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Abstract ( )
Some problems in science and technology are modeled using ambiguous, imprecise, or lacking contextual data.
In the modeling of some real-world problems, differential equations often involve multi-agent, multi-index, multi-
objective, multi-attribute, multi-polar information or uncertainty, rather than single bits. These types of differ-
entials are not well represented by fuzzy differential equations or bipolar fuzzy differential equations. Therefore,
m-pole fuzzy set theory can be applied to differential equations to deal with problems with multi-polar informa-
tion. In this paper, we study differential equations in m extremely fuzzy environments. We introduce the concept
gH-derivative of m-polar fuzzy-valued function. By considering different types of differentiability, we propose
some properties of the gH-differentiability of m-polar fuzzy-valued functions. We consider the m-polar fuzzy
Taylor expansion. Using Taylor expansion, Euler’s method and modified Euler’s method for solving the m-polar
fuzzy initial value problem are proposed. We discuss the convergence analysis of these methods. Some numerical
examples are described to see the convergence and stability of the proposed method. We compare these methods
by computing the global truncation error. From the numerical results, it can be seen that the modified Euler
method converges to the exact solution faster than the Euler method.
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1. INTRODUCTION

Differential equations are widely used in modeling physics and engineering problems, such as classical mechanics,
thermodynamics, general relativity, and electrodynamics. Typically, the initial conditions are considered to be precisely
defined in the model. Uncertain errors in observational, measurement, or experimental data may render the data
unclear, incomplete, or inaccurate. To mitigate this uncertainty or inaccuracy, fuzzy differential equations (FDEs)
can be used. Zadeh [44] introduced the concept of fuzzy sets to deal with uncertainty due to fuzziness or imprecision
rather than randomness. Chang and Zadeh [18] introduced fuzzy numbers, which are special types of fuzzy sets
that satisfy certain conditions. They also introduced fuzzy derivatives. Following the approach of [18], the extension
principle has been used to define the fuzzy derivative [20]. There are many fuzzy DEs for which analytical solutions
do not exist or are difficult to process analytically. For such differential equations, numerical programs are usually
used. Abbasbandy and Allahviranloo [2] presented Taylor’s method for solving ambiguous DE. Effati and Pakdaman
[21] used a novel approach to solving neural network based fuzzy IVP. They replaced the DE equation with a DE
system and split the solution into two parts, one part satisfying the initial conditions and the other part satisfying a
feed-forward neural network with controllable parameters. Gisilov et al. [25] proposed a linear transformation based
method to solve higher order linear differential equations with ambiguous initial values. They proposed a solution in
the form of a fuzzy function that satisfies the initial value problem. Pederson and Sambandham [36] solved fuzzy DEs
using the Runge-Kutta method. A method based on Euler and an improved Euler method introduced by Tapaswini
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and Chakraverty [41]. Fard and Gal [24] studied an iterative method to resolve a system of first order linear fuzzy
DEs having fuzzy coefficients Parandin [35] applied RK-method to obtain numerical solution of n-th order fuzzy DEs.
Tapaswini and Chakraverty [40] discussed the homotopy perturbation method and a method based on the Euler
method for fuzzy DEs. Jayakumar et al. [30] investigated and applied fifth order RK-method. Palligkinis et al. [34]
utilized RK-method to solve more general fuzzy DEs and discussed the convergence analysis for s-stage RK-method.
Ghazanfari et al. [26] applied a fourth order R-Kutta like method has used for numerical solution of fuzzy DEs.
Ivaz et al. [29] developed algorithms to approximate the solution of first order fuzzy DEs and hybrid fuzzy DEs.
Rabiei et al. [27] applied improved RK-nystrom method for second order fuzzy DEs. Characterization theorem has
been used by Pederson and Sambandham [37] to obtain the numerical solution of fuzzy DEs. Allahviranloo et al. [6]
presented Adam-moulton, Adam-Bashforth, and a predictor-corrector method in which three step Adam-Bashforth
is used as a predictor and the two-step Adam-Moulton method is used as a corrector. The stability and convergence
conditions of proposed methods have been discussed. Bade and Gal[12] put forward the concept of strongly generalized
differentiability and applied it to fuzzy DEs. Under this concept, the solution of fuzzy DE has decreasing length of its
support. Cano and Flores [16] introduced the notion of generalized H-differentiability.

Sometimes our information has two poles, one satisfactory, and the other unsatisfactory. Coexistence, harmony
and balance of both parties can be seen as a necessary condition for the intellectual and material health of human
beings and the strength and success of social institutions. Euler’s method for bipolar fuzzy initial value problems
under generalized differentiability is discussed in [38].

There are several problems with multipolar information. Analysts assume a multipolar world. Therefore, it is not
surprisingly, multipolar data and information play a vital role in different technological fields. Multipolar neurons in
the brain collect numerous inputs from other neurons in neurobiology. Multipolar techniques can be used to manage
large-scale applications of information technology. Real-world models often contain multiple attributes, multiple
indicators, multiple objects, and multiple information. Chen et al. [19] proposed the concept of m-polar fuzzy set
models by extending bipolar fuzzy set models. Akram et al. [4] considered m polar fuzzy linear systems. Akram [3]
presented the concept and application of m-polar fuzzy graphs.

The rest of the paper is structured as follows: In section 2, we give some definition and basic results. Some properties
of gH-differentiability are given in section 3. In section 4, we demonstrate Taylor’s theorem for m-polar fuzzy-valued
functions. In section 5, we describe the m-polar fuzzy initial value problem and some related theorems. We present
Euler and Modified Euler method for m-polar fuzzy IVPs in section 6. The consistency, stability, and convergence of
these methods have been discussed in section 7. In section 8, a few numerical examples have been presented. Lastly,
we give some concluding remarks in section 9.

2. PRELIMINARIES

Chen et al. [19] considered the notion of m—polar fuzzy sets. The grade of membership of m—polar fuzzy sets
ranges over the interval [0,1]™, and it represents m different properties of an object.

Definition 2.1. [4] The parametric form of m-polar fuzzy number (mPFN) U is a m-tuple < [Q[l(dl),al (61)],
[ﬂ2(62),ﬁz(52)], e U™(6), U (6] > of the functions U (6;), U (8;); 0 < 8; < 1,i=1,2,--- ,m, which satisfy the
following conditions:
(i) in(éi) is a non-decreasing, bounded, right continuous at 0 and left continuous function on the interval (0, 1].
(i) U'(8;) is a non-decreasing, bounded, right continuous at 0 and left continuous function on the interval (0, 1].
(iii) U (6;) <U'(8;),Vi=1,2,---,m.
Note: All over the paper, i =1,2,--- ,m.
Definition 2.2. [4] For any U =< [uj(éi),ﬁi(@)] -V =< [Zi(éi),vi(éi)] = and ¢ € R; 0 < ¢; < 1, the addition and
multiplication are laid out as;
(1) U @V)(8) =U'(6:) + V' (&), UT@VI)(8:) =U (6:) + V' (5),

(i) U © V' (6:) = min{Ud’ (&) V7 (8:),U'(6:) V'(6:),2 (6:) V' (6:).U' (8:) V' (8},

BE



414 M. SAQIB, M. AKRAM, S. BASHIR, AND T. ALLAHVIRANLOO

(i) 207 ©V(8:) = max{Ud' (5:) V'(6:), U’ (8:) V' (5:),2' (3:) V'(3:), U (8:) V'(8:)},
(iv) For ¢ >0, (cOU')(8) = cU)(8), (cOU)(8:) = c@)(8),
(v) For ¢ <0, (cOU)(6:) = c@)(6:), (cOU(0:) = eU')(5:).

Note: X denotes the space of mPFNs.
Definition 2.3. The generalized H-difference of two m-polar fuzzy numbers U,V € X is laid out as

(a) U=V DWW,
b)) V=uas(-1)w.

U Sgu V exists if and only if Ut OgH Vi exists, that is,
(a1) U =V o W?,
(b)) Vi=U'D (1)

U@gHV=W<:>{

ui@gHw‘:Wi@{

Definition 2.4. Let U =< [U'(6;),1 (5;)] = and V =< [V'(5;), V' (6;)] =,
0 < 4; <1, we define metric © : X x X — RT U {0} as follows

DU, V) = jmax (U’ () — V(0] | (0:) =V (3:)[}-

That is, D1 (U', V') = max {{u'(61) =V} (00)], 14 (31) = V' (50)1},
DU, V?) = max (U (52) — V(02)],[U"(52) = V'(6)]} and
Do U™, V™) = max (U™ (Gm) = V" (0n) | U (0m) = V" (6m)[}-
Thus DU, V) = max{D1, Dz, , D}

Based on [43], we can prove that © has the following properties
Q). 2UPW,VEEW) =2U,V), VU, V, WV € X.
1). DAQU,AXOQV) = A\DU,V), YU,V € X, N eR.
(i) DUPBV,WPE) <DU,W)+D(V,E), VU,V W,E € X.
iv). DUV, W &) <DU,W)+DV,E), when U ©V and W © € both exist, VU, V, W, E € X.
Where © is H-difference, that isi/ © V =W if and only if Y =V & W.
(v). (X,9) is a complete metric space.

Definition 2.5. [39] Let F : J C R — X and ty € J, then F is generalized Hukuhara differentiable (GHD) at ty € J
Flto+ K F(t
if there is F'(ty) € X such that kh%lJr (to + )kegH (to) exists and is equal to F'(tg).
:—
Definition 2.6. An m-polar FVF F : 7 C R — X is said to be

(i) 1-GHD if for k& > 0, the differences Fi(ty + k) ©,u F'(ty) exist as case (a1) of Definition 2.3, for all i =

1,2,---,m, and limits

Fito+ k F* ;
klir([)lJr (o + )k@gH (o) exist and equal to Fi"_ ;4 (to).
—>

(i) 2-GHD if for k > 0, the differences F'(ty + k) ©,u F'(to) exist as case (by) of Definition 2.3, for all i =
1,2,--- ,m, and limits
(to + k ' :

lim Flto + k) Sgn () exist and equal to F5'_ . (to).
k—0+ k

(iii) (1,2)-GHD if for k > 0, the differences F'(ty + k) Squ F'(to) and F7 (to + k) Sgn fj(’go) exist as case (a1) and
(b1) of Definition 2.3, respectively, for all 4,j = 1,2,--- ;m : i # j, and limits klir(r)lJr Flto + k)k@qH F () and
—
J J
lim Fi(to+ k) Sq9u F (to)
k—0+t k
an
EE

exist and equal to Fj' ,(to) and F p;(to), respectively.
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Theorem 2.7. Let 7 : J CR — X and
)] =< [F'(t:6:), F (5:6:)] =, 6 €[0,1], i =1,2,--- ,m.
(1) If F is 1-GHD then ff;i, 7;, i=1,2,--- ,m, all are differentiable and L’i(t; 0;) < fi(t; d;), and
(F/0))° == (E (10, F (18] - - (2.1)
(2) If F is 2-GHD then £f;i, 7:';1,, 1=1,2,---,m, all are differentiable and ?i(t; 0;) < ﬂi(t; d;), and
[F () == [F7(t;6,), F"(t;6,)] = . (2.2)

(3) If F is (1,2)-GHD then Fj , ?gi,£§j, fgj, i,j =1,2,--- ,m,i # j, all are differentiable and F'*(t;6;) <
F(t:61), F (1) < F(£:;) and
[F/(0)° == [E (t:6:), F (680, [F7 (8:8,), F7 (8:6,)] = (2.3)

F ()]0 =< [F7'(t:6,), F (t;6)] - -

Definition 2.8. A point ¢y € J is called a switching point for differentiability of the function F if in any neighborhood
U of ty, there are points t; < ty < t such that

Type (I) At t = ¢1, it is 1-GHD and is not 2-GHD and at ¢ = ¢, it is 2-GHD and is not 1-GHD, or

Type (II) At t = ¢4, it is 2-GHD and is not 1-GHD and at ¢ = ¢, it is 1-GHD and is not 2-GHD, or

Type (III) At t = t1, it is 1-GHD and is not (1,2)-GHD and at ¢t = ¢, it is (1,2)-GHD and is not 1-GHD, or

Type (IV) At t =t it is (1,2)-GHD and is not 1-GHD and at t = ts, it is 1-GHD and is not (1,2)-GHD, or

Type (V) At t = t1, it is 2-GHD and is not (1,2)-GHD and at ¢ = ¢, it is (1,2)-GHD and is not 2-GHD, or

Type (VI) At t = ty, it is (1,2)-GHD and is not 2-GHD and at ¢ = to, it is 2-GHD and is not (1,2)-GHD.

Definition 2.9. Let F : (¢,?) — X and F(¢) is GHD of order 4, i = 1,2,--- ,n — 1 at to which has not any switching
point over the interval [c,?], then F(t) is GHD of order n at ty if F(")(tq) € X and
(n—1) (n—1)
k—0 k
Throughout the rest of the paper, we represent Cx([c, 9], X), the set of all continuous m-polar FVFs in the interior
of [¢,9] and it is one-sided continuous at end-points ¢ and 9. Let C;“H([c,b], X), k € N denote the space of functions
F, such that F and its first k, gH-derivatives are in Cx([c,?], X).

Lemma 2.10. Let F € Cx([¢,0],X), k € N, then the integrals

/ Flug)duy, /< / Fludu)dug_r, - /f< / - (f T / T Fludug)due ) -y,

are continuous functions in ug_1,ug_o, -+ ,u, respectively. Here ug_1,ug_o,--- ,u > ¢ all are real numbers.

3. SOME RESULTS OF GH-DIFFERENTIABILITY

We present some properties of m-polar fuzzy Hukuhara gH-differentiability. We give some theorems by extending
some results of [9]

Theorem 3.1. Let F: [¢,d] — X and F € Cy([c,0], X), then for all s € [c,d],
(i) Let ,7:;2, k=1,2,---,n are 1-GHD which have same kind of differentiability in [c,d], then
u
k—1 k—1 k
FEdhw =@ e [ Ao

c

BE
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(ii) Let ]—'g(lfq), k=1,2,---,n are 2-GHD which have same kind of differentiability in [c, d], then
AW =A@ e [ Al
¢
(iii) Let ]-';];I), k=1,2,--- ,n are (1,2)-GHD which have same kind of differentiability in [a, b], then
F ) = Fha @ e [ 7
(iv) Let F5), k=2m' —1, m' € N are 1-GHD and .5}, k = 2m/, m’ € N are 2-GHD, then
A =A@ e v [ A,
(v) Let ]-"(k) k=2m'—1, m’ € N are 2-GHD and .7:9(];{), k=2m', m’ € N are 1-GHD, then
AW = Fh e b [T F 0
c
(vi) Let .7-"_(52, k=2m'—1, m’ € N are 1-GHD and ]-'_(52, k=2m', m’ € Nare (1,2)-GHD, then
FE Glﬁr( ) == (Fi_em)" V()@ /“( e (D)t
¢
(F_am)* V() o (-1) /u(fg_GH)(’“)(t)dt = 1,2, my i
¢
(vii) Let Fp), k=2m' —1, m’ € N are 2-GHD and F\5}, k = 2m/, m’ € N are (1,2)-GHD, then
P = < (Fan) V@ 8 (1) [ (Fan®a
c
(fg'_GH)““1>(c)@/u(f§_GH)<k>(t)dt 0, j = 1,2, my i #
¢

Proof. Since, by assumption F € C}'y([¢, 0], X), therefore F (k) k=1,2,--- ,n are m-polar fuzzy Reimann integrable.
(). As F®)| k=1,2,--- ,n are 1-GHD, we have

u u u .
/ FO (8)dt =< | / (Fi )P (:6,)dt, / F o) (1:5)de] =
c C C
(Fam) 0w 8) — (Fam) (8, (Fram) ™D (w56 — (Fo_am)® (6] =

<
=< [(Fi_em ™ VW), Fr_em® VW) - 6 < [(Fi_am® V(6), (Fiam) V(e 6)] -
FEahw oy o FE (0.

Thus,
k—1
]:1(7021(&5)_ 1GH G /]:1 cn(t;6)dt
Hence,
k—1 k—1 k
A =A@ e [ A0

[E)E
(=
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(ii). As F®) k=1,2,--- ,n are 2-GHD, we have

| A entsonie =< [ Fhow) 680, [ (Fsm)® s -
=< [(Focam)" D w6:) — (Foram) ™ (160, (Foam)® D (w6:) — (Fo_am) ¥ V(5 6:)] =~
=< ([Foam) "V (w6), (Foam)*Vw6:)] = 6 < [(Fo_am)*(e16:), (Fh_aqu) ¥V (e:6)] -
= A anw0) e FE (s 0).
Thus,
]:2(’:;1})1@3 ) = ]:z(kcllzr / ]:2 cu(t;0)d
Hence,

k—1 k-1
A =A@ e [ Fu

Theorem 3.2. Let F € Cyy([c, 0], X), then
(i) Let f( , k=1,2,3,4 are 1-GHD which has same kind of differentiability in [c, d], then

1_an(W) ©F]_gu(c)
u—-c '

O
(ii) Let ]-'g(z), k=1,2,3,4 are 2-GHD which has same kind of differentiability in [c, d], then

2—aun(W) © Fy_qu(c)
u—c '

(iii) Let ]—';];I), i=1,2,3,4 are (1,2)-GHD which has same kind of differentiability in [¢, 9], then

~7:125U)9]:12()
Fliple) ~ =2 —

(iv) Let F5), k=1,3 are 1-GHD and F.5}, k = 0,2,4 are 2-GHD, then

2 ar(W) © F;_gp(c)
u—-c '

é/—GH(c) ~

f{LGH(c) ~

(v) Let F\5), k= 1,3 are 22GHD and F.y), k = 0,2,4 are 1-GHD, then

Floou) ©F_gpl(c)
u—c

Fo_gulc) =

Proof. AS F € C*([¢,0], %), so ]-'!5];[), k=0,1,2,3,4, are integrable.
(i). Let ]:;IZI) be 1-GHD; by Theorem 3.1, we have

u
Figuw) =F_gnulc) @/ Figu(ur)duy,
(o

and

u
Fi o) = F gu(c) 69/ 1 (u2)dug.
C

BE
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By apply integration, we have
u U
/ 1gu(w)dur =F{ gp(c) © (u—rc) EB/ (/ ]:{/LGH(uQ)dLQ)dulv
c [
where [ ( [™ Fi" oy (uz)dup)duy € X. Thus

u U
Fan@) =Fan©@ 0 Fan(©© @-0 [ ([ 7 alue)dus)dun
C (o
Again, by Theorem 3.1, we have
1Lan(u2) = F’q ()@/ ]:((iV)GH(u:’))dU?)-
C
Apply integration, we get
Uy uy ug )
[ R antun)dus =A@ =@ [ ([ A us)dus) s,
C c C
furthermore
u Uy (u _ C)Z u Uy Uug (iv)
/ (/ Filan(uz)duz)duy =F” ¢ (c) © 5 @/ (/ (_/ T2 G (u3)dus ) dup ) duy,
C C C

where [ ( [* ([ fl(IV)GH(ug)dug,)dug)dul € X.
Hence

_ 2 u 151 uz .
Fon) =Fan0) & Fan©© w-0 & Fan@ 0 U [1( [T ([T Ayt di)au.

If u — ¢, that is, (u —¢) — 0, then

D(Fl_auW), Fl_gulc) ® Figulc) © (u—c)) =0,

thus
D (Fi_er(w) © Fi_gu(c), Fillgu(c) © (u—¢)) = 0.
Hence
Fioau) © F_gy(c)
Flan(e) p— :
c
The remaining parts of the theorem can be proved in similar manners. (]

4. TAYLOR THEOREM FOR m-POLAR FUZZY VALUED FUNCTION
We present Taylor expansion for m-polar FVFs for several cases by using gH-differentiability concept.
Theorem 4.1. Let I =[c,c+ 1] CR, h>0and F € Cgy([c,0],X). Foruel
(i) Let ]:9(27 k=0,1,--- ,n—1 are 1-GHD which have same kind of differentiability over [c, ], then

(u—o?
2!

@ R, (c,u),

Fu)=F(c)® (-Fl—GH)/(C) Ou—0® (Jrl—GH)N(C) © D---

(u—c)nt
(n—1)!

where Ry, (c,u) = [F(f7 - (fF 2 ([ (Froen)™ (we)duwy)dug—q) - -+ )duy.

[E)E
(=

@(]:1_(;]1)(”71) (C) ®
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(ii) Let ]—'g(lfq), k=0,1,---,n — 1 are 2-GHD which have same kind of differentiability over [c,?], then

(u—¢)?
2!

S (1) Ra(c, ),

F(w) =F(c) & (-1)(Fo—gu)'(c) © (u =) © (=1)(F2—cu)"(c) ©
(u _ c)nfl
(n—1)!

where Rn(c, u) = fcu(fcul cee (f:lkiQ (f:lkil (.FQ,GH)(H) (uk)duk)duk,l) ce )dul.
(iii) Let .F;];I), k=0,1,--- ,n—1 are (1,2)-GHD which have same kind of differentiability over [c,d], then

O (=)o (-)(Fa—an)" V() ©

Fu) =<F () @ (Fi_gn)'(¢) © (w—¢) & (F{_gu)"(¢) © S ;!C) @
& an) 00 U e R e
(u—¢)?

F(e) o () (F_an) (€) O (u—c) & (—1)(F)_gp)"(0) ©

(u _ c)n—l
(n—1)!

2!
o1 e (-D(F _en)" VO © (~)RI(c,u) >
6,7 =12, ,m; 27&]7
where R (e,u) =[SOS (LU (Faman)™ (w)dug)dug 1) - - )duy and
Ri(c,u) = [F(f5 (SIS (Fomen)™ (we)dug ) dug—y) - -+ )duy.
(iv) Let }';];I), k=2m’—1, m' € N are 1-GHD and .F;];I), k=2m', m’ € NU{0} are 2-GHD, then

(u—c)?
2!

F(u) =F(c) © (-=1)(Fa—cn)'(c) © (u—¢) & (Fo—gnu)"(c) ©

& (1) 8 (DF-em) U0 LT 0 (Fiam (o
(-
&

where Ry, (c,u) = [F([* - (72 (Frman) ™ (we)dug )dug—q) - -+ )duy.
(v) Let .7-';2, k=2m'—1, m' € Nare 1-GHD and .7-';2, k=2m', m’ € NU{0} are (1,2)-GHD, then

(u—¢)?°
21

N

O] O (=1)Rn(c,u),

Fu) =<F () @ (Fl_gn) () © (u =) & (F_gn)"(0) © -

8 (Flan 0 0 i e R,

(u—¢)?

FI(6) & (“DFH_an) (0 © (4= ) & (F_) () © 2

i1 (c—u)=

& (1) e (D(F_en) T (0 © (F_am)P(©)

| )
© (c(—i;)2 S (DR (c,u) =, i,5=1,2,---,m; i#j,
!
where R}, (c,u) = fau(fcul T (fcukf2 (fcukfl (]-"(iliGH)(n) (w ) dug )dug_1) - -+ )duy

and
R (cow) = [EOf - (L2 U0 (Flgr) ™ (wd)dug)dug—) - - )dus.

BE
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(vi) Let ]—'g(lfq), k=2m’'—1, m' € N are 2-GHD and .7:;];1), k=2m', m’ € NU{0} are (1,2)-GHD, then

Fu) =<F'(c) & (-1)(Fo_qn)' () © (u— ) & (Fi_gn)"(c)
(u—o?

O g e () (D)(Fan) T (00
e Clan P o o (R ),
2 /7 2/°
PO (D(FHon) () © (4~ 0) & (D)(F_eu) w0 L

(u—c)nt
(n—1)!
where R!,(c,u) = [*( [ --~(fcu’“*2(fclfk*1 (Fi )™ () dug )dug 1) - - - )duy, and
Rl (e u) =[O U8 (Fogu)™ () du)duge 1) - )duy.
Proof. (i). Since F is 1-GHD, by Theorem 2.7, we have

9(71)@(71)(‘/—_3_GH)(TL*1)(“)® 9(*1)1%(@“) - Zv]:172a , M 7’#]7

.7:(11) = .7:(C) D /u(]:lng)/(ul)duh

by Theorem 3.1, we have

(Fion) () = (Fian)(c) @ / P on) (uz)dus,
thus

/u(]:kGH)/(m)dm :/u(}—lfGH)/(C)dul ® /u(/ul (Fi—eu)" (uz)dug)duy
—(Froan)(€)® (u—c) @ / Y / N (Fian)” (u2)dus)dus.

c

Now by Lemma, 2.10, fcu(fcu1 (Fi—gm)" (ug)dug)du; € X, so

) = FO) & (Fian) @ © -0 [ ([ (Fioon) ()i du.

Again, using Theorem 3.1, we have

uz

(Fiocn)”(uz) = (Fioam)(c) @ / (Fica)" (us)dus,

c
Applying m-polar fuzzy Riemann operator, we have

/u1 (Fi-cm)" (u2)dus :/m (Fi-cm)"(a)dus @ /ul(/u2 (Fi-cm)" (uz)duz)dus

=(Fi—gu)"(a) ® (ug —a) ® /“1(/u2 (Fi—gm)" (uz)duz)dus,

furthermore

/”(/“1 (Fi_gm)"(ug)dug)duy =(F1_gg)"(c) ® /u(ul —¢)du; @ /u(/ul(/u2 (Fi_cn)" (us)dus )dus)dus

By Lemma 2.10, fcu(fcul (fcuz (./_'.1,GH)///(U3)du3)du2)du1 cXx.
Thus

Flu) =F(O) @ (Fion) (€ ® (u—¢) & (Fr_an)"(6) © & ;f)z ® / Y / * / N (Frm)" () dus ) dus ) dus.

[E)E
(=
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5. m-POLAR Fuzzy CAUCHY PROBLEM
Following the idea of Ma et. al [32], an m-polar fuzzy cauchy problem is defined as follows:
wyp(t) = F(t,x(t)); x(to) = xo and t € J = [c, 0], (5.1)
where zg € X, z: J — X, and F: J x X — X.

Lemma 5.1. (i). A mapping z: J — X is a (1)-solution of (5.1) iff it is continuous and satisfies
t

a(t) =yo® | Flu,x(u))du; y(to) = wo.

to

(ii). A mapping = : J — X is a (1,2)-solution of (5.1) iff it is continuous and satisfies

t
o) = ahe [ Fusiw)dus 2(0) = o,
to
t

() =2 o (1) | Fi(u,a’ (u))du; o7 (to) =), i,j=1,2,--- ,m;i # j.
to

(iii). A mapping = : J — X is a (2)-solution of (5.1) iff it is continuous and satisfies

z(t) =yo © (-1) [ Flu,z(u))du; x(ty) = zo.

to
Based on [31].
Theorem 5.2. Let F: J x X — X be continuous and assume there is a p > 0 such that
D(F@EU), F(t, V) <pudU,V),
forallt € T, U,V € X. Then the problem (5.1) has a unique solution on J.

To prove the equivalence between a m-polar fuzzy differential equation and system of m real differential equations,
we need a Characteristic theorem.

Theorem 5.3. Characteristic Theorem
If a function F : J x X — X is continuous, m-polar FVF and GHD that satisfies the following differential equation

wyp(t) = F(t,x(t)), x(to) =x0 € X and t € J = [¢,0],
Also suppose the following conditions

o [F(t.a()]’ =< [E'(t,2'(t; 5) T(t:0:)), F (12 (46), 7 (.6:)] -

6:(615627"'76 ) [071] y v 1725"'7m'
e Each F'(t,z'(t;6;), T (t; 61-)),?1(75, 2(t;0;),7(;6;)), i = 1,2,--- ,m are equicontinuous. That is for € > 0 and
any point (t,U,V) € J x R2, if ||(t,U, V) — (t,Us,V1)|| < (5 for all d; € 10, 1], we have
5, (2 (8 6:), T (8 6) — E (8,2 (85 6:), 3 (15 6:)| <,
|]:1 (tvgl(t 6i)7fi(t; 61)) _‘T;l(tvgz(tv 6i)’fi(t; 61))| <e¢,
[F5, (2 (8 6:), 7 (15 6,)) — Fh (2 (5 6,7 (8 6)] <e,
o't 60). 7 60)) = Fo, (1o (1 02,7 (15 00))] < e
e Each .7-'37/ (t, 2 (t; 8;)), 7 (t; (5¢),?i (t,z'(t; 6:),7'(t; &), i =1,2,--- ,m, are bounded on any bounded set.

(&)
(EE
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e Each Fj (t,z'(t; &), 7' (t; 50,?; (t,z'(t; 6;),Z'(t; ;)), i =1,2,--- ,m satisfy Lipschitz condition, that is for
all §; € [0, 1], there exists L > 0 such that

| Fs, (8L, V1) = Fi,(t,Us, Vo) | < Lnaz{[th — Us|, V1 = Val},
\FS (6,Uy, V1) — T, (U, V)| < Lmaa{|th — Us|, [V — Val},
[, (8,0, 1) = F5, (1,Us, V)| < Limaz{[thy = U], [Vi = Val},
T, (4., Vy) — Ty, (t,Us, V)| < Lmaa{|thy — Us], |01 — va},
then the m-polar fuzzy differential equation is equivalent to one of the system of real differential equations in cone
2(t; 6;) = F'(t,a'(t; 6:), T (8 6:)); 2 (o 6:) = zh(B),
Tt ) =Tzt 6:). T (8 6:)); T (te: ;) = T(8),

i=1,2,-- ,m.
2ty 0;) = F (Lai(t; 6:),T(t; 0:)); 2i(to; 6;) = 2(6;),
' (t; 6) = Fi(t, 2 (t; 6;),T(t; 6;)); T(to; &) = T (6;),

i=1,2,--,m.

6. PROPOSED METHODS

In this section, we demonstrate Euler and modified Euler method for m-polar fuzzy IVPs.

6.1. Euler method. To derive the Euler method, we subdivide the interval [0, T] into partition P = {tg =0 < #; <
-+ <ty =T}, where t,, =nh, n=0,1,--- ,N.

Under the assumption that second order gH-derivative of z(t) exists, we examine the solution of m-polar fuzzy IVP
(5.1).

Case 1.

Suppose the unique solution of m-polar fuzzy IVP (5.1), x(¢) is 1-GHD and belongs to C;H([Q T],X) which has same
kind of differentiability over [0,7]. Using Taylor expansion of unknown m-polar fuzzy-valued function z(t) about ¢,,
for each k =0,1,--- , N, we have

(tn+1 - tn)2

2| © (irlfGH)N(gk)v Where tn < gn < thrla

T(tny1) =2(tn) ® (tnp1 —tn) © (xlfGH)l(tn) @

B(tn1) =(tn) & h © Fltn, 2(tn)) @ 5 © (21-11)" (n)-

Moreover, we have

2

57 © (z1-cn)" (&)

D(2(tns1), 2(tn) ® h © F(tn, z(ty)) & 51

<D (2(tnsr), 2(tn) ® h © Fltn, x(tn))) +D(0, % ® (r1-cr)" (&) — 0,

as h — 0, since

D (@(tnt1), 2(tn) ® h © Fltn, x(ts))) = 0,
2
% ® (z1-¢n)" (&) — 0.

Hence, for sufficiently small i, we have
(trt1) = x(ty) ®h © F(ty, x(ty)).

[E)E
(=

(0,
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Let, the approximated value of @(tn11) =< 2! (tng1), 22 (tng1)s -+ s @™ (tng1) = be Ty =< @ 1,224, @l >,
then we have Euler method as follows;
z(to) = o, (6.1)
Tnt1 = T DhO F(tn, x(ty)).
Case 2.
When z(t) is 2-GHD and kind of differentiability does not change over [0,7], we have the Euler method as follows;
t =
#lto) = 2o, (6.2)
Tpnt1 = Tn © (=1)h © F(tn, z(tn)).
Case 3.

When z(t) is [(1,2) — gH]-differentiable and kind of differentiability do not change over [0, 7], then x, =< x!, zJ -
4,7 =1,2,--+ m;i # j, is approximated as

xd =z,
z! =2,
S T ©3)
Lpt1 :xn@hQ‘F (tn’mn)D
in+1 :Ji%@(—l)h@}v(tn,l’%), Z7]:1727 77’?’7,,275.]
Case 4.
When 2(t) has switching point of type I at ¢ € [0,7] and tg = 0,t1, - ,tx—1,
C,tgy1, -ty =T be partition of interval [0, T], then we have
Zo = To,
Tpntl =Ty DhO Ftn,x,), n=0,1,---  k—1, (6.4)
Tni1 =2, O (DR O Ftn,xn), n=k+1,k+2,--- N —1.
Case 5.
When z(t) has switching point of type IT at ¢ € [0,T] and to = 0,t1,- -+ ,tx—1,C,
tit+1, -+ ,tar = T be partition of interval [0, 7], then we have
Zo = To,
Tnt1 = Zn O (1RO Ftn,xs), n=0,1,--- k-1, (6.5)
Tni1 =T BhOF(ty,zn), n=k+1,k+2,--- N —1.
Case 6.
When z(t) has switching point of type IIT at ¢ € [0,7] and to = 0,¢1,- -+ ,tx—1,(,
tk+1, - ,ta =T be partition of interval [0, 7], then we have
x5 =),
z}) =z},
Tpt1 =T DhO F(ty,z,), n=0,1,--- k-1, (6.6)
zhy =ah OhOFi(ty,al), n=k+1,k+2,--- N -1,
xfm =2l O(-1)he Fi(ty,zd), n=k+1,k+2,--- N =1, 4,j=12,-- m;i#j.
Case 7.

When z(t) has switching point of type IV at ¢ € [0,7] and tg = 0,¢1,- -, tk—1,C,

BE
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tk+1, - ,ta =T be partition of interval [0, 7], then we have
xa = xé,
) =},
zhy =2 Oho Fi(ty,al), n=1,2,- k-1, (6.7)

‘Tgl+l :I%@(fl)hQ.}v(tn,iE%), n:1727"' 7k717
Tn41 :xn®h®f(tn,xn),n:k+1,k+2,,N—l, Z,]:]-,vim;27é.7

Case 8.
When 2(t) has a switching point of type V at ¢ € [0,T] and tg = 0,1, ,tx—1,C,
tkt+1, -+ ,tar = T be partition of interval [0, 7], then we have
xh =i,
z}) =z},
Tn+41 :xne(_l)hQ‘F(tnvxn)v TLZO,].,"' ak_]-a (68)
gl =2l @hOFi(ty,2h), n=k+1,k+2,- N -1,
x}jz-i-l Zx%@(—l)hQ}V(tn,x%),n:k+1,k+2,,./\f—l, 25.721527ama27é.7
Case 9.
When 2(t) has switching point of type VI at ¢ € [0,T] and to = 0,t1,- -+ ,tx—1,¢,
tk+1, - ,ta =T be partition of interval [0, 7], then we have
xd =z,
) =},
gh =2 @hOF(ty,2h), n=1,2- k-1, (6.9)

"L‘il-‘rl :'T"ere(_l)hGJ:J(tn7x"ZL)7 n:1727"' 7k_17
Tn+1 :xn@(fl)hQ}_(tn,xn),n:k+1,k+2,,N—l, Z,]:1,2,,m,l7éj

6.2. Modified Euler method. To derive Modified Euler method, we subdivide the interval [0,7] into partition
P={ty=0<t <--- <ty =T}, where t, =nh, n=0,1,--- | N.

Case 1.

Suppose the unique solution of m-polar fuzzy IVP (5.1), x(t) =< 2%(t) =, i = 1,2,--- ,m is 1-GHD and belongs to
CgH ([0, T7], X) such that type of differentiability do not change over [0, 7). Using Taylor expansion of unknown m-polar

fuzzy-valued function z(t) about ¢, for each £k =0,1,--- , N, we have
_ _ / (tn+1 - tn>2 ”
T(tny1) =2(tn) © (bnp1 — tn) © (za—cr) (tn) ® o1 O (z1-gu)"(tn)
(tn-i-l - tn)3 "
® 5 © (r1-cu)" (&), where t, < &, < tpi1.
h2 " 3 "
T(tng1) =2(t,) ©h O F(ty, x(t,)) © 9 O (z1-cm)"(tr) ® 3 © (xl—gH) (&n)-

By Theorem 4.1, we get

B2 zh tn oux_ tn h?
j (A ar(tn1) 01 g ))@fCD(an—GH)W(fn)-

x(tn+1) :x(tn) ®ho F(tnvx(tn)) & 3!

thr 1 — tn
Thus

2 T(ln+1 ny L\ln 3 "
o) =x(tn)@h@f(tn,x(tn))ea%@(f(t"“’ (tns ),f@m (t )))@%Q(m_w) ().
[c]m)
(0] ¢
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Hence, for sufficiently small h, we have

h?  Fltyir, z(ty, O Fltn, x(tn
2(tn 1) 2 2(t) ® h O Fltn, 2(t)) © o7 © ( (b1, 2 *1)}3 (bn, 2( ))).
For an iterative method, first we predict the value of z(¢;41) by Euler method and then this predicted value of x(¢,,+1)
is used in (6.10).

Let, the approximated value of (tn11) =< @' (tng1), 22 (tng1)s -+ s 2™ (tng1) = be Ty =< @by 224,20 >,
then we have the Modified Euler method as follows;

(6.10)

z(to) = o,
Thpt1 = T D F(ty, Ty), (6.11)
Tt =T ® L O[F(tn,xn) ® F(ty + hy 2%n41)].

Case 2.

When z(t) is 2-GHD and type of differentiability do not change over [0, T], we have the Euler method as follows;
I(to) = 2o,
Tl = Tn © (—1)h © F(tn,zn), (6.12)

Tp4+1 = Tn S} (_1)% O] []:(tn,l'n) D ]:(tn + h7x*n+1)].

Case 3.
When z(t) is [(1,2) — gH]-differentiable and type of differentiability do not change over [0, 7], then x, =< z!, zJ =
i, =1,2,--- ,m;i # j, is approximated as

) =i,
o —a,
win g =2, O (=Dh O F(tn, 2),),
Tppr =20 © 5 O [F(tn,2}) & F(tn + hy o5, 14)],
a1 =2l o (=1L [Fi(ty,2d) & Fi(ty + hyaxl, )], 4,5=12- ,mi#j.
Case 4.
When z(t) has switching point of type I at ¢ € [0,T] and to = 0,¢1,- - ,tx—1,C,
tk+1,- - ,ta =T be partition of interval [0, 7], then we have
Zo = o,
Thpr1 = Tp ®h O Fltn, ),
Tn+41 :xn@%G[‘F(tn,zn)@-?(tn+h,z*n+l)} n=0,1,--- k-1, (6~14)
Tt =T © (=1)h O F(tn, x,),
Tpni1l =T O (—1)% O [Fltn, zn) ® F(tn +h,zxp41)], n=k+1,k+2,--- N —1.
Case 5.
When z(t) has switching point of type IT at ¢ € [0,T] and to = 0,t1,- -+ ,tx—1,¢,
tk+1,- - ,ta =T be partition of interval [0, 7], then we have
Zo = o,
Tkpp1 =Tp O (=1)h O F(tn,zn),
Tnt1 za:n@(—1)%@[]-"(tn,xn)@f(tn+h,x*n+1)], n=0,1,---,k—1, (6.15)

Tkpy1 :In@th(tn,7zn);
Tn+1 :l'n@%@[f(tnaxn)@f(tn‘i‘h»x*nJrl)L n=k+1k+2- - ’N_l'

BE
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Case 6.
When z(t) has switching point of type IIT at ¢ € [0,7] and to = 0,t1, - ,tx_1,(,
tkt+1, - ,tn =T be partition of interval [0, T], then we have
xh = ),
) = y,
Tl = Tp ®h O Fltn, ),
Tptl = Tp @ % O [Fltn,xn) ® F(tn + hyx*p41)], n=0,1,--- k—1;
=2l ®hO Fi(ty,2l), (6.16)
Tppr = © 5 O [Fitn, ) © Fl(tn+ hoaxip)], n=k+1Lk+2, N-1,
xfiﬁ-l :xgz@(_l)hQ}—J(tmx%% )
Thp1 =20 O (1§ O [F (tn, ) & F (tn + by 247, 4)],
Tl:k+1,k+2,,./\/7]., 173:17277ma27£]
Case 7.
When z(t) has switching point of type IV at ¢ € [0,T] and to = 0,¢1,- - ,tx—1,C,
tk+1, - ,t, = T be partition of interval [0, T], then we have
xh =z,
x =z}
Ty =2, RO Fitn,23,),
xinrl :x;@%Q[]_—z(tn’x%) @]:z(tn—"_h’vx*?rﬂrl)]) n= 152?"' 7k_1a
13*_‘%4—1 =zl 6 (=1)h © F(tn, ), _ (6.17)
xinrl :ajn@(71)g@[‘Fj(tnax%)@fj(tn+h7x*zz+1)]7 Tl:1,2,”~ 7k717
Thpt1 = Tp ® RO Fty,x,),
Tn+1 =2, ® % O] []:(tnaxn) D ]:<tn + hal‘*nJrl)]a
n:k+17k+275N_17 17.7:172a7ma7'7é.]
Case 8.
When z(t) has switching point of type V at ¢ € [0,7] and to = 0,t1,- - ,tx—-1,(,
tit+1, -+ ,tar = T be partition of interval [0, 7], then we have
zh = zj,
mé = 17,
Tkpt1 = Tp O (*1)h © ]:(tnaxn)a
Tpy1 =2Xp O (—1)% O [F(tn,xn) ® F(tn + h,x%p41)], n=0,1,--- k-1,
Trp =T ©hO Fi(ty, ), (6.18)
x;ﬂ =2l ®L O [F(ty,2)) ®F(tn + hyaxl 1), n=k+1k+2,- N—1,
24y =) (~Dh© F(ta,al), |
szJrl = xfm © % © [}—j(tmx%) @ fj(tn + h»x*Zwrl)L
n:k+17k+27aN_17 Z7j:172,7m,27é]
Case 9.

When z(t) has switching point of type VI at ¢ € [0,T] and t9 = 0,¢1,- -+ ,tx_1,C,

[E)E
(=
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tk+1, - ,ta =T be partition of interval [0, 7], then we have
xa = a:é,
x =z},

wl o =ah DhO Fi(t,,zt),

=28 B LO[Fi(ty,28) & Ftn +hyaxl )], n=12- k-1,

2}, © (~1)h © F(tn, z},), (6.19)
o =a 9( VDA O [Fi(ty, 23) ® Fi(ty + hyasd )], n=1,2,-- k-1,

8
S5
=

I

Tny1 = 2p O (=1)h O F(tn, Tn),
Tot1 =20 O (1) 5 O [F(tn, 22) ® Ftn + hywxp41)],
_k+17k+27 aN_17 Z7.7:17277m57’7é.]

7. CONSISTENCY, STABILITY AND CONVERGENCE ANALYSIS

We discuss consistency, stability, and convergence of the Euler and modified Euler methods for m-polar fuzzy IVPs.
Our results are extensions of definitions and results presented in [7].

7.1. Consistency.

Definition 7.1. For numerical methods described in (6.1), (6.4), (6.11), and (6.14), we define residual R,, =< R¢, =
, 1=1,2,--- m respectively, as

R = 2(tnt1) Dy (2(tn) & h © Fltn, z(tn))),

Rn = z(tns1) ©OgH (I(tn) O (-1)ho f(tn,x(tn))),

Rn :x(thrl) EBgH |:x(tn)®2® (-F(tn+1» ( )EBh@./—"(tn,SL'( )) EB}—(t"7x( ))):|’

and
Ra =2(tnt1) Bon [x<tn>e<—1>’;@(f(tn+h (tn) & h © Flt, 2(tn)) & F(tn, 2t >))]

The residual for remaining cases can be written in a similar way.

Definition 7.2. The local truncation error 7, =< 7% =, i = 1,2,--- ,m is defined as
1
Tn = E,R'na

and the method is consistent if

lim max ®(7,,0) = 0.
h—0 t<b,

Theorem 7.3. The Euler method is consistent.

Proof. When z(t) is 1-GHD, let D ((z1-¢g#)" (&),0) < My, then

: h "
Jim max D(7,,0) = lim gzﬁi}T{@(E ® (z1-¢r)"(&),0)

. h 1 . h
= — < — = 0.
i 5 gD ((@1-0n)"(6),0) < Jimg 5.M1 =0

BE
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Thus, the Euler method is consistent in this case.
When z(t) is 2-GHD, let D ((z2—ca)"(€n),0) < N7, then

. T h "
Lim gll%é}@(mao) = lim {}?2}%@( S (—1)5 O (x2-cu)"(€n),0)

_ h
= lim |(=1) 5| max D(& (22-61)"(62), 0)

h " . h
— < — = 0.
=iy 3 g P ((a-om)"(6:).0) < Jim 5 =0
Hence, the Euler method is consistent. The consistency of the Euler method for the other cases can be discussed in
similar way. O

Theorem 7.4. The Modified Euler method is consistent.

Proof. When z(t) is 1-GHD, let D ((z1-gn)" (£1),0) < My, then
2

h’ "
pm g D, 0) = i max (5 © (n1-620)"(€0). 0)

h? n 2
—%1_1?%J gtmaX@((a:l,GH) (§n),0) < }ll_r)% 5/\41 =0.
Thus, the Modified Euler method is consistent in this case.
When z(t) is 2-GHD, let D ((z2—cn)"(£,),0) < N, then
2

M g Dm0 0) = Jim mag D( (“Dy

. h2 "
= lim [(~1) 5| glg)jg@( S (x2-gu)"(€),0)

® (22-gu)" (&), 0)

h? . R?
= lim — max@((xQ,GH)”(gn),O) < }IL% QM =0.

h—0 3! t,<T
Hence, the Modified Euler method is consistent. The consistency of the Modified Euler method for the other cases
can be discussed in a similar way. |

7.2. Convergence.
Definition 7.5. [8] The global truncation error, e,41, at time ¢, is defined by:
ent1 = T(tny1) OgH Tny1-
Definition 7.6. [8] The numerical method is convergent
lim max D(ep41,0) = 0,
h—0 n
= lim max D(x(tn41), Tnt1) = 0.
h—0 n
Lemma 7.7. [23] For all real
1+z<e”.
Theorem 7.8. Let z 1 (t) exists and F (¢, z(t)) satisfies Lipschitz condition on {F (¢, z(t)),t € [0, P],z € B(z0,9),P,Q >
0}, then the proposed Euler method converges to the solution of bipolar fuzzy IVPs (5.1).
Proof. Case 1.
When z(t) is 1-GHD. Let suppose C,, = %2 © (r1-gu(tn))”, so by equation (6.1) and C,,, the exact solution z(t) =<
2i(t) =, i=1,2,--- ,m of (5.1) satisfies
Z(tny1) = x(tn) @ h O F(tn, z(tn)) ® Cp.
an
EE
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Now
D (2(tnt1)s Tns1) = D(2(tn) ®h O F(tn, 2(tn)) ® Coyn ® h O F(tn, zn))
<D (x(tn), zn) + hD (F(tn, x(ty), F(tn, 2n)) + D(Cp, 0).
Since, F satisfies Lipschitz condition, so there exists £,, > 0 such that
D (F(tn, x(tn), Fltn, 0)) < LD (2(tn), zn).
Thus
’Z)(:c(tn+1), xn+1) <(1+ hﬁn)i)(x(tn), :cn) +9(Cy,0). (7.1)

Suppose £ = max L, and C = max D1(Cy,0), then (7.6) can be written as
0<n<N 0<n<N

D(2(tnt1), Tnt1) < (1 +hL)D(x(ty), ) +C.
Continuing in this way and after substitution, we have
D(2(tns1), Tnt1) <L+ LD (2(to),20) + {1+ (L +hL) + -+ (1 + hL)F}C
(1+hL)t -1
hL
Now, 0 < (n+1)h < T for (n+1) < (N — 1) and by Lemma 7.7, we have

= (14 hL)" 1D (z(to), x0) + { }C.

L"T*l]

D (2(tnt1), Tns1) < e£TD (z(to), z0) [e

s
2

— — h "
Moreover, C = 0911113%71@(6"’ 0) = ogLagXN@(? © (r1-gu(ts))",0) and

D (z(ty), o) =0, so

h [e“T — 1] max D(z1_cu(tn))”,0).

< -
@(x(tn+1),$n+1) =9or 0<t<T

and %in})@(x(tnﬂ), :vnﬂ) = 0.Thus, Euler method converges in this case.
—

Case 2.
When z(¢) is 2-GHD, let suppose C,, = 6(—1)%2 © (wo—gm(tn))”, so by equation (6.1) and C,, the exact solution
z(t) =< x'(t) =, i =1,2,--- ,m of (5.1) satisfies

(tpt1) = z(tn) © (=1)h @ F(tn,z(t,)) ® Cy.
Now

@(:c(tn+1),xn+1) = Z‘D(:c(tn) S (—1D)h o F(tn,z(ty)) ®Cpyxz, © (—1)R © }"(tn,xn))

<D(x(tn), zn) + hD(F(tn, x(tn) Ogu F(tn, zn),0) + D(Cy,0).

Since, F satisfies Lipschitz condition, so there exists £,, > 0 such that

’D(f(tn,x(tn) Sgr F(tn, n), 0) = @(f(tn,:c(tn),f(tn,xn))

< LyD(x(ty), xy).

Thus

D(x(tn+1), Tng1) < (1 — hLL)D (x(ty), 2n) + D(Cy, 0). (7.2)

Suppose L = Oglsch L, and C = og%’iv@l(c"’ 0), then (7.6) can be written as

D(2(tn+1), Tnt1) < (1 — RL)D (x(ty), x,) +C.

BE
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Using iterations, we have
D(z(tnt1)s Tng1) <(1—RL)" D (x(to),z0) + {1+ (L —hL) +---+ (1L + hL)"}C

= (1—hL)""'D(2(to), w0) + {%}C

Now, 0 < (n+1)h < T for (n+1) < (N —1) and by Lemma 7.7, we have

’}D(Jc(tn+1),xn+1) < e £Tp (x(to),xo) + %[1 — e_ﬁT].

h2 1"
Moreover, C = ogglga]}\?q@(cmo) =-5 OngLaSXNQK(IEzng(tn)) ,0) and
D (xz(to), z0) =0, so
h _
D(x(tnt1), Tns1) < _i[l — e 1] ogang@(xl‘GH(t”))”’ 0).

and }llin%)@(x(tn+1), Tnt1) = 0.
—
Thus, the Euler method converges in this case.
The convergence of the Euler method for other cases can be proved in a similar manners. ]

Theorem 7.9. Let x/);(t) exists and F (¢, z(t)) satisfies Lipschitz condition on {F(t, z(t)),t € [0, P], z € B(xo, Q), P, Q >
0}, then proposed Modified Euler method converges to the solution of m-polar fuzzy IVPs (5.1).

Proof. Case 1.
When z(t) is 1-GHD. We can write the Modified Euler method as

Z(tnt1) = x(tn) ®h O Y(tn, zn; h),
where
V(tn, Tn;h) = %[]—'(tn, Tn) B F (tn + hy @y & h © F(ty, z0))].
Obviously, 1 is the continuous function. First, we prove that i satisfies Lipschitz condition.
D ((t,u; h), v(t,v;h)) < %@(}"(t, u), F(t,v)) + %@(J—‘(t +hu®hoF(tuw),Ft+hvdho F(tv))).
Since F satisfies Lipschitz condition, so there is £ > 0 such that
D(F(t,u), F(t,v)) < LD(u,v).
Thus

D (u,v) + g@(u@h@]:(t,u)),v@h@]:(t,v)))

L hL
§®(u,v) + 5@(’&, v) + 7@ (F(t,u), F(t,v))

<L(1+ %)@(u,v) = L'D(u,v).

D(W(t,ush), ¢(t,vih)) <

DN

<

i.e. 1 satisfies Lipschitz condition with constant £/ = £(1 + 2£).
Let suppose C,, = g—?@(;vaH (tn))"”, so by equation (6.11) and Cy,, the exact solution x(t) =< z'(¢), 2%(t), - ,2™(t) =
of (5.1) satisfies
Z(tnt1) = (tn) ®h O Y(tn, z(ty)) ® Chp.
Now
D(m(tn+1), an) = (;v(tn) D hOY(tn,x(ty)) ®Chyxn & h O Y(ty, :rn))

D
D(z(tn), Tn) + hD (Y (tn, 2(tn), ¥(tn, 1)) + D(Cp, 0).

IN
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Since, v satisfies Lipschitz condition, so there exists £’,, > 0 such that
D (b, 2t) Bt ) < LD ((tn), 20).
Thus
D(x(tn+1), Tng1) < (1 +RL D (x(tn), 20) + D(Cp, 0). (7.3)

Suppose £ = max L', and C = max D1(Cp,0), then (7.3) can be written as
0<n<N 0<n<N

D(2(tn+1), Tng1) < (1 +RL)D (2(tn), z0) +C.
Continuing in this way, we have
D (z(tns1), Tng1) <1+ ALY D (z(to),z0) + {1+ (L +hL) + -+ (1+RL)"}IC
(14 hL)"H —1
hL'
Now, 0 < (n+1)h < T for (n+1) < (N —1) and by Lemma 7.7, we have

= (1+hL)" D (2(to), 20) + { 1C.

[:/T _ 1]

D (x(tn+1), :an) < Py (:c(to), sco) [e

T
Moreover, C = max D(C,,0) = max @(h—g o (z (tn))",0) and
’ o<n<N-—1" " 0<n<N 3! LmGH )
D (x(to), z0) =0, so
2

oL’ "
< giple 1] max D(1-cr(tn))™,0)

©(x<tn+1)a xn+1)
and %ig})@(x(tnﬂ), acnﬂ) =0.

Thus, the Modified Euler method converges in this case.
Case 2.
When «(¢) is 2-GHD, we can write the Modified Euler method as

T(tny1) = 2(tn) © (=1)h © Y(tn, xn; h),

where

V(tn, Tn;h) = %[]—'(tn, Tn) B F (tn + hyy © (=1)h © F(tn, x,))].

Obviously, 1 is the continuous function. First, we prove that 1 satisfies Lipschitz condition.
1 1
D ((t,u; h), v(t,v;h)) < 5@(?(15, u), F(t,v)) + 5@(]—'(t +hue (=1)h© F(t,u), F(t+ h,vo (=1)h® F(t,v))).
Since F satisfies Lipschitz condition, so there is £ > 0 such that
D(F(t,u), F(t,v)) < LD(u,v).
Thus

O(u,0) + £D(ue (~1hO F(tu), ve (~Dhe F(1,v))

< 29 (u,v) + g@(u,v) - %@ (F(t,u), F(t,v))

(1- %)@(u,v) = L'D(u,v),

D (¢ (t,u; h),(t,v; h)) <

DN

[\)

<

[y

BE
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i.e. 1 satisfies Lipschitz condition with constant £/ = £(1 — 2£).

Let suppose C,, = @(—1)%263(932,GH(tn))”’, so by equation (6.12) and C,,, the exact solution z(t) =< x'(t), 2%(t),--- ,a™(t) =
of (5.1) satisfies

z(tnt1) = z(tn) © (=1)h © Y(tn, 2(tn)) @ Cy.
Now
D((tni1) Tnt1) =D (2(tn) © (=1)h O Y(tn, 2(tn)) © Cp, 20 © (=1)h © Y(tn, Tn))
< @(z(tn),mn) + hD (1/)(tn,x(tn) Sgr Y(tn, Tn), O) +9(Cy,0).
Thus
D(2(tn+1), Tng1) < (1= RL D (2(tn), 20) + D(Cp, 0). (7.4)
Suppose £ = onax L, and C = Og@vg(cn, 0), then (7.4) can be written as
D(x(tn+1), Tng1) < (1= RL)YD (2(tn), zn) +C.
Using above relation, we have
D(z(tns1), Tng1) < (1= RL )" D(2(to), wo) + {1+ (1 —hL) + -+ (1 + RL)"}C

(1= R ID (a(to), o) + (=L ;Effmnﬂ

Now, 0 < (n+1)h < T for (n+1) < (N —1) and by Lemma 7.7, we have

1C.

d [1—e 2T

@(as(tn_,_l),xn_,_l) < e LT (os(to),xo) + N

3

— — h "
Moreover, C = ogglga]}\ﬁl@(cn’o) =30 Oglnzg(N@((azg_GH(tn)) ,0) and

D (z(to), z0) =0, so
D(x(tnt1), Tny1) < —h—Q[l — ¢ #'T) max D(z1_cn(ts))",0)
nrioenT = 31e 0<t<T nio
and }llin%)@(x(tn+1), Tny1) = 0.
—
Thus, the Modified Euler method converges in this case.
The convergence of Modified Euler method for other cases can be proved in similar manners. ]

7.3. Stability.

Definition 7.10. Let x,41, n+ 1 > 0 be the solution of m-polar fuzzy IVP 2/(t) = F(¢,z(t)) with initial condition
o € X and let 2,41 be the solution obtained by same numerical method with perturbed initial condition zg = zq®dg €
X, then the method is stable if there exists hy, £ > 0 such that

D(Tpi1,2n41) <L,V (n+1)h<T, n <N -1, h€(0,h), whenever D(dp,0) < 4.
Theorem 7.11. The Euler method is stable.
Proof. When xz(t) is 1-GHD, then by equation (6.1), we have

Znt1l = 2n ®h © Ftn, 2n), 20 = x0 D dp. (7.5)
Using (6.1) and (7.6), we have

D(zn+1, Tns1) < D(2n, Tn) + D (F(tn, 20), F(tn, 7)),

Since, F satisfies Lipscitz condition, there exists £,, > 0 such that
D (F(tn, 2n), F(tn, 2n)) < L2D (20, n), s

Q(Zn+1a (En+1) S Q(Znaxn) + h»cn@(znaxn)

[E)E
(=
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Let L= max L,, then
0<n<N

D(2nt1s Tnt1) < (1 4+ hL)YD (20, Tp).
Continuing, we get
D(zns1,Tny1) < (1+0L) VD (29, o).
By Lemma 7.7, we have
D(znt1, Tny1) < ehﬁ("ﬂ)@(zo,xo)
< MDD (20 Ogp 30, 0)

< eﬁTg((SOvO) < IC(S,

where £ = K > 0 and D(&p,0) < §. Hence, the Euler method is stable in this case.

When z(t) is 2-GHD, then by equation (6.1), we have
Znt1 = 2 © (=1)h @ F(tn, 2n), 20 = x0 B -
Using (6.1) and (7.6), we have
D(znt1s Tnt1) < D(zp, Tpn) — D (F(tn, zn),]-'(tn,xn)),

Since, F satisfies Lipscitz condition, there exists £,, > 0 such that
D (F(tn, 2n), F(tn, 2n)) < L2D (20, 2n), s

D(znt1s Tnt1) < D(zn, Tn) — RLD (2, Tp)-

Let £L= max L,, then
0<n<N

D(2nt1s Tnt1) < (1= RL)YD (2, Tp).
Continuing, we have
D(zns1,Tny1) < (1 —RL) VD (20, o).
By Lemma 7.7, we have
D(znt1s Tny1) < e*hﬁ("ﬂ)@(zo,xo)
< e MEOHID (2 451 20,0)
< e £TD(5,0) < K,

where e *T = I > 0 and D(Jy,0) < 6. Hence, the Euler method is stable in this case.

prove easily that the Euler method is stable.
Theorem 7.12. The Modified Euler method is stable.
Proof. When z(t) is 1-GHD, then by Equation (6.11), we have

h
Il =2 @ 5 O [F(tn,2n) ® F(tn + hy2n & h © F(tn, 20))],

20 = T D dp.
Since, F satisfies Lipschitz condition, there exists £, > 0 such that
D(F(tn, zn), F(tn, n)) < L2D (2, xy), using (6.11) and (7.7), we have

hL,)?
g(zn-‘rl; xn+1) S (1 + h[fn + ( )

)C‘D(zn,xn).

433

For the other cases, we can
|

BE
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Let L= max L,, then
0<n<N

hL)?
@(Zn+1,$n+1) (1+h£+ ( )

VD (2, ).
Using above inequality, we have

(hﬁ)

@(2n+1,l‘n+1) ( + hl + )(n+1)@(20,$0).

By Lemma 7.7, we have

2
D(Zn+41, Lny1) < elher g 49D (2, 20)

(et BE2 (1)
<e 2 @(ZO OgH xO,O)
< e EHEITD (5, 0) < K9,

where e(C+"59)T — K > 0 and D(do,0) < 4. Hence, the Modified Euler method is stable in this case.
When z(t) is 2-GHD, then by equation (6.14), we have

h
Zntl =2n © (71)5 ® [}"(tn, 2n) ® F(tn + hy 2, © (=1)h © F(ty, zn))], z0 = o D dp. (7.9)

Since, F satisfies Lipschitz condition, there exists £, > 0 such that
D (F(tn, zn), F(tn,2n)) < LD (2n, Tn), using (6.14) and (7.9), we have

D(2nt1,Tnt1) < (1= hLy + (hén)2)©(zn,xn).
Let £ = oglax L, then
D(2n41,Tnt1) < (1 —hL+ (h£)2)©(zmxn).
Using above inequality, we have
(hﬁ)

@(Zn+1,$n+1) (1 — hl + )("+1)©(zo,x0).

By Lemma 7.7, we have

< e[hLJ"( }LL)

D(Zn+1, Ynt1) DD (2, y0)

< elhet =5 ](”H)@(Zo SgH Y0,0)

< e“ETHEITD(5),0) < K9,

where e(~£+"5)T = K > 0 and D(09,0) < J. Hence, the Modified Euler method is stable in this case. For the other
cases, we can easily prove that the Modified Euler method is stable. O

8. NUMERICAL EXAMPLE

In this section, we solve an m-polar fuzzy IVPs by the Euler method(EM) and modified Euler method(MEM). We
give the comparison of these methods by calculating global truncation errors. All computations are performed on
Maple 13 software.

Example 8.1. Consider the 3-polar fuzzy IVP

Top(t) = (t = 1)2(1), (8.1)
#(0) =< [1+201,4 — 61], [1.5 + 0.562, 2.5 — 0.585], [2 + 03,5 — 203] ==, ¢ € [0,2], &1,02,85 € [0,1].

[E)E
(=
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Obviously, the IVP is 2-GHD on [0,1] and at ¢ = 1, the problem is switched to 1-GHD. Thus ¢ = 1 is a switching
point. The solution is 2-GHD on [0,1] and 1-GHD on (1,2]. The exact 2-GHD solution can be obtained by solving the
following system

s ={ " 353,(&5;3)’, i
R (B
@y = (TN e
e
68 =4 e, o0,
ren-{I . 1

i‘(O) == [1 + 201,44 — (51], [1.5 + 0.562,2.5 — 0.552], [2 + 63,5 — 253] -

The exact 1-GHD solution can be obtained by solving the following system

=TI <
@00~ e, o
=T S
R P =
eren={(TIDE <
R = )

.’3(0) == [1 +261,4 — 51], [15 +0.5602,2.5 — 05(52], [2 + 63,5 — 253] - .

For 0 <t <1, the exact 2-GHD solution is

t2—2¢ t2—2¢ t2-2

[2()° =<[(1+281)e = ,(4—01)e = |,[(L5+0.56)e = ,

t2 2t 2t t2 2t

(25— 0.56)e = |,[(2+d3)e = ,(5—283)e = | =, 61,082,085 € [0,1].

and for 1 <t < 2, the exact 1-GHD solution is

t2— t2_2¢ t2— t2_2¢

7 (4—61)e = |, [(1.5+0.505)e =, (2.5 — 0.503)e = ],

(X ()]° ==<][(1 + 201)e

t2—2¢ t2 2t

[(2+(53)€T,(5—2(53)€ 2 ] >, 01,092,035 € [0, 1].

BE
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TABLE 1. Global truncation errors for h =

0.01 of Example 8.1.
TABLE 2. Global truncation errors for h =

. EM MEM 0.001 of Example 8.1.

0 0 0

0.2 7.62¢79% 1.02¢% — i
0.4 1.20e792 131 0.2 7.57¢>%  1.05e”%7
0.6 1.50e7°2 1.32¢05 PR oA PR o
0.8 1.75¢792 1.26¢79° 0.8 1.75¢703 1.26e~97
1 2.02¢702 1.93¢-05 1 zozefgi 1.256*21
1.2 237792 1.250e~% R O
1.4 2.88¢792 1.28¢7 9 1.6 8.6 1300”7
1.6 3.63¢7°2 1.25¢7% P P

1.8 4.79¢792 94706
2 6.66e792 0.47¢706

(a) (b)

FIGURE 1. (a) Level sets of first component of the exact solution defined in Example 8.1. (b) Level
sets of gH-derivative of first component of the solution defined in Example 8.1.

(a) (b)

FIGURE 2. (a) Level sets of the second component of exact solution defined in Example 8.1. (b) Level
sets of gH-derivative of the second component of the solution defined in Example 8.1.

1) and blue lines represent Z'(t;d;). In Figure 1(b), green lines represent

i
)" (t; 61).-

In Figure 1(a), red lines represent z!(
(z')’(t;61) and yellow lines represent (z*
[E)E
(=
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(a) (b)

FIGURE 3. (a) Level sets of the third component of exact solution defined in Example 8.1. (b) Level
sets of gH-derivative of the third component of the solution defined in Example 8.1.

In Figure 2(a), red lines represent x>

z

(22)'(t;02) and yellow lines represent (T
In Figure 3(a), red lines represent z°
(23)'(t;03) and yellow lines represent (T

d2) and blue lines represent Z2(t; d2). In Figure 2(b), green lines represent
(t; 2).

83) and blue lines represent Z°(¢; 63). In Figure 3(b), green lines represent

;
’

w—~ N~

9. CONCLUSION

In many dynamical systems, we must deal with uncertainty and imprecision. An m-polar fuzzy set model is an
extension of the fuzzy set model, and it is a powerful tool to deal with fuzzy and ambiguous problems in multidi-
mensional problems. Compared with the fuzzy framework, this framework is more attractive to researchers. We have
considered differential equations in in m-polar fuzzy environment. The fuzzy initial value problem has been extended
to m-polar fuzzy initial value problem, where we have m-polar information about the unknown function and initial
conditions. Different types of gH-differentiability of m-polar FVF are discussed. We have presented some results on
gH-differentiability of m polar FVF. The Taylor expansion of the m-polar FVF is obtained by considering different
types of differentiability. We have demonstrated the Euler and Modified Euler methods for m-polar fuzzy IVP. The
consistency, stability, and convergence analysis of these methods are discussed. We have given some numerical exam-
ples to demonstrate the performance and efficiency of these methods. We calculated the global truncation error. We
have seen that by decreasing the step size, the approximate solution converges to the exact solution. Furthermore, it
is clear from the numerical results that the Modified Euler method gives better results compared to the Euler method.
In the future, we plan to apply the predictor-corrector method to the m-polar fuzzy IVP based on Taylor expansion.
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