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The purpose of this paper is to present a wavelet method for
numerical solutions Fokker-Planck-Kolmogorov time-fractional
differential equations with initial and boundary conditions. The
authors was employed the Bernoulli wavelets for the solution of
Fokker-Planck-Kolmogorov time-fractional differential equation. We
calculated the Bernoulli wavelet fractional integral operation matrix
of the fractional order and the upper error boundary for the Riemann-
Liouville fractional integral operation matrix and the Bernoulli
wavelet fractional integral operation matrix. The Fokker-Planck-
Kolmogorov time-fractional differential equation is converted to the
linear equation using the Bernoulli wavelet operation matrix in this
technique. This method has the advantage of being simple to solve.
The simulation was carried out using MATLAB software. Finally,
the proposed strategy was used to solve certain problems. the
Bernoulli wavelet and Bernoulli fraction of the fractional order, the
Bernoulli polynomial, and the Bernoulli fractional functions were
introduced. Explaining how functions are approximated by fractional-
order Bernoulli wavelets as well as fractional-order Bernoulli
functions. The Bernoulli wavelet fractional integral operational
matrix was used to solve the Fokker-Planck-Kolmogorov fractional
differential equations. The results for some numerical examples are
documented in table and graph form to elaborate on the efficiency
and precision of the suggested method. The results revealed that the
suggested numerical method is highly accurate and effective when
used to Fokker-Planck-Kolmogorov time fraction differential
equations

* Corresponding author.

E-mail addresses: arashmoh2019@gmail.com

https://doi.org/10.22124/cse.2021.21106.1021

© 2021 Published by University of Guilan



144 Shaban Mohammadi et al. / Computational Sciences and Engineering 2(2) (2022) 143-163

1. Introduction

Fractional Differential Equations are the generalization of ordinary differential equations of
arbitrary order (non-integer). In recent years, the application of fractional differential equations has
increased in many fields. Therefore, analyzing and solving these equations has become one of the
researchers' concerns. It is not always possible to obtain a closed-form solution for these equations,
and even in many cases, it is impossible. Therefore, researchers have tended to use approximate
methods to solve this type of problem[3].In the Mid-Nineteenth Century, Riemann and Liouville
introduced the concept of Differential Calculus. But Oldham and Spanier published the first book in
this context in 1974. It did not take long that the number of publications on fractional calculus
experienced a rapid increase. The reason is that many physical systems show fractional-order
dynamics, meaning that their behavior is under fractional differential equations control [1].
Fractional differential equation is the generalization of ordinary differential equation to arbitrary
order (non-integer). Everybody can find the history of fractional differential equations appearance
in [2]. Many researchers are interested in fractional differential equations because these equations
have a high ability to model complex phenomena such as economics [10], statistical and quantum
mechanics [11], solid mechanics [12], and joint surface dynamics between rigid layers and soft
nanoparticles [13]. Moreover, researchers are eager to improve numerical methods to solve them.
These methods include Fourier transformation [ 14], eigenvector expansion [15], Laplace transforms
[16], Edomian decomposition method [17], finite difference method [18], power series method [19],
fractional differential conversion method [20], and homotopic analytical method [21]. Meanwhile,
orthogonal functions have a particular place especially facing various problems of dynamical
systems. Researchers have employed orthogonal functions to solve many fractional differential
equations. The importance of orthogonal functions is that they can reduce a differential equation
into an algebraic equation using derivative or integral operational matrices. Among orthogonal
polynomials, the transferred Legender polynomials (p,,(t),m = 0,1,2,...,0 <t < 1) have the best
behavior and are more computationally efficient [22] and [23].Tyler and Bernoulli polynomials
Bm(@),m=0,12,..,0 <t <1) are not orthogonal. However, it is possible to calculate their
integral operational matrix. Since the integral of multiplying two Tyler vectors is a kind of Hilbert's
bad matrix [24], the applications of the Tyler series are limited. In statistical mechanics, the Fokker-
Planck equation is a partial differential equation that accounts for the time evolution of the density
probability velocity function for the particles influenced by drag and random forces. Brownian
motion is described by this equation, which may be extended to include observations expect for
velocity [28, 29]. For the first time, a mathematician and physicist, Joseph Fourier, proposed the
idea of representing a function in terms of a complete set of functions. Fourier proved that it is
possible to represent a function f(t) concisely using axes made up of a set of sine-like functions. In
other words, Fourier showed that it is feasible to represent a function f(t) by an infinite sum of sine
and cosine functions in in the form ofsin(at) and cos (at). Fourier bases became essential tools
with many applications in science. But over time, the weakness of the Fourier foundations became
apparent. Scientists found that Fourier bases and the representation of sine-like functions for
complex theoretical image signals are not ideal. For instance, they cannot efficiently display
transitory structures such as existing boundaries in images. They also observed that the Fourier
transform is applicable only for elementary functions. In 1957, Har was the first to point out the
wavelets. Generally, the goal of wavelet theory is to find new bases for L?(R). In this paper, we
defined a new set of fractional functions. This set is called Bernoulli fractional-order wavelets and
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constructed on Bernoulli wavelets by changing t to x*[30]. We show Bernoulli fractional-order
wavelets Y, ,, (x%) withy7,, (x). Furthermore, we obtained the transformation matrix of Bernoulli
fractional-order wavelets to Bernoulli fractional-order functions. Finally, we found the operational
matrix of the Bernoulli fractional-order wavelet integral. Previous research has suggested a
technique for solving two-dimensional Fokker-Planck equations for non-hybrid continuous systems
using the finite difference approach, and the proposed method’s stability and accuracy have been
investigated. Many other articles are written on the numerical solution of Fokker-Planck equations
[26, 27]. The Bernolii wavelet method is utilized in this study to solve the Fokker-Planck-
Kolmogorov time-fractional differential equations in the following way[25]:

2
Dfu—20%x* S5+ (B —202)x 52+ (B —0 ))u = R(x,1) (1)

Initial conditions:

u(0,x) = fo(x), u(0,x) =fi(x), 0<x<1
Boundary conditions:

u(t,0) = go(t), u(t,1) =go(), 0<t<1
R(x,t) Is the right side function of the equation, which is given for each equation.
2. Preliminaries:

2.1. Fractional order integral and Fractional Order Derivative

The Riemann - Liouville fractional integral operator of order v of the function f(t) € C,; u =>—1
is defined as follows [7]:

1t f(s) 1 41
r(v) ds = ~t* t) ; v>0
I° f(t) = ()70 (t—s)1~v S re) * f( ) v (2)

f(®) ; v=0,

where tV"1*#f(t) is the convolution product of the two functions t¥~1 and f(t).

The following formula is the definion of Riemann - Liouville fractional integral operator which is
the generalization of the Cauchy’s formula for integrals,

[ dxy [P dxy o [ oy = —— [ LYy, 3)

= (n-1)!Ya (x—t)1-n

For Riemann - Liouville fractional integral, we have [7]

(P12 f)(t) = I"™V2f(t); y,v, 20
And
(V112 ) (t) = (IV21V1f)(t),

vf — rg+1) v+p.
ef = S B>, (4)

Riemann - Liouville fractional integral is a linear operator, i.e
(A1 (1) +2,9(0) = LIV F() +2,1°g(0),

where A; and 1, are constants. The Caputo fractional derivative of order v of the function
f(t)eC,is ([8-9])
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_ 1t () ,
Df(t) = — fo sy ds; n—-1<v<nt>0neN.

Caputo fractional derivative satisfies in two relations below:
D 1’ HE) = £
O IH®) = £ - 515 FO 05, 5)
equation is a special state of the following equation

VIVF(E) = [ermafom (g) = 198 (1 (1)) = 1B f(r) — it L@
DUIMF(R) = [ fm () = 1978 (M) = 1P f(6) - Tisd s s @ >
B, (6)
wheren —1<a <nandm-1<f <m.

Some properties of the Caputo fractional derivatives for f(x) € C1[0,1],0 <v < 1 for are listed
below and you can find their proofs in [4].

L. ("A@)= f(&) —f(0),

2. DM(D*f()) = D (D"f (D)),

3. D™(DVf(D)) = D™V f (1),

4. DBF(t) =1 BD™f(t); m—1<B<m,

5. D'C =0,

6. I'tF = 0whenv € Ny and § <v, otherwise I't# = %t”ﬁ,

7. DV(Af () +2,9()) = 4,DVf(t) +2,DVg(t),
C, 4; and 4, are constants.

3- Research method
3-1- Bernolii wavelets and

Bernolii wavelets on the interval [0.1) is defined as follows[4]:

1o kg
=l 2 ER@T)elge)

0 otherwise
Or

1
_ (-1)M—1mi ﬂm(t) m >0

B m(t) = @my %2m (8)
1 m=20

where§; = o« & =25 «m=0,12,..M—1 andn=12, .., 25",

Bernolii polynomials are defined as follows[5]:

B (8) = T (M)t am-; ,i=0,1,...,m, 9)

t _yo o -1
30

t -1 _ -1 1 _
E_ i=0i_!aiaa0_ Pa1_7l az_g;azl._

Uppr =0, i=123,.. (10
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Figurel. Bernoulli wavelet with M=4 k=2

3-2-Functions Approximation

147

If {5 (), Y1 (%), ooy Wiko1,,_, (x)} ©I7[0,1] is a set of fractional-order Bernolii wavelets, then

Y = Span{ypf (x), Y& (0), o, Y& o1 (6, Y5 (), oo, Y411 (0, oy Yoo g (O, Y s (O, oo, Yy, (O} (11)

is a finite dimensional vector space.

Since Y is finite dimensional vector space, there is the best approximation for f(x) in Y like fy(x)

e
vy(x) €Y, |lf(x)—fo()ll < lIf(x) =y ) Il
From the last relation, we can conclude that
vy(x) €Y, <f(x)—folx),y(x)>=0,
where < > shows inner product.

Because f,(x) €Y, there are unique coefficients such as cyg, €11, ..., Cyk-1,,_, that

2k—-1

f(X) zfo(x) = Ln=1 %;% Cnml/)nm(x) =Ty« (x)

Where t represents transpose of matrix, C and W*(x) are matrices of order 2¥"*M x 1 and

— T
C - [ qo, Cll' ey C1 M-1» C20, ey CZM—l' ey Czk—lM_l]

(12)

(13)

(14)
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W) = [ (), iy (0, oo, YT =1 (0, 55 GO, oo, Y -1 (6, e Y310 (), Y1, (), ooy Yy, (O] (15)

By the use of equation (3.14), we obtain

<f(x) —CTW(x),¥T >=0,i = 0,1,..., 2" 1M (16)
For simplicity, we write
CT <¥%x),¥P%*(x) >=<f (x),¥*(x) > (17)
where
D=<V¥ “(x),¥e(x) >= [ W)W (x)x“ 1dx (18)

is a matrix of order 2¥=1M x 2%-1pM,

Matrix D in equation (18) can be calculated by equation (2.10) in every interval n = 1, ..., 271, For
example, when k = 2 and M = 3, matrix D is Identity matrix and for k = 2 and M = 4, we get:

1 0 0 0 0 0 0 0 1
0 1 0 —\/Z 0 0 0 0
10
0 0 1 0 0 0 0 0
0 —\/Z 0 1 0 0 0 0
. 10
b=1o 0 0o o 1 0o o o
0 0 0 0 0 1 0 —\/Z
10
0 0 0 0 0 0 1 0
o0 0 0 0 0 -/~ o0 1
| 10 |
Also,
F= [}f,o'f1,1' ---'f1,M—1'f2,0'f2,1' "-'fZ,M—li ---'fzk-l,o' ---'fzk-l,M_l]T' (19)
Where

fij =<f ¥ >= [ FEPE (Oxdx, (20)
i=12,..,21; =01,..,.M —1.
Using the above equations, we get coefficient vector C as follow
CT =F'D 1, 21)

3.3. Transformation matrix of Bernoulli wavelet-fraction to fractional-order Bernoulli
functions

Assume that y(x) € L?[ 0,1] Then, it can be expressed in terms of Bernoulli functions as follows
y(x) = Bl aifi* (x) = ATBY(x), (22)
where matrices A and B%(x) are

BY(x) = [ (), BT (), oo, B2 (O], A= [, a1, ..., au-1]", (23)
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Similar to Equation (3.21), we can write

AT =YTD* 7, (24)
Where
D* =<B%B%>= [ B ()BT ()x* 'dx, ¥ = [3,¥1, .. yu-a]" . (25)
And
yi = J, yOBF(0)x“1dx, i = 0,1,..,M —1 (26)

Fractional-order Bernoulli wavelets can be expressed in terms of a fractional Bernoulli function as
follows

zak‘lMx1 (x) = O k-1 p75 Bisa (), (27)

where O is the transformation matrix of Bernoulli fraction-order wavelet to fractional-order
Bernoulli function. For example, suppose k = 2 and M = 3, then

PEx) = [ Yo (), i3 (0, Y1z (1), Y30 (%), P31 (), Y32 (0)]” (28)
B¥(x) = [ & (), BT (x), Bz (01", (29)

1
which for 0 < x < (3)a

Wi () = V2 = V2§ (x), (29)
P () = V6(—1 +4x ©) = V6§ (x) +4V6pB{ (%),
P& (x) = V10(1 —12x @ +24x2%) = 3108 (x) +12 V108 (x) +24V10B8L (%),

1
and for ()« <x < 1

W5 (x) = V2 = V28§ (%), (30)
P8 (x) = V6(-3 +4x *) = —V6B§ (x) +4V6BE (%),
V%, (x) =V10(13 —36x* +24x 2%) = 3V10B8%(x) —12 V10 (x) +24 V1085 (x).

Using the definition of fractional-order Bernoulli wavelet, we get Y (x) for k =2,m =
1,and n = 1 as follow

i () = V212, (2x%) = 2V6p, (2x%) = 2v6 (2x% —3) = V6 (4x% —1)
According to equation (2.9), it is easy to obtain
BE() =x*—2 =x *=x+-
By (x) =1,
Therefore, we have
P (x) = V(4P (x) +1) = 4V6B5 (x) + V6§ (x).

The other wavelets can be calculated in the same way.
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Consider
1.1
o= O=[a;;lexs, OSx<(E)a
= ’ s
@' =[dlexs, Qﬁﬁx<1
And
[ V2 0 0 0 0
V6 46 0 8 8
o= |3V10 12v/10 24V10| and o' =
0 0 0 V2 0
0 0 0 —/6 46
0 0 0 13vV10 —-12v/10 24+/10d

To calculate inverses of matrices @ and @', we proceed as follow

A
o= |.. o1 = [A—1 dMXZR_lM
0 Jok=1p1xm
0 1
o =|.. O =10 i Bilygeiy
Blyk-1p15pm
Generally, for k = 2 and arbitrary M, we get
1.1
9 = b= [ai,j]zk—lMxM, 0 Sx<(5)a
= ’ L1
o' = [%j]zk‘lMxM' (E)“ <x<l1
where
i1 .
1 2 Ai—a’ t=J
a;; = %= j-1(i-1y_1_ i ;
LTk 2 (i—f)/li_l' j<isM
0, el se
and
, 0, 1<is<M o
ai’j = {(_1) i+j_Mai—M,j' M+1<i< 2k—1M > ] =
and

(=D)L ¥ .
A= /(z—i)!‘ﬁﬂ, i=12,...M—-1, 1,=1

3.4. Fractional Integral Operational Matrix of Bernoulli Fractional-Order Wavelets

Riemann-Liouville fractional integral of vector B*(x) in equation is given by

[VB%*(x) ~F @9 (x)B%(x)

0
0
0
0
0

€1y

(32)
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Where F®*® is the operational matrix of Riemann-Liouville fractional integral of order v, which is
M X M.

If we use equation (2.9) and properties of operator IV fori = 0,1, ..., M —1, we get

I"BEC) = 1Y (Eh=o()Bi-rx ) = Thzo()Bir V2

o i I'(ar+1)
- Z;‘=0(‘r)ﬁi—rm (33)
_ Z . b(v ,Q) xOT+Y
r=
where
wa) _ I'(ar+1)
b; ( )F(ar+1+v) . -

Suppose that it is possible to expand x* ¥ by the Bernoulli fractional-order polynomials with M
sentences as follow

xar+v ~ Zr oC (U @) ar+v ﬂ] (x) (35)

By placing equation (3.34) in equation (3.32) fori = 0,1, ..., M, we get

I"BE(x) = Bh_o b ® Th_oct® Bf(x) = TH! (z;z[g] wif;f;f))ﬁﬁ(x), (36)
where

Equation (3.35) can be written as follow

i,0,r ? i,1,r ? i,M-1,r’

IBEG) = [Bhoowioy, Do Wisy o, Do Wik o[BGO, 1= 01,0, M ~1.
Thus, we have

r (v,@) (v,@) (v,@)
i,0,r Wl,l,T w i,M—1,r

1 1 1
(v,@) (v,@) (v a)
WiOr Wilr lM 1,r
F('U,Cl) e =0 Y =0 T r=0 .
M- 1 M-1 M-1
@D WD w @@
M-1,0,r M-1,1,r M-1,M-1, T |
- r=0 r=0 r=0

We calculate wl(g f),wi(’g:f), l(g f) fora =2,M =3,andv = 2:

According equation (3.36), we can write

wa) _ . (va) (v a) (v a)
Wiir = Wo00 = b, .

Based on equation (3.33) for b(v “ . we also have

wa) _ pwa) _ oF(l) _
bOT)Oa _bf)a ()1—-(3)

where is the first Bernoulli’s number.
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We calculate c((),v(;a) from equation (3.34)

cwa) _ [(wa) _ 1 x2. 1 134, 1_1
‘rj " = ‘oo oy BECO). @(x)ffldxf G £ dx_foxdx o XTdx =2Xx7 =7,
wa) _ 1
Therefore, wy 5" = 7.
Similarly, we have for Wl(;’ = ) = Wévl%) bévoa) c((,vla).
wa) _ ;(wa) _ (0 F(l) _
bi,‘r - b0,0 ( )1—-(3)
CL) (wa) _ 1 x2. 1, — 1 1. 3004 _ 02
“rj " = o2 Jy BE(). (). £~ 1dxf g‘(x) *dx = f(x4—x2+§)2.xdxf0 S
—)dx =—Xx0=0.
360

So, w4y G =2 x0=0.
The other components of this matrix are calculated in the same way. In this section, we evaluate the
fractional integral operational matrix of Bernoulli fractional-order wavelets:

'Y (x) = I[YOB%(x) = OIVB*(x) =~ OF @ B%(x), (38)
From equations (3.37) and (3.38), it is concluded that

POOYE(x) = pPLOEB*(x) ~OF YB%(x).
Therefore, fractional integral operational matrix of FBWs is acquired as follow
p® ~gF @@t (39)

3.5. Fractional Derivative Operational Matrix of Bernoulli Fractional-Order Wavelets

In this section, we apprise the fractional derivative operational matrix of order v. At first, we
describe the following lemma.

Lemma 3.6 Suppose that S (x) is a Bernoulli fractional-order function, then
DVBE(x) =0, i=01,..,[% -1 v>0,
Proof. This claim can be proved by properties of Caputo fractional derivative and equation (2.9).
Riemann-liouvill fractional derivative of vector B*(x) in equation (3.22) is described by
DVB*(x) =G V9 B*(x) (40)
where G is fractional derivative operational matrix of order M x M .

We find by using equation (2.9) and properties of Caputo fractional derivative for i = E, v, M —
1] that

Dvﬂia(X) — DV(Zi:O(i)ﬂi—rxaT) — Zi:o(i)ﬁi—rl)vxar Zl_[ ]( )ﬂl rFF(aT+1) Pl

(ar+1-v)

T (41)
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where

(va) _ I'(ar+1)
iy ( )I‘(ar+1 v)

Imagine that we can expand x*"*¥ by M sentence of Bernoulli fractional-order functions as follow

xOTr=V ~ ZM 1k(v @) ﬁja(x)_ (4_2)
Applying equations (3.41) and (3.42), we find out
DYBEC) = Ty _ju iy Ejokr ) B () = E (! p 05°) (), (43)
05y =K,
If we rewrite the equation (3.43) as a vector, we obtain
Dvﬁl (X) N[Z [ ]Hl(gf),zl [ ] llr)""'zi [ ]Hl(vMa)lr]Ba(X), i = [2],,1\4— (44)

Hence, we have

0 0 0
0 0 0
9(11 ,a) 9(11 ,a) (U a)
HH HH HMlH
wa) —
¢ zl @) zl ) Z : g @@
vy L0 vy L1r v LM—1,r
o o i
M-1 9 (U’a) M-1 ) (v,a) M-1 év,a)
v M-1,0,r v1 M-1,1,r v, M—1,M-1,r
2.4 2o 2 -

In this section, we obtain the fractional integral operational matrix of Bernoulli fractional-order

wavelets:
DVW(x) ~D vaowpa(y), (45)

where D™® is called the fractional integral operational matrix of Bernoulli fractional-order
wavelets.

Using equations (3.26) and (3.40), we find that
DV¥2(x) = DYOB*(x) = ODVB%*(x) ~0G WY B*(x), (46)
From (3.45) and (3.46), the following relations can be concluded
DAY (x) = pVDOBY(x) =06 VI B*(x).
Consequently, fractional derivative operational matrix of FBWs obtain as follow

DV ~pG VM1, (47)
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3.7. The upper limit of error for the fractional integral operational matrix of fractional-order
Bernoulli wavelets
In this section, we obtain an upper error bound for the operational matrix of the fractional integrals

Pv®and FO® Besides, we show that the error vectors E gv)and E'I(V) approach zero when the
number of Bernoulli fractional-order functions increases. To find these errors, we repeat the
following theorems.

Theorem 3.8 Imagine f € L?[ 0]]. It is possible to write f by infinitive series of Bernoulli
fractional-order wavelets and uniformly convergent series as follow

fx) = Z‘Z):lzg)l:O Crm Wrm () -

Since the reduced series of Bernoulli fractional-order wavelets is an approximate solution of a
system, the error function E (x) for f(x) exists as follow:

2k1

E(x) = |f(x) — X5=1 Ocnml/)nm(x)

By placing x = x; € [ 0,1] we can determine the absolute value of the error in x;.

The following theorem gives an error bound for the approximate solution by using series of
FBW:s. Before that, we have to provide the following definition.

Taylor's original formula [32]. Assume that D'* f(x) € (0,1] for i = 1,2,...,m, so we have:

— +
f(t) l 0 I‘(La+1)Dlaf(O )+ I‘(ma+1) m“f(f)' (48)
where 0 <¢ < t,Vt € (0,1]. Also, we have
+ tma
f(x) l 0 F(La'+1) laf(o ) aF(ma+1)' (49)

Where supgeo,1)|D™*f(§)| < Mg. When a = 1, the original Taylor formula is reduced to the
Taylor Classic Formula.

Theorem 3.9. Suppose that D'*f(x) € (0,1] fori = 1,2, ...,m, QM +1)a =1, (m = 2% M) and
YZ = span{Bg(x), BE(x), ..., Bik_ 1(x)} If fiy(x) = AT B¥(x) is the best approximation derived
e 1'2: -], then approximate solution error bound of fz(x) can be

obtained by FBWs series on [ 0,1]as follow [6]

from Y,¢ on the interval [5;

- SUP xe| o,1]|DMaf(x)|
If =fmll < r(Ma+1),/@M+Da (50)
Proof. We define
= lO_’ +
filx) = XLt m(m) Dif(0").

Based on the above definition, we get

() = F1(0)] < o S, DM F (O]

where
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lien = [:’:-11 ’ zkn-l]'
Since fj;(x) = AT B%(x), the best approximation derived from Y, on the interval [ T '2:_1] and
ot F(;xalﬂ) D f(0%) € YZ, thus
If =FallZzpon = If =CT9 % o0y = Z25 1 f —ATBE1, s 2y S 2
f1||L2 T;c 11 an 1 = Zn_l il: [H%xil)supxak,nIDMaf(xN] x* dx <

Ma 1

1 x _
fO [F(Ma+1) Supxak’nIDM“f(xN] xhdx < I(Ma+1)?(2M+Da (supx€[0.1]|DMaf(x)D2

The proof is complete if we take the second root.

The last theorem proves that the approximations of Bernoulli fractional-order wavelets f(x) is
convergent. Now, we try to find the upper bound of P0® . Furthermore, we show that the error
vector of E gv) approaches zero when the number of FBws increases. At first, we explain the
following theorems.

Theorem 3.10. Suppose Y is a subspace of the Hilbert space H so that dimY <oo and y;,ys, ..., ¥n
is a basis for Y. Also, imagine z is an arbitrary member of H and y* is the best approximation of z
derived from Y. Based on [13], we have

G(Z,Y1,Y2,-Y
ly —y || = SE2edeen)

C1Y2In)
where
<z,y,1> <zZ,y.1> ... <zZy>
G(Z,y1, Y20+ « - nY= <y1;'Z> <y1'§yl o <1)’}’r§1>
<YZ> <Y V1> ... <YV >

Theorem 3.11. Assume that g € L?[ 0]] is approximated by g, (x) as follow
g(x) =g u(x) = XL aiff = ATB(x).

Remember that AT and B*(x) were defined in equation (3.22). By considering

Li(9) = [ [g(x) =g m(0)]? dx,
we obtain

A}flw Lu(g) = 0.

The error vector E gv)of the operational matrix P(®can be calculated as follow

€ro

e
EY) = proge _jape, g _| (51)

€r2k-1(M-1)

ar+v

From equation (3.43) by the assumption x , we conclude
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xar+v~ M 1 (Va)ﬁ a(x) (52)

(vﬁa)

where ¢ i

was calculated with the best approximation. Using theorem (3.10), we find

M-1

ar+v __ (VO-’) a _ G(xar+v'ﬂg(x)'ﬁil(x)'---'ﬁlcll/[—l(x))>%
SN AFIC ‘( CBEB 20, - B Y )

(53)

Jj=0 2

Based on (3.32)-(3.35) for0 < i <M —1, we get

B = B (Zhaow (77 ) B 4@ < Zho(D) s Bicr

I'(ar+1+v)

1
(v oY I(ar+1) G(xT B &), L), fy-1 () )2
ﬁ (x) ” = ZT 0( )I‘(ar+1+v) Bi-r ( G(B &(x),B ¢(x),...5 ,0(4_1(x)) !

lléxll, = i —

Now, we can find error vector E gv)of fractional integral operational matrix of Bernoulli fractional-
order wavelets. Using equations (3.26) and (3.39), we find

E" = pvaye _jvye = g "0g-19R* —[ *@B* = OF » B« —@] VB* = OF".
Therefore, we obtain

EM =0E™. (55)

According to the above discussion and Theorem 2, we can conclude that the bases of vectors E gv)
and E I(v) approach zero when the number of Bernoulli fractional-order functions increases.

4. The wavelets method for solving differential equations of Fokker-Planck-Kolmogorov
fractional order

For the approximate solution of the Fokker-Planck-Kolmogorov fractional differential equation, the
Bernoulli wavelet method is explained as follows:

’’u —+ (B—209)x22+ (B—02u = R(x,9 (56)

Dfu —= O'ZXZ
Initial conditions:

u(0,x) = fo(x),  u(0x)=fK), 0<sx<1

Boundary conditions:

U(t, O) = gO(t)r ut(tr 1) = gO(t)r 0<st=<1
R(x,t) Is the right-side function of the equation given for each equation.
Consider:

o*u(t,
89~ W () Consan Winan (O (57)

By twice integrating with t from both sides of equation (57) we have:

U0 s () 7 () + P Em 0O Cansn (2 () (58)

By twice integrating with x from both sides of equation (58) we have:



Shaban Mohammadi et al. / Computational Sciences and Engineering 2(2) (2022) 143-163 157

ou(tx)  du(tx)

lx=0 +F5 () +£4(0) +t (F1G)—£1(0)) +

(IHExm (X))%)‘(mem (¥ (0) (59)
u(t,x) & u(t, 0) +x 5| o+ (F,(0) —F5(0) —x£3(0)) +t (£, (x) —F,(0) —x£{(0)) +
(P ¥ixm (X)) Conxen (P Wi (D) (60)

Now by applying the boundary conditions and putting x = 1, we will have:

u(t, 1) = u(t,0) +x 22|, o 4 (£,(1) —£,(0) —x£4(0)) +t (£, (1) —F,(0) —£{(0)) +
(P¥inxm (1)) T Consan (12 W (1) (61)

Therefor:
U)o % g1(0) —g o(®) — (fo(1) —Fo(0) —£5(0)) —t (£, (1) —F1(0) =F1(0)) -
(2% (1) o (12¥isn () = K (O (62)

Now by placing K(t) in Equation (60) we have:

u(t,x) = go(t) +xK(t) + (fo(x) —f£,(0) —xf(;(O)) +t (fl(x) —f,(0) —xfl’(O)) +
(1% 1m () Con (12 () (63)

Now we need the fraction derivative u (t, x) according to Equation (56). From Equation (62) we
derive the order fraction a with respect to t:

T
D{u(t,x) = Dfgo(t) +xDYK(D) + (12¥mxm () Crsan 12 Prsen () (64)
And we will have:

T

D'(CXK(t) = D'(cxgl(t) -D '(cxgo(t) - (Izlpmxm (1)) Cm><m (Iz_awmxm (t)) (65)
Now convert all approximations (<) to equals (=), and place equations (58), (59), (63) and (65) in
Equation (45), the following linear equation is obtained:

D'(cxgo(tj) +XiD'(cx K(tj) + (Izlpmxm (Xi))Tmem (IZ—OCmeXm (t)) - %O.ZXiZ (f(,),(Xi) +tjf1"(Xi) +
P sam (%) o (P (6500 + (B =20 )xi (K () +£0.(xi) —F5(0) +t;(£1(x)—£1(0)) +
(¥ s &) Conem (P2 (t))) + (B =02 (go(t;) +x:iK(t;) + (fo(xp) —f(0) —x;f5(0)) +
tj (fl(Xi) _fl(o) _Xifll(o)) + (Izlpmxm (Xi))TCme (Izlpmxm (tj)) = R(Xi' tj) (66)
5- Solving numerical examples
Numerical solutions and errors are calculated, evaluated, and provided in tables after evaluating

certain numerical instances with conditions of varying initial values. The MATLAB software is
used to solve all of the examples.

Example 1: In equation 1, by placing,a = 1.1 ,=1,0=0.2,m =3,k =2
Initial conditions:
u(0,x) =0, u(0,x) =0, 0<x<1
Boundary conditions:
u(t,0) =0, u(t,1)=0, 0<t<1

The right-side functions of the equation:
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t2—a

R(tx) = (m

+ % (oxtn)? + (B —0 2)tz> sin(mx) + (B —2(0) ?)t%xm cos(mx)

The accurate answer of this equation in example (1) isu(t, x) = t2sin(mx). Example (1) is solved
by the Bernoulli wavelet method for , a =1.1,=1,0=0. 2,m =3,k =dhd its error is
presented in Table 1.

Table 1: example 1 error,by placing,a =1.1 ,=1,0=0.2m=3,k =2

(x,t) o=1.1 o=1.3 o=1.5 o=1.7 a=1.9
(1.13,1.13) 5.11*1071° 2.18*1071° 5.10*107* 6.32*10°11 2.08*10°11
(3.13,3.13)  4.02*107% 1.84*1078 2.34*107® 547*10°% 4.06*1078
(5.13,5.13)  3.64*107® 1.52*107°% 1.82*107° 4.19*10°® 5.28*%107°
(7.13,7.13)  2.74*1075 2.01*107>  3.01*1075 2.94*107> 3.64*10°5%
(9.13,9.13)  3.19*10™* 3.84*10~* 4.62*10™* 6.38*107* 4.15%10~*

(11.13,11.13)  1.59*1077 1.04*1077 2.14*1077 3.55*1077 2.07*10~7

Figure 2: Relation of B and error for example | fora =1.1 ,=1,0=0.2,m=3,k =2

06

08

1

Figure 3: Approximate and exact solution, respectively for example 1 fora =1.1 ,=1,0=0.2,m=3 k=2

The method of numerical solution fora =1. 1 ,§=1,0 = 0. 2,m = 3, k =iR presented in Table
(2).

Table 2. the numerical solution of example 1 py placing, a =1.1 ,=1,0=0.2,m=3,k=2

(x,0

o=1.1

o=1.3

o=1.5

o=1.7

0=1.9

(1.13,1.13)
(3.13,3.13)
(5.13,5.13)
(7.13,7.13)
(9.13,9.13)

(11.13,11.13)

2.55*%107*
3.84*%1073
1.64*1072
1.79*%1072
2.13*%1072
3.18%1072

2.54*%107*
3.83*1073
1.63*%1072
1.78*%1072
2.12*%1072
3.18%1072

2.54*%107*
3.83*1073
1.63*%1072
1.78*%1072
2.12*%1072
3.17*%1072

2.53*%107*
3.82%1073
1.62*%1072
1.76%1072
2.11*%1072
3.17*%1072

2.53*1074
3.82*%1073
1.62*1072
1.76*1072
2.11*¥1072
3.16%102
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Example 2: the numerical solution of the following equation:

In equation (1), by placing a=1.1,=0.5,0=0.2,m=3 k=52
Initial conditions:

u(0,x) =0, u(0,x) =0, 0<x<1
Boundary conditions:
u(t,0) =1t3 u(t,1)=et3 0<t<1
The right-side functions of the equation:

re 3-a _ L 5 2.3
— - __ __ _2 2 t3 _ 2 t3 X
R(t,x) <F(4—a)t 50X t> +(B —20 )xt>+(B —a “)t> |e
The accurate response to this equation in example (2) isu(t,x) = t3e* . Example (2) is solved by
the Bernoulli wavelet method fora =1.1 ,=0. 5,0 =0. 2,m = 3,k =aad its error has been
shown in Table (3).

Table 3. The error of example 2, by placinga =1.1 ,=0.5,0=0.2,m =3 k=2
(x,t) o=1.1 o=1.3 a=1.5 o=1.7 0=1.9
(1.13,1.13)  452*%10% 5.41*1078 5.19*107% 4.99*107% 5.55%10°8
(3.13,3.13) 3.74*107°% 4.12*107°% 4.63*1077 4.47*107° 4.34*10°°
(5.13,5.13) 2.91*107° 3.04*107° 5.33*107% 3.12*107% 3.17*10°8
(7.13,7.13) 2.74*10™* 2.14*10™* 3.55*10~* 2.39*10~* 2.37*10~*
(9.13,9.13) 3.21*107* 3.01*107* 4.12*10™* 4.19*10™* 4.20*10~*
(11.13,11.13) 1.18*1073 1.44*1073 2.01*1073 1.67*107% 1.33*1073

2 i i 2 2

Figure 4: Relation of B and error for example2 for,a =1.1 ,=0.5,0=0.2,m=3 k=2

=02

0 02 04 06 05 1
Figure 5: Approximate and exact solution, respectively example2 for,a =1.1 ,§=0.5,0=0.2,m =3,k =2
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In Table (4), the numerical solution method fora=1. 1 ,=0. 5,6=0. 2m =3,k =l&s
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been shown.
Table 4: the numerical solution of example 2 by placinga =1.1,8=0.5,0=0.2m=3,k =2
(x,t) o=1.1 o=1.3 o=1.5 o=1.7 0=1.9
(1.13,1.13) 5.55%10* 5.54*10~* 5.53*10~* 5.53*107* 5.52*%10~*
(3.13,3.13) 2.84*1073 2.83*1073 2.82*1073 2.82*1073 2.81*1073
(5.13,5.13) 1.55%1072 1.54*1072 1.53*107%2 1.53*1072 1.51*107?2
(7.13,7.13) 3.28%1072 3.27*107% 3.26*1072 3.25*1072 3.25*%1072
(9.13,9.13) 1.13*1072 1.12*107%2 1.11*1072 1.11*1072 1.10*107?2
(11.13,11.13) 7.18%107% 7.17*107% 7.16*1072 3.16*1072 3.15%10~2
Example 3: the numerical solution of the following equation:
In equation (1), by placing,a =1.1,=0.5,0=0.2,m=3 ,k =2
Initial conditions:
u(0,x) =0, u(0,x) =0, 0<x<1
Boundary conditions:
u(t,0) =0, u(t,1)=t3sin’x, 0<t<1
The right-side functions of the equation:
R(t,x) = (% t37% +(B —o )t3)sin®x —o 2x%t3cos (2x) + (B —o ?)xt3sin (2x)

The accurate response to this equation in example (3) isu(t,x) = t3sin?x . Example (3) is solved
by the Bernoulli wavelet method fora =1.1 ,6=0.5,0=0. 2,m =3,k =&d its error has
been shown in Table (5).

Table5. The error of example 3, by placinga =1.1 ,=0.5,0=0.2m=3,k=2

(x,t) o=1.1 o=1.3 o=1.5 o=1.7 0=1.9

(1.13,1.13) 352%107%  5.85%107% 5.19*107% 4.84*107% 5.60*10°8
(3.13,3.13) 3.18%107% 4.24*%107® 4.63*1077 4.55*107°% 4.23*10°°
(5.13,5.13) 291%¥107° 3.11*107° 5.02*10°% 3.11*107® 3.27*10°8
(7.13,7.13) 2.45%107% 2.20*%107* 3.44*10™* 2.44*10~* 2.21*107*
(9.13,9.13) 3.39%107* 3.21*%107* 4.19%107* 4.45*10™* 4.37*107*
(11.13,11.13) 1.71*1073 1.59*103 2.11*1073 1.55*10"% 1.47*10°3

Figure 6: Relation of B and error for example3 for,a =1.1 ,=0.5,0=0.2,m=3 k=2

0
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Figure 7. Approximate and exact solution, respectively for example3 for,a = 1.1 ,§=0.5,0=0.2,m=3,k =2

In Table (6), the numerical solution method fora =1. 1,8 =0.5,0 =0. 2,m = 3,k =ha been
shown.

Table 6: the numerical solution of example 3by placinga =1.1,8=0.5,0=0.2,m=3,k =2

(x,t) o=1.1 o=1.3 o=1.5 o=1.7 0=1.9

(1.13,1.13) 5.47%107* 5.42*107* 5.77*107* 5.78*10~* 5.44*10~*
(3.13,3.13) 2.75%1073 2.76*1073 2.75*107% 2.74*1073 2.79*1073
(5.13,5.13) 1.62%1072 1.67*107%2 1.54*107% 1.72*1072 1.47*1072
(7.13,7.13) 3.31*%1072 3.33*1072 3.36*107% 3.36%1072 3.33*10°?2
(9.13,9.13) 1.19%1072 1.28*107%2 1.01*1072 1.22*1072 1.19*107?2
(11.13,11.13) 7.63*1072 7.37*107% 7.42*107% 3.43*10°2 3.01*10°2

6. Discussion and conclusion

In this paper, we employ the Bernoulli wavelet method to solve the Fokker-Planck-Kolmogorov
time fractional-order differential equations. Accordingly, it is essential to be familiar with fractional
calculus and wavelets. So, we initially introduced the Bernoulli and Bernoulli fractional-order
wavelets, the Bernoulli polynomial, and Bernoulli fractional-order functions. In the following, we
continued by introducing fractional integrals and derivatives and described approximation of
functions by Bernoulli fractional-order wavelets and functions. Then, we obtained the
transformation matrix of the Bernoulli fractional-order wavelet to Bernoulli fractional-order
functions. Finally, we specified the operational matrix of the fractional integral and derivative
Bernoulli fractional-order wavelet and the upper error bound for the operational matrix of Riemann-
Leouville fractional integral and operational matrix of fractional integral of Bernoulli fractional-
order wavelet. After introducing the operational matrix of the Bernoulli wavelet fractional integral,
we used it to solve the Fokker-Planck-Kolmogorov fractional differential equations. After
numerically solving the equation, we analyzed the error between the exact answer and the
approximate answer obtained from the numerical method
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