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ABSTRACT

The Laplace transformation is a very important integral transform, and it is extensively used in solving ordinary
differential equations, partial differential equations, and several types of integro-differential equations. Our purpose
in this study is to introduce the notion of fuzzy double Laplace transform, fuzzy conformable double Laplace
transform (FCDLT). We discuss some basic properties of FCDLT. We obtain the solutions of fuzzy partial
differential equations (both one-dimensional and two-dimensional cases) through the double Laplace approach.
We demonstrate through numerical examples that our proposed method is very successful and convenient for
resolving partial differential equations.
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1 Introduction
1.1 Research Background

A natural way to model uncertainty is through fuzzy differential equations [1,2], and [3]. Having
these models and solutions requires an understanding of the dynamics of design [4]. The entire story
of humanity relies on this goal, to understand nature. Nowadays, because of various applications of
the theory of fuzzy differential equations, many researchers are working on fuzzy partial differential
equations. Several researchers emphasized studying the precise/numerical solutions of fuzzy differen-
tial equations [5-7].
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Various analytical and computational methods can solve fuzzy partial differential equations,
see for example [8—12]. Integral transform is a very useful technique for solving PDEs and has
extensively been used by researchers to solve differential [13]. Fuzzy Laplace transform was defined
by [14] and then further developed and used by several authors to solve fuzzy ordinary and fuzzy
partial differential equations, see for example [15—18]. Allahviranloo [19], introduced the conformable
Laplace transform, and then developed by several researchers to solve conformable differential
equations [20,21].

Recently, Younus et al. [22] generalized two predefined concepts under the name fuzzy con-
formable differential equations, and got the fuzzy conformable ordinary differential equations under
the strongly generalized conformable derivative. For the order W, they used two methods. The first
technique is to resolve a fuzzy conformable differential equation into two systems of differential
equations according to the two types of derivatives. The second method solves fuzzy conformable
differential equations of order W by a variation of the constant formula.

In this article, we introduce the double fuzzy Laplace transform in the conformable setting, which
is more general than the single fuzzy Laplace transform and we extensively used it in the qualitative
theory of fuzzy partial differential equations.

1.2 Research Question
In this paper, we discussed the following questions:

1. In [23] Debnath, provided the solutions of PDEs and Integral and functional equations with
double Laplace transform, and Ozkan et al. [24], generalized double Laplace transform in
the conformable setting. What is the conformable double Laplace transform in the fuzzy
environment?

2. What are the forms of fuzzy partial differential equations (both in 1D and 2D) in conformable
cases?

3. What are the effects of fuzzy conformable Laplace transformation on the solutions of fuzzy
conformable PDEs?

4. What is the application of fuzzy conformable double Laplace transform? Is this transformation
providing better results for this application?

1.3 Objective of the Work

A very broad literature including books and papers on the single Laplace transform, its features,
and applications are available. However, very few results are available on the double Laplace transform.
We generalized the notions of the double Laplace transform in the fuzzy conformable sense. We
obtained some basic properties of fuzzy conformable double Laplace. To solve fuzzy conformable
partial differential equations, we adopt the fuzzy conformable double Laplace transform.

1.4 Structure of the Study

The organization of this paper is as follows: We present basic principles in Section 2 to use in the
main part of the paper. In Section 3, we define the fuzzy double Laplace transform (FDLT), and fuzzy
conformable double Laplace transform (FCDLT). Some basic properties of FDLT and FCDLT are
also part of Section 3. In Section 4, solutions of the fuzzy conformable partial differential equations
are obtained with FCDLT. Concluding remarks are given in Section 5.
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2 Basic Concepts
In this section, we recall the basic concepts which we have to use in the major part of the article [14].

A fuzzy set is a map y:R — [0, 1] which generalizes classical sets from {0, 1} to [0, 1]. A fuzzy
number 7 is a fuzzy set that satisfies some additional properties of convexity, normality, upper-
semicontinuity, and compact support. We use R, to denote the space of all real fuzzy numbers [25].
For 0 < y < 1, y-cuts for a fuzzy number 5 is defined as (y,y) = {v € R : y(v) > p}. In y-cuts form,
the fuzzy number 5 is represented in the form (n,y) = [(n,,»), (", ¥)]. A triangular fuzzy number
1, denoted by an ordered triple (a, b, ¢), with the condition a < b < c¢. The y-cuts associated with
triangular fuzzy number y are [a + (b — a)y,c — (¢ — b)y].

If 5,v € R,, then addition on the space of fuzzy numbers by y-cuts is defined as [(y + v) , y] =
[(m,,y) + (v, »), (", ¥) + (v*,p)]. The H-difference for two fuzzy numbers n and v denoted by nov
and defined as a fuzzy number @ such that @ = n + v. In y-cuts form, H-difference for two fuzzy
numbers # and v has the form [(p©v),y] = [(y,.,y) — (v, ), (*,¥) — (v,,»)]. A fuzzy-valued
function with two variables v and t assigns an ordered pair (v, 7) to a fuzzy number ® (v, 7). In p-
cuts form, @ (v, 7) is represented in the form ® (v, t.y) = [, (v, T, y), P*(v, T, )] ([10]).

A fuzzy-valued function ® (v, 7) is continuous at any point (v,, 7o) if ||(v, 7) — (vo, Tp)|| < 8, then

we have @ (v, ) — L < €. Mathematically, we can write as liEn ) ® (v, 7) = L.
,0)—> (0,70

Before defining fuzzy double Laplace transform, we state the fuzzy single Laplace transform and
some relevant properties for the fuzzy-valued function of two variables.

Fuzzy single Laplace transform for ® (v, t) with respect to v is defined as

e, D)]=0¢,7) = /Oc e O (v, T)dv.

Fuzzy single Laplace transform for ® (v, t) with respect to t is defined as [20]

o, t)]=¢(vr) = /OO e OO(v1)dr.

When fuzzy Laplace transform with respect to t is applied to a strongly generalized partial
derivative with respect to v, then we have the result

0P (v, 7) _i
¢ [T} = L@ 0l

Let us state the translation theorems for fuzzy Laplace transformation:

Theorem 2.1. [14] (First translation theorem.) If ® is fuzzy Laplace transformable, then

s (e"”d> (v, r)) =¢p(v,r,+a).

Theorem 2.2. [14] (Second translation theorem.) If ® is fuzzy Laplace transformable, then
CUGt-—a) 02t —a)]=e"20¢ (1),
where U is the Heaviside function.

Theorem 2.3. For a fuzzy-valued function & (v, ), we have

R 12
(/ erl‘QW(V,T)dV):Vl®¢(rlaf)eq>(0"[)'
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Proof. The proof can easily be done using the integration of parts for fuzzy valued function [10].

The following table shows the conformable double Laplace transform for certain functions:

Function ® (v, 7) Conformable double laplace transform ¢ (r,, r,)
ap
of = —.
rr,
L1y (D) (14
VT — shypd 2 (Ea)r(hg) ‘Sl)y(l“‘).
1+4 1+
1"
vt 1
Ry =22
v § rir;
i A4 plq!
v s = Toh @ ”
v o$ rry
Vql+'[6 l
ev s = ——.
(rl—l)(rzfl)
voos 1g!
A At ) Q) D q:
evtii-—.p,qeN =

(ry — l)pﬂ(’”z - l)q+l .
( v“’) ( ‘E‘S) rir,
cos{A— )cos{A— = .
N 8 (2+r) (2+r)
i i A2
sin{A— )sin{ A— = .
( ‘I’) ( 3) (R+r) (A +r)

W v\ . 7’ 1
evtssinh| — )sinh | — = .
V7 8 (rn=2)r (r,=2)r,
/] 8 _ —
e%+§ cosh v cosh T = n=D@=1 .
v ) r=2r(rn—-2)r

2.1 Strongly Generalized Conformable Partial Derivatives

In this subsection, we define strongly generalized conformable partial derivative to solve fuzzy
conformable partial differential equations.

Definition 2.1. For a fuzzy-valued function @ (v, t), the strongly generalized conformable partial

i)
derivative with respect to v is of order W is defined as a fuzzy number % such that
v
1. (V) 0 > 0, H-differences ® (v, + 6v'~",7) ©® (v, 7) and @ (v,, 7) P (v, — 0v'~*, 7) exist and

we have
® (1 + 0V . 1) 0P (1.T) D (1, T) O (v — 0¥ Y. 7)
m = lim _

00 0 00
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2. (V) 0 > 0, there exist H-differences ® (v), 1) 9P (v, +0v'"*,7) and ® (v, — 6v'~", 1) ©D (v, T)
and we have
. PO (n+0 ) D (-0, T) 0P (v, 7)
lim = lim .

00 —0 00 —0

Proposition 2.1. The fuzzy-valued function ® (v, 1) is said to be differential of type (W—1) if
@ is differentiable in the first form of the above definition, and differential of type (V—2) if ® is
differentiable in the second form.

Definition 2.2. For a fuzzy-valued function @ (v, t), the strongly generalized conformable partial

.. ) ) ! °D (v, T
derivative of order § with respect to t is defined as a fuzzy number % such that
T

1. (V) 0 > 0, H-differences ® (v, 7, + 07'~*) 6P (v, 1) and @ (v, ) ©P (v, 7, — O7'~*) exist, and

we have
P(rn+0t'?)od () . PO1)OP (vt —0r'7)
lim = lim .
00 (/] 00 (/]
2. (V) 0 > 0, H-differences ® (v, 7)O® (v, 7, +07'~*) and @ (v,7, — 07'") ©P (v, ) exist, and
we have
. D (v, 1) P (v, o +011“‘) . (v, T —071“3) od (v, 1))
lim = lim .
00 —0 00 —0

Proposition 2.2. @ is said to be differential of type (§—1) if ® is differentiable in the first form, and
differential of type (§—2) if ® is differentiable in the second form.

For a fuzzy-valued function ®, the fuzzy conformable integral of order W is defined as

"o (v) =/ O ()’ 'dp,

where integration is in the sense of fuzzy Riemann integral.

Lemma 2.1. If a continuous fuzzy-valued function ® (v, t) is strongly generalized conformable
partial differentiable with respect to t, we have

ate
Lemma 2.2. For a continuous fuzzy-valued function @ (v, t) which is strongly generalized con-
formable partial differentiable, we have

"D
/ Mra’ldr =®(v,b)Od (v,a).

b 8\1/(1)
/ FO2UT) vy = & (b, 1) 00 (a,7).
. avY

Proof. If ® (v, 7) is differentiable of type (¥ —1), then we have

/” 8“‘<I>(v,r,}')vq,,1dv= /” [BWCD* (v,r,)’)’ oY o (V’T’Y)]v“‘ldv,

av¥ avy avy
= [q)* (b5T9 }’) - q)* (a,f, )’) 5(1)* (bata }’) - @ (aa T, Y)];
=obh,1)6d(a,1).

This completes the proof.
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3 Double Laplace Transform

Now, we move towards our main results on double Laplace transform.

3.1 Fuzzy Double Laplace Transform
For this, we first define fuzzy double Laplace transform and some related properties.

Fuzzy double Laplace transform of a fuzzy-valued function ® (v, 7) is

U@, )] = (1,1) = / m / Ceoemoo (v, 7) dvdr, (1)

where the integral in the definition should converge.

We can write the above definition in the form
0@ v, )] =[P, (v,T,p)], 00 [P (v,T,p)]].

Definition 3.1. Fuzzy double inverse Laplace transform is defined as

B+io0

1 o+100
B ()] =@ (v, 1) = 4—n2/ / e © ¢ (r, 1) drdr,.

Fuzzy double Laplace transform is linear, i.e., If £¢° [® (v, T)] = ¢ (r,,7,) , then for any constants
«, B and fuzzy-valued functions ® and v, we have

a0, T)+BOY(1,T)]=a0C[d0, D]+ BOLL[Y (v,1)].

Similarly, the fuzzy inverse double Laplace transform is also linear.

While studying the theory of fuzzy Laplace transform, we have to study the absolute value of the
fuzzy-valued function.

Definition 3.2. For the fuzzy-valued funcion ®, the absolute value of the fuzzy-valued function in
the y-cuts form as

[q) 1, Y)] = [|CD* T, y)l , | ®” T, y)”

Definition 3.3. A fuzzy-valued function @ is called of exponential order in the fuzzy sense if
D, 1) <M, Mo, B, M € R,

Remark 3.1. Fuzzy double Laplace transform does not exist for all fuzzy-valued functions. For
example, ® (v, 7) = vt @5 or v + 12O p is not the fuzzy double Laplace transform of any fuzzy-valued
function ® (v, t) because ® (v, T) does not converge to zero whenever v — o0, T — o0. Also, fuzzy
double Laplace transform for @ (v,7) = exp (otv2 + B ‘L'z) ® 5 with &, B > 0 does not exist since it is
not of exponential order because

lim exp (v + Bt> — 1V —1t’) O 9 = o0.

Here we give the condition for the existence of fuzzy double Laplace transform.
Theorem 3.1. If a fuzzy-valued function & satisfies two conditions:
1. @ is of fuzzy exponential order.

2. @ is bounded and piecewise continuous, then fuzzy double Laplace transform exists and also
converges absolutely.
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Proof. Given is @ is bounded, so we have |® (v, )| < M,. Also, ® has exponential order, so by
definition of exponential order in the fuzzy sense, we have

D (v, T) < Mo, (V) M, , B € R".

Put M = max{M,, M,}, we obtain
| (v,7)| < M, (V) a, B, M € R".

This yields
j;)oo J;)oo et |CD (V, _[)| dvdt < Mj;)oo j;)oc efv(,-lfa)e—r(rzfﬂ)dvdt.

Thus we have

lim ¢ ( ) M
ry,ry) = 5

e (=) (1, — B)

Theorem 3.2. Fuzzy double Laplace transform for a fuzzy-valued function & differentiable of the
first-order is

Case 1: When & is strongly generalized partial differentiable with respect to v, we have
1. If @ is differentiable of type (1), then

forr, > o, 1, > B.

9
eer m )| =rn0¢r,rn) o 0,n).
2. If @ is differentiable of type (2), then
L [od i
el E(V’T) =09 (0,r) =1 O (r,r)].

Case 2: When & is strongly generalized partial differentiable with respect to t, we have
1. If @ is differentiable of type (1), then

ad
2.0 [E o, 1)} =rn0¢(r,rn) ¢ (r,0).
3. If & is differentiable of type (2), then

0o
00" [g (v’-[):| =8¢ (r,0)—r, O ¢ (r,r)].

Proof. By using the definition of fuzzy double Laplace transform, we have

0P °° °° 0
A [— (v, r)] = / AN O) (/ O — 1) dv) dr. )
av 0 0 av
Using Theorem 2.3, we have
= 0
(/ e'A”@W(VJ)dV) =rnQe¢r,1)eP(0,7). (3)
0

Using Eq. (3) in the Eq. (2), we have

0D
A [E (V,‘L’):| =rn0a¢(r,rn)oe0,r).
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This completes our proof.

Theorem 3.3. For second-order fuzzy partial derivative with respect to v, fuzzy double Laplace
transform is

Case 1: When @ is differentiable with respect to v, we have

oD
1. If & and —;V’ 2 both are differentiable of type (1), we have
%

¢ (0,715)

RO
e |:—2 (V,‘L’):| =r0¢,nern0e¢0,ne
av av

0o
2. If & is differentiable of type (1) and %t) is differentiable of type (2), then
v

er [8 2o r)] = 20n o eosmnr)enoe0.r.

9v? av
Y : od(v,t) . .. )
3. If @ is differentiable of type (2) and 5 is differentiable of type (1), then
o ¢ (0, r
e |: 912 o, r)] =-1rn0¢0,rn)6 (_Vf O (r, Vz)) 9—¢ év 2).

od
4. If both ® and % are differentiable of type (2), we have
%
RO 96 (0. r
00 [ > (v,r)] = rf Q¢ @,r)oeroe¢,r) — M
av -

Case 2: For second-order partial derivative with respect to t, double Laplace transform is

9o
1. If ® and Fr (v, 7) both are differentiable of type (1), we have
T

d¢ (r1,0)

A 82CI>(v )| =r0¢.rnornoeé(r0)o
a2 =T, 1,72 2 1, Py

0
2. If @ is differentiable of type (1) and e (v, 7) is differentiable of type (2), then
T

L [or ¢ (r.0 ,
0L [ ™ (v, t)] = — a(r )9 (-0 ¢ (r,1)6r, 0 ¢ (r0).

0D
3. If @ is differentiable of type (2) and . (v, 7) is differentiable of type (1), then
T

3¢ (r,0)
it

9P
e |52 0] = nos (e rosrm)e

0P . .
4. If ® and rm (v, ) both are differentiable of type (2), we have
T

3¢ (r.,0) .

)
e |:—2 (V,‘L’):| = 7’; Q¢ (r,rn)orn o ¢ (r,0) —
ot at
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Theorem 3.4. For a fuzzy-valued function differentiable with respect to v and 7, fuzzy double
Laplace transform is

1.

When @ (v, 7) is differentiable of type (1) with respect to v and 7, we have

e -aaj;); (v, r)- =rneo@,rner e r,0)er e 0,r) + (0,0).

Whe;l d(v,7) 18 _differentiable of type (2) with respect to v and t, we have

e -aajgbf (v, ‘L')- =00,006rn0¢0,1) —S[(-r O ¢ (1,0) —Srir O ¢ (r,r))].

. When @ (v, 1) is differentiable of type (1) with respect to v and differentiable of type (2) with

respect to t, we have

el [;v;i (Vaf)i| =[-onnO¢(,rn) —rnoe¢r,0]c-—rnoe¢0,rn) —cd(0,0).

When @ (v, 7) is differentiable of type (2) with respect to v and differentiable of type (1) with
respect to t, we have

ee [;V;DT v, f)} =—0[rnO¢r.,rnern0e¢r,0]-[noe¢0,r) —ed©,0)].

Proof. We provide proof for case (2) here. Other cases are similar.

Since @ is differentiable of type (2) with respect to v, then

0
4 [W (v, f)} =-90,1)-—6rn0¢(r,1). “4)
0
If M is differentiable of type (2) with respect to 7, then
v
U i [ 0
e VD)= —=(=20,1)—0=-00¢,1))|. (5)
| dvaT ] ot ot
Now, apply the Laplace transform for 7, we have
- 00 -
e 3937 1, 7) | =20,000r0¢0,r) —0[(=r O ¢ (r,0) —rr O ¢ (rn,r)].

This completes the proof.

Theorem 3.5. For a fuzzy-valued function, whose fuzzy double Laplace transform exists, we have

er et oo n]=¢ 0 —an—p).

Proof. Using the definition of fuzzy double Laplace transform, we have

YATA [eu\r+ﬁr 'oX) (V, 'L')] — / / e—rzre—rlveowﬂ?r o d (V, 'L') dvdr.
0 0

This results in

00" [euv+ﬂr loX) (V, -[)] — / / 67(r27‘8)137("1*“)v o) (V, 'L') dvdr.
0 0

Thus, we obtain our required result.
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Theorem 3.6. For a fuzzy-valued function, whose fuzzy double Laplace transform exists, we have

9% (r.r
Ceproemn]= (- e L2 (rurs),
or,0r,
Proof. If we take the strongly generalized partial derivative with respect to r, and r,, we have
0% (r.r R
M = (=1) (—1)/ / e O ® (v, T) dvdr.
ar,0r, o Jo
This can be written as
9% (r.r
Ll’z) = (D" o rd (1],
or, 07,
or we can write
9% (r.r
Crtd ()] = (D" o M
or,or,

In general, we have
LRl (rlqu)
orard

Theorem 3.7. (Second translation theorem). For a fuzzy-valued function, whose fuzzy double
Laplace transform exists, the second translation theorem in the fuzzy sense has the form

CeP-—nrt-—wWoOU—nt—-w]=e"""0¢[,n),

where U (v, ) is the Heaviside unit step function defined by

CCYTe ()] =(D"o

UWv—n,t—pu)=1,whenv>py, and t > u,
UWv—n,t—pn)=0,whenv<pandt < u.

Proof. Using the definition of fuzzy double Laplace transform, we have
o0 oo
P -—nt-woUW—,1 —M)]=/ / MNP o (v—nt—wOUWV—1,T— ) dvdr,
0o Jo
o0 oo
=/ / et od(v—1y,T— ) dvdr.
n o Ju
Putv—n=a,t — u=>5, we get
rev—t—wooUW—n1—pn)]=e"m"2* @/ / e o & (a,b) dadb,
0 0
= e O (1)

Definition 3.4. If ® (v, 7) is a fuzzy-valued function and v (v, ) is a real-valued function, then
convolution in fuzzy sense is defined as

(Pooyy) (v, 7) =/ / ®(q.nOY (v—gq,T —r)dqdr.
0 0
Theorem 3.8. For fuzzy double Laplace transform, the Convolution theorem is given by
L [(Pooyy) (v, )] =07 [P (v, )] O L [ (v, T)].
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3.2 Fuzzy Conformable Double Laplace Transform
Now, we generalized the concept of fuzzy double Laplace transform to fuzzy conformable double
Laplace transform.

Definition 3.5. Fuzzy conformable double Laplace transform for a fuzzy-valued function @ (v, t)
is
00 0 .8 W
[P, D] =¢(r,r) = / / eT e O & (v,T) v dvdr,
0 0

where the integral in the definition should converge.

We can write the above definition in the form

0[P (v, )] = [€,6 [P, (v, D], 6,6 [P (v, 1)]] .-

Fuzzy conformable double Laplace transform is linear. i.e., for constants & and 8 and fuzzy-
valued functions ® (v, ) and ¥ (v, t), we have

L0, TD)+BOY(rD]=a0 0,60 0)]+B0OLLE[Y(v,T)].

Definition 3.6. Fuzzy conformable inverse double Laplace transform is defined as

1 a+io0 B+ico v 8
e:;lzgil [@(r,)]=P(,7)= F/ / e e O¢(r,r) vl drdr,.
7-[ o —100

Although the fuzzy conformable double Laplace transform exists for a large variety of fuzzy-
valued functions, it does not always exist. For example, fuzzy conformable double Laplace for

dr,1t)=90 e%+§ does not exist because the integral does not converge.
Here we give the criteria for the existence of fuzzy conformable double Laplace transform.
Definition 3.7. A fuzzy-valued function ® (v, ) is of exponential order, if for some real constants
o, B, we obtain sup, . _, [P (v,7)| < Mes 5.

Theorem 3.9. Let @ (v, ) be of exponential order and continuous on the interval [0, o0), then the
fuzzy conformable double Laplace transform of & exists.

Proof. Since @ is of exponential order, so we have
s
|® (v,7)| < Me v,

Now, we have

8 0\

T
=T -ry T P -[‘S

e s e W ol dvde < M [T [T e v (170 e 5 () yrie gy,

Now, after performing fuzzy conformable integration and taking lim

v

100> WE have

T'l—00,.

o0 [e9) W 8 M
/ / eNTe™T OO (v, )| v e dvdT < forr >a,r, > f.
), (rn—a)(@—B)
So we have
lim ¢ (r,r) =0.
=00, 12700

Thus proved.
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Relation between fuzzy double Laplace transform and fuzzy conformable double Laplace trans-
form is

Lemma 3.1. €, [® (v, 7)] = £°€° [qs ((\pv)%, (51)%) (s rz)] .

Proof. From Definition 3.5, we have

o0 oo t;). v‘l’
LA [P (v, D)) = / / e25e v O, ) v v dvdr.
0 0

v

Substitute ? =1, = u, we have

e @] = [ [Temien o d ((wp)%, (za)%) drdu,
— o [qs ((\pvﬁ, (3r)%) (rl,rz)] .

Theorem 3.10. Fuzzy conformable double Laplace transform, when applied to a strongly general-
ized conformable partial differentiable function ® (v, ), we have four cases.

Case 1: With respect to v, we have two cases, which are
1. When @ is differentiable of the type (¥ —1), then

v gt '3‘I'cp |
£, Iy D) =rn0O¢(r,n) e 0,nr).
2. If @ is differentiable of the type (¥—2), then
- [ove® T
GO Sy 0D =810 (0.1) = O ¢ (r,m)].

Case 2: With respect to t, we have two cases, which are
1. If @ is differentiable of type (§—1), then

N A i
E;I,Za Py D) | =r0¢(r,1rn) ¢ (r,0).
2. If @ is differentiable of type (§—2), then
L[ i
0L = o) |=0[¢(r0) —ro¢r.r)].

Theorem 3.11. When we apply fuzzy conformable double Laplace on a fuzzy-valued function,
which is a strongly generalized conformable partial differentiable, we have two cases.

Case 1: When we apply fuzzy conformable double Laplace transform on a strongly generalized
conformable partial differentiable of order 2W with respect to v, we have four cases, which are

A
1. If both ® and Py are differentiable of type (W —1), then we have
v
g s 99 (0,1
£,e; [ Py (v, f)] =rQ¢(r,r) or ¢ ,r) GTZ'
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v

v
2. If @ is differentiable of type (¥—1) and Py
v

is differentiable of type (W —2), then

L [% j (v,r)} = _%VOW’V?)@ (—rf (o) (rl,rz)) or,0¢,r).

W

' P
3. If @ is differentiable of type (¥—2) and Py
v

is differentiable of type (W' —1), then

a‘-lld) (Oa rZ)

0P
ELE;[ (v, T):|_—7”1@‘lﬁ(o;”z)e(_ﬁ@d)(”n’"z))e apv

82\11
v

4. If both ® and 0"
avY

are differentiable of type (¥ —2), then we have

3%¢ (0,r)

R )
EV |: (v, T)j|="?®¢(”1,”2)9”1®¢(O>”2)— apv

aZ\JI

Case 2: When we apply fuzzy conformable double Laplace transform on a strongly generalized

conformable partial differentiable of order 2W with respect to v, we have four cases, which are
8

2°D
1. When both ® and
T’

are differentiable of type (§—1), we have

86¢ (rla 0)

R
E;E;[ (v, T)]:V§@¢(71,”2)9”2®¢(”|,0)9 970

828
)

2°P
2. If @ is differentiable of type (§—1) and Py
T

is differentiable of type (§—2), then

25q> 8 10
L [2 = O )] ¢a(fra’ )6(—V§®¢(hﬂz)) ©r 0 ¢ (r0).

5

°P
3. If @ is differentiable of type (§—2) and Py
T

is differentiable of type (§—1), then

0°¢p (rLO)

at?t

BRE
e [a — (v, ‘r)] =-rn0¢(r0)e(-rnoe@.mn)o

)

9P
4. If both ® and pyr are differentiable of type (6—2), then we have
T

°p (rLO)
are

. aZzSCD §
E\IIZ‘S 8 28 (V T) =r2®¢(r1>r2)er2®¢<rl,0)_

Theorem 3.12. For a fuzzy-valued function, whose fuzzy conformable double Laplace transform
exists, the first translation theorem in the fuzzy conformable sense has the form

v '[KS
e,¢ [e"‘vw”’T O (v, r)] =¢(rn—a,nn—p).

Theorem 3.13. For a fuzzy-valued function, whose fuzzy conformable double Laplace transform
exists, the second translation theorem in the fuzzy conformable sense has the form

v L(S
GERV-0T—wWOUV-—11—wW]=e"""5 0¢,n),



2176 CMES, 2023, vol.134, no.3

where U (v, 7) is the Heaviside unit step function defined by
UWv—n,t—un)=1,whenv>np,and t > u,
UWv—n,t—un)=0,whenv<pandt < u.

Now, we define convolution in fuzzy conformable sense and then we will state the convolution
theorem.

Definition 3.8. For a fuzzy-valued function ® and a real-valued function ¥, convolution in the
fuzzy conformable sense is defined as

(Pooyy) (v, 7) = / / (g, OY (v—gq,T —1)q" " dgr’dr.

Remark 3.2. If we substitute w = v — ¢, u = 7 — r in the above Definition 3.8, we obtain the form
(Pooyy) (v, 1) = / / Y w,u) P (v —w,t—u)w dwi’ " du,
0 0
=W P) (v, 7).

Thus the fuzzy conformable convolution possesses the commutative property.

Theorem 3.14. Convolution theorem in the fuzzy conformable sense is given by

GG 1@7Y) (0, D] = 6,6 [P (v, D] O L6 [y (v, T)].

4 Fuzzy Conformable PDEs
4.1 Of Order V

First, we solve fuzzy conformable partial differential equations of order ¥ which have the general
form given by

9v'd (v, 1) 3°D (v, 1)
_— —_— = b
V\l‘ +a @ 8‘[‘3 F(V,T, (V, T))a (6)

C(,0)=g0,®(0,7)=h(r),
where &« € R, ® (v, 7) is fuzzy-valued function, / (t) and g (v) are fuzzy numbers and F is a fuzzy-
valued function which is linear with respect to ® (v, 7).
To solve Eq. (6) with fuzzy conformable double Laplace transform, the procedure is as follows:
First, take fuzzy conformable double Laplace transforms on both sides of the Eq. (6), we obtain
, L [9Y® (v, 1) 3°D (v, T)
Gh [ v Y9 T
Now, we have the following four cases.
Case 1: If @ is differentiable of type (6—1) with respect to t and differentiable of type (¥ —1) both
with respect to v, then
v T 8\PCD* (V,T, }’) 85@* (V’T’ y)
b |: v T ot
e [0V (hTy) | P (nT,y)
b [ v T aT?

i| =00 [F (v,T,P)].

] =L, [F.(v,T,P)],

] =00 (v, T, D)].
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It implies that
V1¢* (rlarb }’) +a (r2¢* (rl,VZa 7)) = G* (rl) +(XH* (72) +£:y£; [F* (Vata CD)],
1" (r,r,y) o (rg” (r,r,py) =G (r) +aH" () + L0 [F (v,T,D)].

Case 2: If @ is differentiable of type (¥ —2) with respect to v and differentiable of type (§—1) with
respect to t, then

Yo" (v, T, 1P, (v, 7,
%Ké[ (vry)+“ v, 7,¥)

vy at?t
L [0YeL (v, T, y) 3P (v, T,p)
G [ o YT oo
It implies that
1g* (r,r, y) +a (g, (r,r, ) = G () + oaH, () + L [F (v, T, D)],
r1¢* (”1,”25}’) -l_(x(’/'Z(pjk (”1”’2:)’)) = G* (rl) +(ZH* (}"2) +£L£; [F* (V,T,CD)].

] =L, [F (v, T, P)],

] =L 0 [F . (v, T,D)].

Case 3: If @ is differentiable of type (§—2) with respect to t and differentiable of type (¥ —1) with
respect to v, then

L [0YD. (v, T, ) 3P* (v, 7,p)
G [ v T at?
Lo [oYer(v,T,p) 3P, (v,7,p)
L [ v T at?
It implies that
1g, (1,1, Y) + o (rg” (r,r, ) = G, (1) +aH" (r,) + L [F (v, T, P)],
rl¢* (rlaFZay)+a(r2¢* ("1:’”2,)’)) = G* (rl) +aH* (l’z) +E:y£; [F* (V,T,(D)].

] =6,6[F (v, 7, @),

] =00 (v, T, D).

Case 4: If @ is differentiable of type (¥ —2) both with respect to v and t, then
e [0V (T y) | P (nT,y)
L [ v e at?
L [0ve, (v, T, y) °D, (v, 7,p)
Mﬁ[ L
It implies that
1" (r, 1, y) +a (g™ (1,1, ) = G* (1) + aH" () + L [F (v, T, )],
r1¢* (”1”’2;)’) +a(r2¢* ("1’”2,)’)) = G* (rl) +aH* (7'2) +£Vw£§ [F* (V,'L',q))].

Solving the above system of equations and taking fuzzy conformable double Laplace inverse, we
obtain the solution in the form ® (v, z, ) =[P, (v, 7,y), D* (v, 1, p)].

] = vagg [F* (V, T, CD)] s

] =00 [F.(v,T,P)].

Now, we present an example to demonstrate the feasibility of our method.
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Example 4.1. Consider the fuzzy conformable partial differential equation of order W
3"d (v,7) P (v, 1)

vy are
P (Va O) = (1,2, 3) ’ P (Oa T) = (_la Oa 1) .
Applying fuzzy conformable double Laplace transform, we have the four cases.
Case 1: If @ is differentiable of type (§—1) with respect to T and differentiable of type (¥ —1) both
with respect to v, then
1RO¢(r,rn)o¢ (r,0)=r0¢(r,rn) e (0,r).

Now, we have

1@, (ri, 1, ¥) — ¢, (r,0,y) = e, (r, 1, ¥) — ¢.(0,15, ),
1@t (1,12, ¥) — ¢* (1, 0,y) = r¢* (r1,1,y) —¢* (0,15, p) .

Now, after solving and using boundary and initial condition, we have

1+ -1
¢*(V1,7’2:)’)= ( y) - y s
r(r —12) Py (ry —12)

¢ (riray y) = Y Y

ry(ry— 1) B ry (ry —Vz).
Case 2: If @ is differentiable of type (§—1) with respect to t and differentiable of type (V—2) with
respect to v, then

- (,000(=rn0¢,n) == 0,n)O(=r ¢ (,n)).

Now, we have Now

V2¢*(7’1,”2:}’)_¢* (rlaoay) =rl¢* ("1,’”2>}’)_¢*(0972:}’)>
”2¢*(”1,”2a}’)_¢*("1a0,)’) =rl¢*(’”1,”2,)’)_¢*(O,”2:}’)-

After solving and using boundary and initial condition, we have

¢(rry)=rz(l+y)_(1—y) G-y nr-D
PebE n(-nr) n-n n-r nE-r)
¢*(V r y): 1+7_”%(1—)’) ”2(3—)’)_”2()’—1)
b n=r nE-n) nE-0) (B-r)"

<MTeX 7>
Case 3: When @ (v, 1) is differentiable of type (¥ —1) with respect to v and differentiable of type

(6—2) with respect to 7, we have
(1,000 (=rn0¢,n) =r0¢(,r) S 0,r).

Now, we have

r2¢*(r17r2ay)_¢*(rlaoay) =V1¢*(V1,7’2:)’)—¢*(Oa”za}’),
r2¢*(r17r27y)_¢*(r1505y) :rld)* (’”1;”2:)’)_4’*(0:”27}’)-
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Now, after solving and using boundary and initial condition, we have

b (rr y):(3—y)_ ny -1 +y)  d=»)

* 15725 }"%—}’% }/’2 (}’%—}"%) 2}"1 (}"%—]’%) }"g—}’%’

d)*(l" r y)_r2(3_}’) }’—1 1+J’ ”1(1_}’)
15725 - -

7 (r% — rf) r—r - (r§ — rf) ’
Case 4: When @ (v, 1) is differentiable of type (¥—2) with respect to v and differentiable of type
(6—2) with respect to 7, we have

(1,000 (=0 ¢ (r,1n) =—¢ 0,rn) S (=r © ¢ (r,1)).

Now, we have

r2¢* (rlar27y)_¢*(rlzozy) :rl(»b*(rlarby) —(]5*(0,}’2,)’),
’”2‘]5*(”19”2:)’)_‘}5*(”1,0,)’) :”145*("1:’”2,7)_¢*(0,72a)’)~

Now, after solving the above system of equations and using boundary and initial condition, we
have
I+ y—1

¢*(V1,Vza}’)= - 5
r(r — 1) Fy (1) —12)

—Y -V
¢ (r,r,y) = - :
b ry(ry—r) ry(ry — 1)
Now solving the above systems of equations, and applying the fuzzy conformable double Laplace

inverse, we get the solution.

Example 4.2. Consider the following fuzzy conformable partial differential equation:
"D (v,T,y) 385@ (v,7,¥)
av¥ N att ’
v2
(I)(vyoyy) = 3V[y - 1’1 _Y]_{_E:
q)(oatay) :T[y_lal_y]
We have the four cases.
Case 1: If @ is differentiable of type (§—1) with respect to t and differentiable of type (¥ —1) with
respect to v.

Case 2: If @ is differentiable of type (6—1) with respect to t and differentiable of type (¥ —2) with
respect to v.

Case 3: If @ is differentiable of type (¥ —1) with respect to v and differentiable of type (§—2) with
respect to 7.

Case 4: If @ is differentiable of type (¥ —2) with respect to v and differentiable of type (§—2) with
respect to 7.

From fuzzy conformable double Laplace transform, we can get the analytical solutions for all the
above cases, as discuss in last example. Here, we consider the graphical representation of case 1, rest
are the same. For § = ¥ = 1, we obtain
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2
<1>*<v,r,y>=V5+3<y—1)v+<y—1>r,
2

v
e ry)=5+3d-yv+d -y
Then & (v,7,y) =[P, (v,7,¥),P* (v,7,p)]forall0 < y < 1. For y = 0, we have the following:

Vv v
o (v, t,y) = [E_3V_T’E+3V+T]

and its graph is given in Fig. 1.

Figure 1: Graph of ® (v, 7, ) = [®, (v, T,p),D* (v, T,p)] withy =0
For y = 0.5, we have the following:
2 2
®(,1,p) = [% +3(=0.5) v+ (=0.5) T, % +3(0.5) v+ (0.5) ‘c]

and its graph is given in Fig. 2.

Figure 2: Graph of ® (v, 7,p) = [®, (v, T,p),P* (v, T,y)] withy = 0.5
For y = 0.7, we have the following
2 2
®(,7,p) = [% +3(=0.3) v+ (=0.3) 7, VE +3(0.3) v+ (0.3) z]

and its graph is given in Fig. 3.
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Figure 3: Graph of ® (v, 7,y) =[D, (v, T,p),D* (v, T, y)] with y = 0.7

For y = 1, we have the following:
Vo

q)(V,Ta)’)= [555]

and its graph is given in Fig. 4.

Figure 4: Graph of ® (v, 7,p) =[D, (v, T, p),P* (v, 7, py)] withy =1

4.2 Of Order 2¥

In this subsection, we solve fuzzy conformable heat equation and fuzzy conformable wave
equation using fuzzy conformable double Laplace transform.

4.2.1 Heat Equation

Fuzzy conformable heat equation in one dimension has many forms such as
9 (9°D 0P
— =« .
atd \ 01° 02

Also, this form has been used by some researchers

9’d 9P
T v

We use the fuzzy conformable heat equation in the form
9’ 0*' P

= —,
at?t oY
S0,0=F,20,7)=h(r),P(a,7) =g (1),
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where @ is a temperature of a rod of a constant-cross section and homogeneous material, lying along
the axis, and « is a constant of diffusion. We have taken initial and boundary conditions as fuzzy
numbers. For simplicity, we take o = 1.

To solve fuzzy conformable heat equation with fuzzy conformable double Laplace transform, the
procedure is as follows:

First, apply fuzzy conformable double Laplace transform on both sides of the fuzzy conformable
heat equation.

L [P (v,T) Lo [P (v, 1)
e\yea a‘}T - Zwes T .
The fuzzy conformable heat equation is changed into the conformable boundary value problem.

1. When @ (v, 7) is differentiable of the type (§—1), we have four cases associated with the four
types of derivatives with respect to order 2W.

)
Case 1: If ® and #
v
the type (¥ —1), then we obtain the following system of equations

are the strongly generalized conformable partial differentiable of

3%, (0, r
V%(l)* (”1,7'2) - rl¢* (Oar2) - % = 7’2(1)* (”1,7’2,)’) _¢* (rlaoa}’)a
0v¢* (0, r
V%‘b* (r,r) —r¢*(0,r,) — M =1¢* (r1,12,y) — ¢ (1,0,9).
av
0'® (v, 1) ) o )
Case 2: If ® and ————— are the strongly generalized conformable partial differentiable of

v
the type (—2), then we obtain the following system of equations

8lll * 0, ,
V%‘P*(”l,"z)_rl‘ﬁ*(oarz)_# =1, (r,1,¥) — . (r,0,»),
8W¢*(Oar2)

r%¢*(rl:r2)_rl¢*(09r2)_ " = 1¢* (ri, 1, ¥) — ¢ (11,0,9).
Case 3: If @ is the strongly generalized conformable partial differentiable of the type (W—2)

' P
and % is differentiable of the type (¥ -1), then by applying fuzzy conformable double
v

Laplace transform on both sides, we obtain the following system of equations

%o (0, r
r%d)* (rlar2) - r1¢* (03r2) - %2) = r2¢* (r17r29y) _¢* (rlaoﬂy)a
0v¢, (0,1
V%Qb* (rUVZ) - rl¢* (0,]"2) - M == r2¢* (Vl,”za}’) _¢* (71,0,)’)-
Case 4: If @ is the strongly generalized conformable partial differentiable of the type (W —1)
"d (v, 7). . . :
and % is differentiable of the type (W —2), then by applying fuzzy conformable double

v
Laplace transform on both sides, we obtain the following system of equations

all‘ * 09 2
b (o) = . Or) = S g ) < g0,
8\1/ * O, )
r%¢*(rlzr2)_rl¢*(0ar2)_% :rzd)*(”brz,)’)_¢*(”1’Oa}’)-

2. When @ (v, 7) is strongly generalized conformable partial differentiable of the type (§—2), we
again have four cases associated with the four types of derivatives with respect to order 2W.
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3"d (v, 1)

Case 1: If ® and ————— are the strongly generalized conformable partial differentiable of
the type (W —1), then V‘&]Ie obtain the following system of equations
v
Vf(,b* (r,r) —r¢,.0,r,) — %\(}8:”2) = 10" (11,1, ) —¢* (1,0,9),
2 4k * 39" (0,1,)
re* (r, 1) — r¢* (0,r;) — o =1¢, (r,r,y) — ¢. (1, 0,y) .
0"®d (v, 1)

Case 2: If ® and
v
the type (—2), then we obtain the following system of equations

3%¢* (0, r
rf(;ﬁ* (r1,12) — 1. (0,r,) — % =n¢* (r,rn,y) —¢* (r,0,y),
2 ok aw(p* (0’ r2)
rl¢ (r1>r2) _rl¢*(09r2) - T = r2¢* (rlarby) _¢*(”1,Oa)’)-
Case 3: If @ is the strongly generalized conformable partial differentiable of the type (¥ —2)
0"® (v, 1) .

are the strongly generalized conformable partial differentiable of

and is differentiable of the type (¥ —1), then by applying fuzzy conformable double

A
Laplace transform on both sides, we obtain the following system of equations

%o (0, r
V%(ﬁ* (rlar2) _rl¢*(05r2) - % = r2¢* (rlarby) _¢*(}’1,O,y),
2 4k * awd)* (Oa r2) * *
1o (r, 1) — r1¢* (0,r) — o = 1¢* (r1,12,¥) — ¢ (1,0,9).
Case 4: If @ is the strongly generalized conformable partial differentiable of the type (¥ —1)
' d
and # is differentiable of the type (W —2), then by applying fuzzy conformable double
1
Laplace transform on both sides, we obtain the following system of equations
0%, (0, r
}’f(b* (7'1,7'2) _r1¢* (0,}’2) - % = r2¢* (’ﬂﬂ’b}’) _¢* (”1;0;)’),
2 8W¢* (05 7'2)
1o (r,r) —1n¢* (0,1) — ————— =g (r,rn,y) —¢*(1,0,y).

avY
Now, solving the above systems of equations and applying boundary conditions, and then

implementing fuzzy conformable double Laplace inverse transform, we get the solution in the
form @ (v,7,y) =[P, (v, 7,¥), ®" (v, 7, p)].

Now, we interpret the benefits of our method with an example.
Example 4.3. Consider fuzzy conformable heat equation
’d 9D
att v’
D0 =0,0(0,7)=(—-1,0,1),
v (0
72 0.7) =(1,2,3).
avy
Fuzzy conformable double Laplace transform implies eight cases of the above system. Here, we

consider four nontrivial cases for the solution.
v

d
Case 1: If ® and
of the type (§—1) with respect to 7, then by applying fuzzy conformable double Laplace transform on

are differentiable of the type (¥ —1) with respect to v, and & is differentiable
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both sides, we obtain
—I (1 + )

¢*(’”1a”2:)’)= m(}’_ 1)_m’
, __ —n SR Gt O
97 (.12 y) = r (72 —rz) =7 r(rn—r)

9Y
Case 2: If ® and —— are differentiable of the type (¥ —1) with respect to v, and & is differentiable

of the type (§—2) with respect to 7, then by applying fuzzy conformable double Laplace transform on
both sides, we obtain

_l’? (4 rn(l—yp) GB—1y)
% N 5 [ . S— _ 1 _ 1 _ . ’
¢, (1,12, 9) (B —r) y—-> nB-r) (=) (B-r)
& (i p) = —— (p — 1) — nl+y) nd-y) rnE-p)
17, r=rn I B-r) nH-1 nE-r)

Case 3: When @ and P are differentiable of type (¥ — 2) with respect to v, and @ is

v
differentiable of the type (§—1) with respect to t, then by applying fuzzy conformable double Laplace
transform on both sides, we obtain

—n(d-y) 1+y ny-1) nrnG-vy)

* r’r’ - 9

SO S T T T E A ) (=1

. -nd-y) nd+y) rny-1D) G-y

¢ (r, 1, y) = > N > N 2 4 2 4"
”2(”2_”1) 72(7’2_"1) n—=r n—=r

w

0
Case 4: When @ is differentiable of type (¥ — 1) with respect to v and

(& — 2) with respect to v and & is differentiable of the type (§—1) with respect to 7, then by applying
fuzzy conformable double Laplace transform on both sides, we obtain

-ny-D rnd+y) n-1 3-y

is differentiable of type

(]5*(7'1,7'2,}’) =

nB-r) - r“) [ R I

. -n(l-y) 1+y nrnd-yp) rGB-y)
¢ (ri,r,y) = 2 4 2 . 2 N 2 4\
e r,=r ”2(”2_”1) 7’2(”2_”1)

Fuzzy conformable double Laplace inverse can yield the required solutions.

4.2.2 Wave Equation
Let us consider the following 1D fuzzy conformable wave equation

azadD , azwcb
9t o gy2v
3D (v,0)
<I>(v,0)=1ﬂ(V),T =F®,
3vd (0, 1)
®0,71)=g(),—F—— =h(1).

av¥
To solve the fuzzy conformable wave equation with the fuzzy conformable double Laplace
transform, the procedure is as follows:

First, apply fuzzy conformable double Laplace transform on both sides of the fuzzy conformable
wave equation. As a result, we have possible sixteen cases.
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1. First, we take ® (v, t) and

implies four associated cases.

86
Case 1: When ¢ and
T
the type (6—1), then we obtain the form

8" (v, o ,
8( VWT) as differentiable of the type (¥ —1) with respect to v. It

— are strongly generalized conformable partial differentiable of

3%, (r,0 3. (0.1,
159, (r1,12) — 19, (r1,0) — ¢8( ) =1, (r,r) — e, (0,1’2)——¢ (w r),

8 1,0 8\11 * 0’ .
V%(ﬁ* (r1,12) — 19" (71,0) % 2¢ (r,12) — @ (0,1”2)_ ¢81§w r)'

Case 2: When @ and ;‘i—}’ are strongly generalized conformable partial differentiable of the
type (§—2), then we obtain the form

a 1,0 8\1‘ . 0, ,
r§¢* (rl’ VZ) - Vz(ﬁ* (VI’O) ¢a(r ) 2¢ (rla rZ) r1¢* (09 rZ) - ¢81(illl ' )7

a I’O a\v * Oa 2
V%(f)* (V1,1’2)—r2¢* (rlao) % 2¢ (V1,1’2) l’1¢* (0,1’2)——(1)8; r).

Case 3: When @ is strongly generalized conformable partial differentiable of the type (§—1)

8
and

— 1s strongly generalized conformable partial differentiable of the type (§—2), then we

obtain the form

8 1,0 8\11 * 0’ .
g, (1) = 1o, (11, 0) = % R (o) =g (O, — L,

a 1,0 a\l’ y 07 .
R g 0) - % 1. (r.1) = 1. (0,7) — —(pa‘(,w )

Case 4: When O is strongly generalized conformable partial differentiable of the type (§—2)

§
and

~ 1s strongly generalized conformable partial differentiable of the type (§—1), then we

obtain the form

9’ 1,0 3¢ (0,1,
12, (r, 1) — 1o, (r,0) — ¢a(” ) _ =r¢* (ri,r) — ¢ (0,r,) — %,
0 ., 0 Y9, (0,1,
159" (r1,13) — 19" (r1,0) — M rig (ri,ra) — 1. (0,1) — %
3"d (v, 1)

2. Now, we take ® (v, t) and — as differentiable of the type (¥ —2), then we have four
associated cases.

Case 1: When ® and 9
the type (6—1), then we obtagn the form

8 1’0 8\1/ * O: 2
£, (11, 2) — 12, (11, 0) — "’8( ) rg o) — i, Oy — 201

Py
d 0 3%, (0. r,
}’g(]ﬁ* (ri,12) — 129" (1, 0) — % 2¢ (r, 1) — 119" (0,1,) — ¢81()w r)'

)

— are strongly generalized conformable partial differentiable of

b
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°D
Case 2: When @ and e are strongly generalized conformable partial differentiable of
T

the type (6—2), then we obtain the form

3. (,12) = 1. (1, 0) - Ma;ro) 2. () — g, O,ry) — 2201,
29 (11,0 a0,
i rr =i (.0 = D gy g .y - TET)

Case 3: When @ is strongly generalized conformable partial differentiable of the type (§—1)

8

)
and — is strongly generalized conformable partial differentiable of the type (§—2), then we

obtain the form

a 1,0 8‘IJ * Oa 2
V%d)* (rlvr2)_”2¢* (rlao) % 2¢ (1’1,7'2) Vld’* (0,1’2)——¢ ‘()\p r),

8 ],0 a\ll * 0’ .
i =g (.0 = 0D gy g 0ry - TE

Case 4: When @ is strongly generalized conformable partial differentiable of the type (§—2)

8

o
and — is strongly generalized conformable partial differentiable of the type (§—1), then we

obtain the form

8 1,0 8\11 * 09 2
V§¢*(V17r2)_”2¢*(’”1,0) &5) 2¢ (r,r) —r¢* (0,r) — ¢8\(2w r)’

0 1,0 3v¢9* (0, r,
T (1, 1) — r¢* (r,0) — % rig. (ri,r2) = 1. (0,1) — —d)aiw 2

3. As a third option, we take ® as strongly generalized conformable partial differentiable of
v

A
the type (—2) and
av?

(W —1), which enables us to have four cases associated with the four types of derivative for t,
which are given by

0
Case 1: When @ and
T
the type (§—1), then we obtain the form

as strongly generalized conformable partial differentiable of the type

8

— are strongly generalized conformable partial differentiable of

a 1,0 alll * O’ .
29 o) =t (1,0 = D g ) = g 0, - TG

9° » 1,0 QY X O, ,
V%‘p* (rlar2)_7'2¢* (rlso)— ¢85': ) :r%(l)* (7'1,7’2)—V1¢* (O,i’z)—%,

8

P
Case 2: When ¢ and Py
T
the type (6—2), then we obtain the form

are strongly generalized conformable partial differentiable of

8 l’O aw * 0: 2
15" (r1,17) — 19" (r1,0) — % 119, (1, 1) — 119, (Oer)_%,

a 170 a‘l’ * 09 2
V§¢* (}"], r2) - 72(]5* (rl, 0) M 2¢ (}"1’ ]/'2) — 71¢ (0, 2) M

oY
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Case 3: When @ is strongly generalized conformable partial differentiable of the type (§—1)

§
and

)
~ 1s strongly generalized conformable partial differentiable of the type (§—2), then we

obtain the form

a 1,0 a\ll * 0, ,
72 (1) = 1o (0, 0) = % 1, (r,r) —rg¢. (0,r) — ¢81Ew = ),

d 1,0 3%, (0. r,
”%‘ﬁ* " 7’2) a r2¢* (}’1, O) % 2¢ (7’1, Vz) V1¢* (O, Vz) - ¢31(;\P ’”_).

Case 4: When @ is strongly generalized conformable partial differentiable of the type (§—2)

§
and

~ 1s strongly generalized conformable partial differentiable of the type (§—1), then we

obtain the form

d 1,0 Yo" (0,r,
}"g(]ﬁ* (V],Vz)—rzd)* (V],O) % 2¢ (VI:VZ) r1¢* (0,72)— ¢81§q‘ r)a

3 s all/ * Oa 2
12¢* (r1,1,) — ra¢* (r,,0) — M =11¢* (ri,1y) —1¢* (0,1,) — - ¢81E“’ r)'

4. In the fourth case, we take @ as strongly generalized conformable partial differentiable of
v

v P
the type (¥ —1) and
av¥

(¥ —2), which enables us to have four cases associated with the four types of derivative for 7,
which are given by

0
Case 1: When ® and
T
the type (§—1), then we obtain the form

as strongly generalized conformable partial differentiable of the type

8

— are strongly generalized conformable partial differentiable of

88 * 1’0 8q’ * 0’ 2
R (rr) — 1o (7, 0) % = 1. (1r) — g (O, —

8 190 —a‘p ) O’ 2
V%d)* (ri,15) — 12, (r,0) — —(158(7; ) 2¢ (r,r2) — 19" (0,1,) — ¢3\E"’ - )

8

0
Case 2: When & and

pr are strongly generalized conformable partial differentiable of
the type (6—2), then we obtain the form

3 1,0 8“" * 07 2
12" (ri,1y) — 1¢* (r1,0) — % 119, (1, 12) — 119, (0,1,) — —qba‘()\,, r)’

3 1,0 all‘ - 03 2
’”%‘p* (r, 1) — 1, (r1,0) — % 2¢ (ri,r) — rl¢*(0’r2)_—¢8(“’ V).

Case 3: When @ is strongly generalized conformable partial different‘i}able of the type (§—2)

§
and

~ 1s strongly generalized conformable partial differentiable of the type (§—1), then we

obtain the form

9 1’0 0¥ * 07 2
V%(]ﬁ* (rlar2)_r2¢* (71,0) ¢a(: ) 2¢ (rlgrz) V]¢* (0,72)—%,

8 150 8‘1’ * O P
139" (1, 15) — 1¢” (11, 0) — % re* (r,ry) — rig* (0, 2)_M

avY
Case 4: When @ is strongly generalized conformable partial dlfferentlable of the type (§—1)

8
and
T’

is strongly generalized conformable partial differentiable of the type (§—2), then we
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obtain the form

85 1,0 v X 0’ X
r§¢* (rl’FZ) - rzd)* (rl’o) % Zd) (rlaVZ) rl¢* (O, r2) - ¢8‘(J\y i )a

a 1,0 \IJ * 0’ ,
i = rag (1,0 = LD gy g0, - TR

Solving the above systems of equations, and apply the fuzzy conformable double Laplace
inverse, we can get the solution in the form ® (v, t,y) =[P, (v,t,p),P* (v, T, p)].

Now, we present an example of the fuzzy conformable wave equation to demonstrate the validity
of our results.

Example 4.4. Consider fuzzy conformable wave equation in one dimension is

azaq) a2\llq>
9T = 92¥ ’
0¥®d (0
20.0=012,"20" =123,
v
85

(vO)—O O (v,0) =0.

Fuzzy conformable double Laplace transform implies sixteen possibilities. We consider here only

nontrivial four cases for the solution.
8

Case 1: When both ® and E; q;
T

are strongly generalized conformable partial differentiable of the

v

A
type (6—1) and ® (v, t) , —— are differentiable of the type (¥ —1), then we obtain

——rz( )_M—}’)
A R
: S SUP S C b 20
¢ (r19r27y) - " (V%—Vz) ( ) r (l” 7'2)

¢*(”1,727}’) =

5 v

o ¥ o
Case 2: When @ and e is differentiable of type (§—1) with respect to T and ® (v,7), —— are
differentiable of the type (W —2), then we obtain

2 2
L) =—) ——/——— — (1 + e - ooyt 3=y,
¢, (11,12, ¥) ») " (=1 (I+y) " (r‘f—srﬁ) rﬁ—r;‘( y)2 rﬁ—r;‘( ¥)
r r
¢(r1,rz,y)—y4 (l+y) +——"FQC--——7"—F0C-».
-7 -1 (V _”z) r (’”1_”2)
8 v

Case 3: When © and
the type (¥ —1), then we obtaln

v
are differentiable of type (§—2) and ® (v, 7) , —— are differentiable of

3 2

b (1Y) = = Q= p) o = (= y) = — e (1) = — o (L),
r -7 1(r ) rl(rl—rz)

4
1 2 2
3
2

rr,

¢ (riory) = — (2 — y)r—4—(3—y> R S04y -
r (rl—rz) r (r r)

- r

+y).
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5

P
Case 4: When @ is differentiable of type (§—1) and

is differentiable of type (§—2) and

att
M)
o (1), T are differentiable of the type (¥ —1), then we obtain
v
r r FiFs T
B () == Q=) —— 22— =B —p) ——— — () (1 + ),
7’1(1_’”2) ”1(”1_'”23) rn—rn 2”1_"2
F r r r
(r,r,y) =2 — - (3- + — 1+yp).
¢* (12, y) = ( )’)ﬁ_rg ( y)r?_rg rl(r?_rg)(y) rl(]‘—r‘z‘)( y)

After solving the above system, and applying the fuzzy conformable double Laplace inverse, we
can get the required solution.

5 Conclusion

We have introduced the fuzzy double Laplace transform and fuzzy conformable double Laplace
transform. Also, related properties and theorems for derivatives and integrals of the transform are
presented. We apply the fuzzy conformable double Laplace transform in this manuscript to obtain
the solutions of fuzzy conformable PDEs (both in 1D and 2D). The fuzzy conformable PDEs are
solved using this approach without transforming into conformable partial differential equations,
so it is not important to find a solution to the partial differential equation. This is the greatest
benefit of this system. The double Laplace transformation technique, therefore, is very convenient
and effective. However, explicit solutions for each system require inverse double Laplace transform,
which is complicated to solve. In future work, we will obtain numerical solution methods to overcome
these complications.
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