Definition 2.6 (i), then f(t,r) and f(t,r) are
differentiable functiQns and B

[F Ol = [f (t.7), F (t,7)].

(2)If is [ differentiable according to Definition 2.6 (ii), then f(t,r) and f(t,r) are

differentiable functions and

’

[f/ (t)]r = [7 (tv T)7 f <t7 T)]

THEOREM 2.8 [4]/ Let f : R — E and let d : {a = by < by < ... < b, = b} be
a division of the interval [a,b] such that f is (i)- or (ii)-differentiable according
to Definition 2.6 on each intervals [bi—1,b;|, i = 1,...,n, with the same kind of
differentiability on each subinterval. Then

b
Jo £ (@)de =37 (f(0i) = f(bi-1)) @ (—1) © 35 (f (br—1) — f(Br)),
where
I ={ie{1,..,n} such that fis (i)-differentiable on (b;—1,b;)}(See e.g. [8]).

LEMMA 2.9 For xg € R, the fuzzy differential equation y = f(x,y), where
y(zo) = yo € E and f : R x E — FE is continuous, is equivalent to one of
the following integral equations:

y(@) =yo® [7 Flty()dt, Vo € [wo, 1)

or

y(0) = y(@) © (1) © [7 flty()dt,  Va € [wg, 1]

on some interval (xg,x1) C R, depending on which type of differentiability is con-
sidered, according to Definition 2.6, that is, (i) or (ii), respectively(See [8]).

The equivalence between the two equations means that any solution to one equa-
tion is a solution to the other as well.

Remark 1 In the case of strongly generalized differentiability, we have two different
integral equations for the fuzzy differential equation 4" = f(z,y), while in the case
of H-differentiability, we have only one. The second integral equation in Lemma
(2.9) can be written in the form y(z) = yo —" (=1) ® f;“; f(t,y(t))dt(See [8]).

The following theorems concern the existence of solutions to fuzzy initial-value
problems under generalized differentiability (see [8]).

THEOREM 2.10 Note the following conditions.

(a) Let Ry = [z0,70 + p] X B(y0,4), p,q > 0, yo € E, where B(yo,q) = {y €
E : D(y,yo0) < q}, denote a closed ball in E and let f : Ry — E be
a continuous function such that D(0, f(z,y)) = ||f(z,y)|| < M for all
($,y) € RO

(b) Let g : [xo,x0 + p] X [0,q] — E, such that g(x,0) =0, 0 < g(z,u) < M.
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V € [xo,z0+p], 0 < u < q, g(x,u) is non-decreasing in u, and g is such that
the initial-value problem u (x) = g(x,u(x)),u(xo) = 0 only has the solution
uw(z) =0 on [zg, 0 + p|.
(¢) I D(f(w,y), J(z,2)) < g, D(y, 2)), ¥(w,y), (2,2) € Ry and D(y,2) < q.
(d) There exists d > 0 such that for x € [zo,xo+ d], the sequence T, : [xo, zo +
d] — E given by yo(l') = Yo, yn—}—l(x) =Y —h <_1) © f;o f(tayn)dt a’nd 18
defined for anyn € N.

If the conditions (a) through (d) hold, then the fuzzy initial-value problem
{y’ = f(z,y),

y(zo) = Yo
has two solutions, (i)-differentiable and the other one (ii)-differentiable , according
to Definition 2.6:
Y9 : [wo,0 + 1] —> B(yo,q) where r = min{p, 3, 7-,d} and the successive
iterations

Yo (&) = Yo, Yos1 () = 0 © / "t ya(t))dt, (1)
and
To(2) = Y0, Tns1(2) = 40 =" (1) © / " F T (0) e, (2)

converge to the two solutions, respectively.
THEOREM 2.11 Note the following conditions.

(a) Let Ry = [0, 20 + p] X B(y0,9), p,q > 0, yo € E, where B(yo.q) = {y €
E : D(y,yo0) < q}, denote a closed ball in E and let f : Ry — E be
a continuous function such that D(0, f(z,y)) = ||f(z,y)|| < M for all
(CL‘, y) € RO
(b) Let g : [xo,z0 + p] x [0,q] — E, such that g(x,0) =0, 0 < g(x,u) < M.
V€ [zo,z0+p], 0 < u < q, g(x,u) is non-decreasing in u, and g is such that
the initial-value problem u (x) = g(x,u(x)),u(xo) = 0 only has the solution
u(z) =0 on [xg, zo + p).
(¢) If D(f(z,9), f(22)) < 9(z, D(y, 2)), ¥(x,y), (z,2) € Ry and D(y,2) < g.
(d) There exists d > 0 such that for x € [xg, o+ d], the sequence 3, : [xo,zo +
d] — E given by §o(x) = Y0, Yni1(z) =90 =" (1) ® f;; f(t,9,)dt and is
defined for anyn € N.
If the conditions (a) through (d) hold, then the fuzzy initial-value problem
{y’ = f(z,y),
y(zo) = o
has two solutions, (i)-differentiable and the other one (ii)-differentiable , according
to Definition 2.6:

v, g : [zo,x0 + 1] — B(yo,q) where r = min{p,%,Mil,d} and the successive
iterations

Y0(2) = Yo, Ys1 () = 90 © / CF(t (), (3)
and

Bo(@) = 0. T (o) = w0 " (D@ [ 1(t.7,0)i (4)
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converge to the two solutions, respectively.

According to Theorem 2.11, we restrict our attention to functions that are (i)-
or (ii)-differentiable on their domain except for a finite number of points (See [8]).
The following results address fuzzy differential equations with triangular data. We
recall that for a < b < ¢ and a,b, ¢ € R, the triangular fuzzy number u = (a, b, c)
determined by a, b, ¢ is given such that u(r) = a+ (b —¢)r and u(r) = ¢ — (¢ — b)r
are the endpoints of the r-level sets, for all » € [0,1]. Here u(r) = u(r) = b and
it is denoted by [u]i. The set of triangular fuzzy numbers will be denoted by
E. The following Lemma 2.12gives a sufficient condition for the existence of the
H-difference between two triangular fuzzy numbers.

LEMMA 2.12 (See [8]) Let u,v € E be such that u(1) —u(0) > 0, w(0) —u(1l) > 0,
and len(v) = (v(0) — v(0)) < min{u(1) —u(0),w(0) —u(1)}. Then the H-difference
UCV erists.

The following corollary gives a simple sufficient condition for the existence of
fuzzy differential equations under strongly generalized differentiability.

COROLLARY 2.13 Let f : Ry — E where Ry = [zo,z0 + p| X (B(yo,q) N E),
and yo € E such that y(0,1) — y(0,0) and 3(0,0) — y(0,1). Let m = min{y(0,1) —
¥(0,0),7(0,0) — y(0,1)}. Under assumptions (a)-(c) of Theorem (2.11), the fuzzy

initial-value problem

{y’zf(:v,y),

y(7o0) = vo

has two solutions y,y : [xo, xo + ] — B(yo,q) where r = min{p, i, 15, 557}, and
the successive iterations in (3) and (4) converge to these two solutions, respectively.

3. Fuzzy Newton Finite Differences

It often occurs that interpolation data are not sets of real numbers but are ranges
of values whose distribution within the range may not be probabilistic but known
possibilistically or qualitatively. For this reason, Allahviranloo and Hajjari in [3]
suggest fuzzy Newton finite difference formula as follows:

For a given partition A : {a = 9 < 1 < ... < z, = b}, where every z; has
an associated fuzzy number f; € E, we find a polynomial p : R — FE, such that
p(z;) = fi for all i = 0,1,...,n. Representing p(z) using r—cuts, we can write

[p(2)]r = [p(z;7), p(w; 7)) = {z € Rz = p(a;r), p(ai;r) € [fi] 7 € [0,1]}.

The fuzzy polynomial such as the Newton forward-difference formula is written in
the r—cuts form as

j+t
@)= > (DA il 10,1, 0<j<t<j+t<n, (5)

v=j

where § = 5% h = #=—%0_ The upper limit p(x;7) of the interval [p(z)], is the
solution of the optimization problem

max p(z;r), s.t. fi(r) <p(zi;r) < fi(r)
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and, similarly, the lower limit p(x;r) of the interval [p(x)], is the solution of the
optimization problem

min p(z;r), st fi(r) < p(es; r) < fi(r).

From the numerical stability of mentioned algorithm, we have 0 < 6§ < 1. Then for
the even n:

(%) <o, %+2=1v>2,
k=0,1,...,5 -1 (6)
(%) >0, v=0, 2%k+1=v>2,
and for the odd n
(%) <o, % +2=1v>2,
k=0,1,...,[5] -1 (7)
(%) >0, v=0, 2k+1l=v>2,
The r—level sets of A f; in (5) are as follow
[Ayfj]T = [Aufj(r) ) Al/fj(r)]v re [Oa 1]7 O<v<n. (8)

From Egs. (6, 7) and algebraic operations of fuzzy intervals, for the even n = j +t:
p(asr) = fr) + Y20 (9,00 1A () + i, (), A F(r),
plair) = F0r) + Yiso (0,0 DAL () + i (5,)A% f;(r),

and for the odd n = j + ¢:
p(air) = £5(r) + 0 (9,0 DA f(r) + SO (), VAP (),
Blasr) = F(r) + ot (0,04 1)APFI(r) + Y02 (£),)A% i (r),

where

A2 f5(r) = Y0 o(3) Fivam () — SiZo(omV s 1) Feamin (7).

AW fi(r) = S0 (38 Firam(r) — Seo (92 1) firamar (1), 0<v <2,

and

2v+1 2v+1

A1) = S (Bt ) o (1) = S (75 D Tam ),

2u+1] 2v+1

AFFL(r) = TnZo B ) Tramer () = 2o (i D o (). 0< v <[3)

For more information see [3].
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PROPOSITION 3.1 (see [8]). The [p(x)], = [p(x;r),p(x;7)] are the r—level sets of
fuzzy-valued polynomial.

THEOREM 3.2 (see [3]). Let p(x) be the interpolation of fuzzy function f for in-

terpolation points and suppose that the f"V) and f+1) exist and bounded on
[0, zp] then

hmhaoﬂ(%hﬂ") = i(l',’l"),
limy, 0 Pz, hs 1) = f(z;7).

THEOREM 3.3 (see [3]). If |xi| # |z;|, 0 < i # j <n then the fuzzy Newton finite
difference interpolation problem is unique.

4. Adams-Bashforth Methods

For solving the fuzzy initial-value problem by Adams-Bashforth m 4+ 1-step
Method, let t, = tg + nh, h = TJ_Vt", 1 < n < N and the fuzzy initial values be
Y(tn—m) = a(n —m) , ..., y(t,) = a(n), where the fuzzy numbers are in r—cut
form.

According to Lemma (2.9) and Theorem (2.7) we have:

Ytns1) = y(tn) © / )

n

or

Y(tns1) = y(tn) =" (-1) © /t " ).

n

If on an interval we expect a solution with increasing support, then we find a
(i)-differentiable solution. If on an interval we expect a solution with decreasing
support, then we find a (ii)-differentiable solution. Such that

[y(tn+1)]r = [gn+1(r)7 ynJrl(T)]’

and
Yy (1) = 4, () + [ (8 7)dt
Unoa (1) =T () + [0 F(t, 7).
or
Yy (r) = 9, () + [ (8 7yt

Vo1 (r) =T, (r) + [ f(t,7)dt.
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Also let

ft,r) ~p(t,r)

ft,r) ~p(t,r)

by using the fuzzy Newton finite differences presented in Section 3, such that
t =t, + 6h, dt = hdf. The following results will be obtained:

pti7) = Tisg ()P )AL £y i (r)
B(t;r) = Yio ()P AR fu (),
For k =2v
AR foi(r) = X0 (3 famrram () = S0 (o 4 1) Famkr2mi (r), "

AR fo i (r) = 30 o (85)) Fatrom (1) — anjo(z%y+ 1) fnkr2my1(r),

and for k =2v+1

21/+1] [2V+1

AFfo () = 0 20 (38 ) fu ot () = S 20 (2% 1) T o (),

[2u+1] [2u+1

AV (r) = Y, 20 (B ) Fackramat (1) — Som2o (2% 1) fu o ().

(11)
Now, from Egs. (9) it follows that:
S ptrydt = b f) (o (~ DR (0 ) AR fui(r))do
S ()t = b Jo (SR (- 1* (AR fux(r)de
since f is continuous and (—1)¥( k—@) is integrable and positive, so
S p(tsrydt = By AF f_i(r) o (=17 0)do
S p(trydt = BT AR fu () i (= 1)k 0)as.
If we consider ~y;, = fol(—l)k(k_‘g)dﬁ, then:
Y (1) =y (1) + RS AR ()
(12)
Un1(r) = T (r) + h 350 AF fro k() e
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or

Y () =y, (1) + B AF (),

(13)
U1 (1) = U (1) + h 200 AF fr i (M)
4.1 Adams-Bashforth Four-Step Method
From Egs. (12, 13) and m = 3, the following results will be obtained.
Y1 (1) =y, (1) + 35 [55fu(r) = 59 fu—1(r) + 37 fr2(r) — 9fa—s(r)]
B L (14)
Uni1(r) = G (r) + 95 (6510 () = 59 fu—1(r) + 39 fna(r) — 9 fu—s(r)]
or
Y1 (1) =y, (1) + 35 [55F0(r) = 59fn—1(r) + 39 fa—2(r) — 9fn—3(r)]
L L (15)
Unp1 (1) = U (r) + 24 [65fn(r) = 59Fn—1(r) + 37 fr—a(r) — 9 fu—s(r)]
4.2 Adams-Bashforth Three-Step Method
From Eqgs.(12, 13) and m = 2, ynﬂ(r), Uny1(r) will be computed as follows:
Ypir (1) = 4, (1) + 15[23fu(r) = 16 fu—1(r) + 5 fns(r)]
B L (16)
Unr1(r) = Tn (1) + 5[23Fa(r) = 16 fu1 () + 5 fu2(r)
or
Y1 (1) =y, (1) + {5[2370(r) = 16fn_1(r) + 5fu2(r)
(17)

Uny1(r) = Gn(r) + 15[23fu(r) = 16fa1(r) + 5fna(r)]

4.3 Adams-Bashforth (m + 1)-step Method Algorithm

To approximate the solution of the following fuzzy initial value problem, the posi-
tive integer N is chosen.

y'(t) = f(t,yt)), a<t<b,
{y(a) = o (18)
Step 1. Consider h = b_Ta, th=a, wy=qa, Wo=a

Step 2. Let i = 0.

Step 3. Let t;+1 = a + (i + 1)h, then by using the Runge-Kutta method compute
Wit 1, Wit

Step4.i=i+1

Step 5. If i < m — 1 go to step 3.
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Step 6. Let j = M

Step 7. For k£ = 0,1, ..., m compute:

Vi AR fi i (r), AR g (r), w4y and Wj4

Step 8. Let tj11 =to+ (j + 1)h

Step 9. j=4+1

Step 10. If j < N — 1 go to step 7.

Step 11. The algorithm will terminate and [w(b,r),w(b, r)] approximates the real
values [y(b,7),y(b,7)].

5. Adams-Moulton Methods

Solving Egs. (18) by the Adams-Moulton (m + 1)-step method is similar to that
by the Adams-Bashforth (m + 1)-step method with an extra point t,41. Now, if

we consider v, = fol(—l)k(kl ~ )4, then

Qnﬂ(T) =y, (r)+h ZZL:JBl AR g (),

(19)
U1 (1) = T (r) + K100 AF fru g (),
or
Qnﬂ(T) =y, (r)+h ZZL:J?)l AR fr ki1 () v,
(20)
yn-i—l(r) = yn(r) +h ZZL:JE)l Akfn—k-ﬁ-l(r)fy;c
For k = 2v
A* fo g (1) = Z;jnzo(%m)fn—k—&-l+2m(r) = 2112 + 1) fn—k+2m2(r),
(21)

Ak g (r) = E:nzo(gm)fn—k+2m+1("") — > §m N 1)fnfk+2m+2(74)a
and for Kk =2v+1

A o ir () = S8 0B - D) facszmen(r) — S8 (284 1V ),

A Fo i1 () = X805 DT mramr2(®) = S8 (F o) faksomen (7).
(22)

5.1 Adams-Moulton Three-Step Method

From Egs. (19, 20) and m = 2, ynﬂ(r), Uns1(r) will be computed as follows:
Y1 (1) =y, (1) + RA° fir (Mg + AL fu (1) + A% a1 (r)75 + A% (1)

Ini1 (1) = T (1) + RA fo 1 (1)1 + AL fa(r)) + A2 fuo1(r)7s + A3 fuoa(r)7s
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or

ynﬂ(?“) = Qn(r) + hAOfn—I—l(r)'YE) + Alfn("”)’ﬁ + Azfn—l(r)')é + Asfn—2(r)’7§

yn+1(T) = Qn(r) + hAOfn—I—l(r)'YE) + Alfn("”)’ﬁ + A2fn—1(7‘)7§ + ABfn—2(r)’7§,

It is obvious that by replacing ~;, i = 1,2,3, the following results will be
obtained.

gnﬂ(r) =y (r)+ %[9@(7“) +19f0(r) = 5 fn-1(r) + fr2(r)]

Baa (1) = T(r) & a9t (r) + 197(r) = 5fas () + Fua(r)]

0y 1 (1) = alr) s 9Fra () + 1970 (1) — 5fa s (r) + T a(r)]
Uy (1) = ,) + e 9fwa(r) + 19(r) — 5T (r) + faoa(r)]
Y (1) = Qa7 T (1) = T ()28, (7) = (), ) = T2(7)

5.2 Adams-Moulton Two-Step Method
From Egs. (19-22) and m = 1, the following results will be obtained.

Uy 1 (1) = 9, (0) 4[58, (1) + 85a(r) — T (r)]

Taa (1) = Tlr) + o 5t (r) + 8Talr) — fua ()]

or

U1 (1) = 9, 0) 1 5Fia (1) + 8Fa(r) = Foa (7)]

Baa (1) = Tu(r) + 2506 () + 81a(r) — Fua ()]
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5.3 Predictor-Corrector (m + 1)-step Method Algorithm

To approximate the solution of the fuzzy initial value problem in Eqgs. (18), the
positive integer N is chosen.

Step 1. Let h = b_Ta, to = a, wy(r) = ao(r), ..., w,(r) = L(T)
EO(T) = OTU(T)’ ceey @m(T) = @(T)

Step 2. Let n =m.

Step 3. For k=0,1,..., m compute:
%(r), AFf,_1(r) and ~y, then

wy 1 (r) = w, (r) + 7 325 A fuk (1)1
W 1(r) = W (r) + h Lo AR fo i (r)
Step 4. Let t,11 =to+ (n+1)h

Step 5. For £ =0, 1, ..., m compute:
AFfo i1 (r), AR fo_gi1(r) and 7 , then
Wy g1 (1) = wy (1) + R Y20 AF fru g ()7
Wnt1(1) = Wn(r) + R, AF 1 (1)
Step 6. n=n+1

Step 7. If n < N — 1 go to step 3.

Step 8. The algorithm will terminate and [w(b,r),w(b, )] approximates the
real values [y(b,7),7(b,7)].

6. Convergence

Without less of generality, we investigated convergence of proposed algorithm in
case of (i)-differentiable, case (ii)-differentiable is proved in a similar way. To inte-
grate the system given in Egs. (12), the interval [a, b] will be replaced by a set of
discrete equally spaced grid points a = t, < t; < t2 < ... < ty = b at which the ex-

act solution [Y (¢, 7), Y (¢, r)] is approximated by some [y (¢, 7),y(t, r)]. The exact and

approximate solutions at t,, 0 < n < N, are denoted by Y,,(r) = [Y (tn,7),Y (tn, )],
and y,(r) = [y(tn,7),y(tn, )], respectively. The grid points at which the solution

is calculated are from Egs. (12)and the polygon curves

Q(tv h, 7’) - [tOvyg(r)]v [tlvgl(r)]a ey [tNayN(T)]v

@(t, h, 7’) = [tOvyO(T)]v [t1,?1(7“)], e [tNayN(T)]v
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are Adams-Bashforth approximates to Y (¢,7) and Y (¢,7), respectively, over the
interval a = t, <t < ty = b. It is sufficient to show

lim y(t, h,r) =Y (t,r), lim gt h,r) =Y(t,7).
h—0~— h—0
From Eqs.(12) we obtain:

Ypi1 =Y, T+ RA® fn(r) Y0 4 oo 4+ A" frin (1) Yin]

Ynt1 = Yp + h[Aofn(T)'VO + o+ AT (7)Yl s

then

ynH =Y, + h[ﬂo&@“) + ...+ ﬁmfn—m(r) - ﬁlm(r) - ﬁ3m(r) e T 5m—1fn—m+1(7')]

Uns1 = Un + B[Brfn-1(r) + oo + B3 fr—3(r) + .. + Bm—1fn—m+1(r) — Bofu(r) — B2 fn—2(r)
—oo = B Sr—m(r)]-

(24)
For exact values, the following results will be obtained:

Xn+1 = Xn + h[ﬁoi(tnaXn7?n) T) + ...+ Bmi(tn—maxnfym?n—ma T) - ﬁlf(tn—lyan, Yn—la T)

Teee T Bm—l?(tn—m+17zn_m+1; Yn—m+1; T)] + 7m+1hm+2zm+2 <£)7

Yn+1 = ?n + h[ﬁl?(tn—lazn—p?n—la T) + ...+ 53?(%—37!71_37?71—3, T) + ...+ Bm—lf(tn—m—i—l?

Eva Eva Eva —m+2
Xn—m-}-la Yn,m+1, T) - BOi(tna Xna an T) o T /Bmi(tnfﬂ’th—ma Ynfma T)] + ’77/'n+1hm+2ym (5)

(25)
provided that Y, Y € C™*2[ty, T). Let

w1 (r) = Yoy (1) = g, ,, (1),

Yn+1 (T) - yn—‘,—l (T’),

'Un—l-l(r)
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then

Wn41(r) = wy(r) + h[ﬁo(in(r) - i(tnazm?nvr)) +.t ﬂm(in_m( ) — f( n—ms Y Y n—m,7))

— oo = B A (Fremin (1) = Fltnemtt, Yoo 15 Yemt 1, 7)) + Y t R 22 ()

Ont1 = On + BB (Frm1(r) = Fltn—1, Y00, Yio1,7)) + o+ Ba(f () = f(tn-3,Y 3, Y n3,7))+
Bm—l(?n—m+1(r) - ?(tn—m+laxn_m+1a?n—m+la T)) - IBO(in(T) - i(tnaXnaYTM T)) -

_Bm(in,m( ) = f(tn—m, Y ms Y nem,7))]

+2
+’Y;n+1 hmt2y ™ (5) .

(26)
Suppose l;, i = 1,2, ...,m, are Lipschitz constants. If | = max{l1,...,[,,,} then

w1 ()] < Jeon ()] 4 BBl ()] + [0 (P)]) + e+ Bl (0 ()] 4+ [0 (7))
e+ Bt | ([0t (0] + o (F))] 4 [ [A7 200

V41 ()] < Jon(r)] 4 Al Bol (Jwn ()] + [0 (r)]) + - 4 [Bm([wn—m (r)] + [vn—m(r)])

o Bl (-1 (1) + o (P)D] + P a2,

(27)
where
M = max [y ()]
M = max|Y"2(¢)].
Now let |tni1(r)| = |wpni1(r)] 4 |vng1(r)| then:
[n1.()] < Jun ()] BL21Bo | ([ (1)) + .- + 21| ([t (7)) .

o+ 2Bt (s ()] + g [ F2(M + 7).

Form (28) the differential equation (29) will be constructed as follows:

[Fn1(r)] = [kn ()] + 2L[2|Bo[([kn(r)]) + - + 2|Bm| (|kn—m(r)])

b+ 2Bt (1 (M))] + Py 1 [A2(M + D) (29)
ki(r) =0 i=0,1,....m

such that k;, ¢ = 0, ..., m, are the roots of differential equation (29).
Now, we prove that |u;(r)| < 6 < ki(r) foralli=m+1,...,s
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From (8.22) we have:

1 (r)] < Jum (1)] + 252[] Bt (7) + ... + [ B uo(r)] + [ym1 [B™ 2 (M + M)
< Nk (r)] + 282[] Bol b (1) + .. + B ko (r)] + [Yme41 [A7F2 (M + M) = Ey1 (1)

(30)

U1 (r) < Ky (1), r € [0,1].

To obtain a solution of Eq. (29), first let k;(r) = —c(r). From Eq. (31) it follows
that:

—c(r) = —e(r)+2hl[|Bo| (—c(r)) .| Bl (—e(r)) o Bt (=€) ]+ |emat [P (MAM)

_ lemaa [P™H(M + M)

C(T) 2 Zzlo ﬁz '

<r <1

The homogeneous solution will be computed as follows:
For all r, k, = x™, let

o™ = 2" + 20l[|Bolz™ + .. + B2 + | Bl
If m = n, we have
H(z) = 2™ — 2™ — 2hl[|Bo|z™ + ... + |Bm—1]2! + |Bm|2°]. (31)
Now, we will show Eq. (31) has a root « > 1 as follows:
H(1)=1-1-2hY Bi=-2hlY ;<0
i=0 i=0

Let

r=1+20) B> 1.
=0

From Eq. (31) we have

x”™H(x) =x —1—=2hl[|fo| + ... + |Bm,1]m1_m + |Bm|x™™

> 2hl 3520 1Bi] — 20 355, |Bi] = 0.
Thus H(x) > 0 then there exists 1 < z*(r) < 1+2hl )", |8;] such that H(z*) = 0.
Since 2h0 327 |Bi] > —1, then 1+ 2Al Y"1 |B| < €220 IA:]
Z*(T) <14 2hl 27;0 ’/81| < e2hl 2o 18l

(Z*<r))n < €2hnl Z;y;o |/81| — 62(1‘”7&)[ E:’;o Iﬁl‘
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Then the solution of Eq.(29) will be obtained as follows such that h = #=g*o.
Let kn, = ((z*(r))" = 1)c(r).

fen (1) < \cm+12\lh££(()%+ﬁ) o2(@n—a)l 7 (|Bi]—Dun (r)

lem 2[R U (MAM) 2(2,—a)l S5 (18:| = 1) [va] | w|
S Ty ¢© =

it R THMAM) 9z, —a)l ™ 1B
< |Crmt1] (M e2@n—a)l 377 |Bil
=X 20377 B

are obtained. If h — 0 then v, — 0, w, — 0, which completes the proof of the
following theorem.

THEOREM 6.1 For an arbitrary fized v : 0 < r < 1, the Adams-Bashforth (m +
1)—step approzimates of Eq.(12) converge to the exact solution Y (t,r),Y (t,r) for
Y, Y € C™Ft, T).

Remark 1 The convergence order of the Adams-Bashforth (m + 1)—step method
is O(h™*1).

7. Numerical Examples

In this section, some fuzzy initial value problems will solved by suggested methods.
The results which are obtained are more exact than the results in [1, 2, 29, 39] that

are obtained by two-step method.
Example 1. Consider the initial value problem

y'(t) =yt)+t+1,
with initial condition

y(0) = (0.96 + 0.04r,1.01 — 0.01r)
y(0.01) = (0.01 4 (0.96 + 0.047)e %91 0.01 4 (1.01 — 0.017)e~*01),

(0.02) = (0.02 4 (0.96 + 0.047)e~%0% 0.02 4 (1.01 — 0.017)e~"0%),

The exact solution at ¢ = 0.1 with increasing support, i.e. (i)-differentiable, is given
by

Y1(0.1,7) = (0.1+(0.9640.04r)e"%1, 0.1+ (1.01 — 0.017)e 1), 0<r<1.
the result of the Adams-Bashforth two-step method and the Predictor-Corrector
three-step method with N = 10 has been shown in table (1) and table (2).

Also, our proposed solutions are plotted simultaneously to compare with exact

solutions. For more detail see Figures 1. and 2.

Table(1). The result of the Adams — Bash forth two — step method with N = 10



Figure 1.
solution.
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Adams-Bashforth two-step method with N=10 and exact

Yy

Y

ERROR

Y1

Yy

ERROR

0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0

0.961710
0.969225
0.970336
0.974649
0.978920
0.983275
0.987588
0.991901
0.996214
1.000528
1.004841

0.968644
0.972263
0.975883
0.979502
0.983121
0.986741
0.990360
0.993979
0.997599
1.001218
1.004837

0.006934
0.006241
0.005547
0.004853
0.004159
0.003465
0.002772
0.002078
0.001384
0.000690
0.000004

1.020827
1.019228
1.017630
1.016031
1.014432
1.012834
1.011235
1.009637
1.008038
1.006439
1.004841

1.013886
1.012981
1.012076
1.011171
1.010266
1.009362
1.008457
1.007552
1.006647
1.005742
1.004837

0.006941
0.006247
0.005554
0.004860
0.004166
0.003472
0.002778
0.002085
0.001391
0.000697
0.000004

Y

Yy

ERROR

Y1

Y,

ERROR

0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0

0.964346
0.968395
0.972445
0.976494
0.980543
0.984592
0.988641
0.992690
0.996739
1.000788
1.004837

0.968644
0.972263
0.975883
0.979502
0.983121
0.986741
0.990360
0.993979
0.997599
1.001218

1.004837

0.004297
0.003868
0.003438
0.003008
0.002578
0.002149
0.001719
0.001289
0.000859
0.000430
0.000000

1.018183
1.016849
1.015514
1.014179
1.012845
1.011510
1.010176
1.008841
1.007506
1.006172
1.004837

1.013886
1.012981
1.012076
1.011171
1.010266
1.009362
1.008457
1.007552
1.006647
1.005742
1.004837

0.004297
0.003868
0.003438
0.003008
0.002578
0.002149
0.001719
0.001289
0.000859
0.0004297
0.000000

Table(2). The result of the Predictor—Corrector three—step method with N = 10
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Figure 2. Compare The result of the Predictor-Corrector three-step method with N=10 and exact
solution.

Example 2. Consider the initial value problem

y(0) = (0.96 + 0.04r,1.01 — 0.017)

y(0.01) = ((0.96 + 0.04r)e~ ! (1.01 — 0.01r)e~ ),

¥(0.02) = ((0.96 + 0.04r)e~"2,(1.01 — 0.01r)e~%02),

The exact solution at t = 0.1 with decreasing support, i.e. (ii)-differentiable is given
by

Y2(0.1,7) = ((0.96 + 0.047)e~ %1, (1.01 — 0.017)e ™1, 0

N
-

N
—_

Adams-Bashforth two-step method and the Predictor-Corrector three-step method
with V = 10 has been shown in table (3)and table (4). Also, our proposed solutions
are plotted simultaneously to compare with exact solutions. For more detail see
Figures 3. and 4.



Figure 3. Compare The result of the

solution.
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Adams-Bashforth two-step method with N=10 and exact

Yy

Yy

ERROR

Yo

Yy

ERROR

0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0

0.861268
0.865559
0.869851
0.874143
0.878434
0.882726
0.887018
0.891310
0.895601
0.899893
0.904185

0.868644
0.872263
0.875883
0.879502
0.883121
0.886741
0.890360
0.893979
0.897599
0.901218
0.904837

0.007376
0.006704
0.006031
0.005359
0.004687
0.004014
0.003342
0.002670
0.001997
0.001325
0.000653

0.920408
0.918817
0.917226
0.915635
0.914044
0.912453
0.910862
0.909271
0.907680
0.906089
0.904498

0.913886
0.912981
0.912076
0.911171
0.910266
0.909362
0.908457
0.907552
0.906647
0.905742
0.904837

0.006522
0.005836
0.005150
0.004464
0.003777
0.003091
0.002405
0.001719
0.001033
0.000347
0.000339

Table(3). Adams — Bash forth two — step method with N = 10

Yo

Y,

ERROR

Yo

Yo

ERROR

0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0

0.864346
0.868395
0.872445
0.876494
0.880543
0.884592
0.888641
0.892690
0.896739
0.900788
0.904887

0.868644
0.872263
0.875883
0.879502
0.883121
0.886741
0.890360
0.893979
0.897599
0.901218
0.904837

0.004298
0.003868
0.003438
0.003008
0.002578
0.002149
0.001719
0.001289
0.00086
0.00043
0.00005

0.918183
0.916849
0.915514
0.914179
0.912845
0.911510
0.910176
0.908841
0.907506
0.906172
0.904837

0.913886
0.912981
0.912076
0.911171
0.910266
0.909362
0.908457
0.907552
0.906647
0.905742
0.904837

0.004297
0.003868
0.003438
0.003008
0.002579
0.002148
0.002624
0.002194
0.000859
0.00043
0.00000
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Figure 4. Compare The result of the Predictor-Corrector three-step method with N=10 and exact
solution.

8.

Table(4). The Predictor — Corrector three — step method with N = 10

Conclusion

Note that the convergence order of the Euler method in the [25] is O(h). It is
shown that in proposed method, a higher order of convergence is obtained. In this
work for Adams-Bashforth (m + 1)-step method and Adams-Moulton (m + 1)-
step method are considered as predictor and corrector. It has shown a predictor-
corrector method from convergence order O(R™*!).In this paper examples are
solved by four-step method . With comparing, we observe the results which are
obtained by this method are more exact than the results in [1, 2, 29, 39] that are
obtained by two-step method.
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