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1 Introduction
Mathematical models of natural phenomena can be formulated more accurately by utiliz-
ing fractional differential equations. Fractional differential equations have many applica-
tions in various fields of science, such as physics [7, 11, 17], chemistry [37], biology [49],
medicine [18], fluid mechanics [26], continuum mechanics [12], signal processing [40]
and propagation of spherical flames [28]. Consequently, much attention has been devoted
to find solutions to fractional differential equations. Numerous authors have studied the
existence and uniqueness of solutions for fractional differential equations [25, 39]. In re-
cent years, many numerical methods have been presented in the literature to solve these
kinds of equations, such as Galerkin method [6], homotopy analysis method [35], differ-
ential transformation method [2], collocation method [3, 5], cubic B-spline collocation
method [29], hybrid Taylor and block-pulse operational matrix method [45], Euler func-
tions method [30], Chebyshev polynomials method [23, 24], and Chelyshkov functions
method [4].

A delay differential equation is a type of differential equation where the derivative of
the unknown function at the current time depends not only on the solution at the current
time, but also on the solution at previous times. Fractional delay differential equations can
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be considered as a generalization of delay differential equations of integer orders. They
have been used for modeling in different fields of science, such as control [20], biology [9],
optics [41] and electrical networks [16]. Many researchers have examined the existence
and uniqueness of solutions to fractional delay differential equations [1, 27].

Generally, It is a challenge to find exact solutions for most fractional delay differen-
tial equations, hence numerical or approximate methods should be developed to solve
these equations. Various techniques have been presented to address this type of prob-
lem in recent decades. In [31], a numerical method based on finite differences has been
presented to approximate solutions of fractional delay differential equations. The devel-
opment of a predictor-corrector method with error analysis has been introduced in [14].
The Bernoulli wavelet operational matrix of fractional integration together with the collo-
cation method has been employed in [42] to provide an approximate solution of fractional
delay differential equations. In [21], the collocation method, optimization techniques and
generalized Laguerre polynomials are applied to approximate a solution of delay fractional
differential equations. A numerical technique based on hybrid functions of block-pulse
and fractional-order Fibonacci polynomials has been given in [43]. They used Riemann-—
Liouville fractional integral operational matrix and delay operational matrix of the hybrid
functions together with the collocation method to reduce the problem to a system of al-
gebraic equations.

In [15], a computational technique based on the combination of fractional Bessel func-
tions with block-pulse functions to produce a sparse operational matrix to reduce the
problem to a system of algebraic equations. A spectral operational matrices-based algo-
rithm has been presented in [48]. These matrices have been generated by using shifted
Gegenbauer polynomials. Instead of using the operational matrix of fractional integration,
which requires some approximation, a numerical method based on the explicit formula
of Riemann-Liouville fractional integral of Legendre wavelets functions has been given in
[50]. A numerical method based on applying the exact formula for the Riemann-Liouville
fractional integral of Taylor wavelet functions together with the collocation method has
been proposed in [47]. Recently, Avci [10] has introduced a numerical spectral technique
depending on the operational matrix of fractional integration for fractional-order Taylor
basis.

Approximation by orthogonal functions has grown significantly as a useful tool for solv-
ing fractional differential equations. They convert the fractional problem into a set of al-
gebraic problems. Some popular orthogonal families are Chebyshev polynomials, Leg-
endre polynomials, Laguerre polynomials, Taylor polynomials, Chelyshkov polynomials
and block—pulse functions. Chelyshkov polynomials were presented in [13] and have been
used successfully for solving different kinds of fractional differential equations. Solving
fractional differential equations with basis functions of integer-order may lead to some is-
sues when the solutions contain terms with fractional powers [19]. The major weaknesses
are that the rate of convergence is weak and a large number of basis functions are required
to provide accurate results. These drawbacks can be avoided by approximating the solu-
tions using orthogonal functions of fractional order.

Based on the above considerations, the motivation of this paper is to extend the applica-
tion of FCHFs to present a new numerical method for solving fractional delay differential
equations. In order to accomplish this goal, the operational matrix of fractional integral
for FCHFs is derived and used together with the collection method to convert the frac-
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tional delay problem into a set of algebraic equations. To the best of our knowledge, this
is the first time that the operational matrix of fractional integration for FCHFs is applied
to solve fractional delay differential equations

The main advantages of the presented technique are:

+ FCHFs are fractional-order orthogonal functions. This feature leads to a good rate of
convergence and reduces the number of basis functions required to get satisfactory
results.

+ The solution procedure is simple since the fractional delay problem is reduced to a set
of algebraic equations.

« The computational errors are less than in the conventional methods where the
obtained numerical results in some cases are the exact solutions and in others are in
good agreement with the exact solutions.

The structure of the paper is as follows. Section 2 presents some fundamental concepts of
fractional calculus that will be used in our subsequent development. In Sect. 3, the FCHFs
are described, and the operational matrix of fractional integration is also constructed. The
convergence of FCHFs is demonstrated in Sect. 4. Section 5 describes our new numeri-
cal method for solving fractional delay differential equations. Section 6 considers some
numerical examples and reports our numerical results as well as some comparisons with
other methods. The paper is finally summarized in Sect. 7.

2 Preliminaries on fractional calculus
Here, we review some definitions and properties of fractional integration and differentia-
tion that will be used in the next sections [36, 39].

Definition 2.1 The Riemann-Liouville fractional integration of order v > 0 of a function
g(t) is defined as

1 ¢ 1
I'g(®) = m/{; (t—1)" g(r)dr = ﬁt”’l xg(t), v>0,t>0, (2.1)
Lg(t) = g(t),

where "1 x g(¢) is the convolution of '~ and g(¢).

Definition 2.2 The Caputo fractional derivative of order v > 0 of a function g(¢) is defined
as

1 t
D%ﬁ):Faﬁt;iﬁa—rﬂ””4§mkwdu Wl-1l<v<[v],t>0, (2.2)

where [v] denotes the smallest integer greater than or equal to v.

The following properties are satisfied for Riemann—Liouville fractional integral and Ca-
puto fractional derivative:

pyp_ B+

B+v _
_ﬁF::Bt, B>-1. (23)

o IMIMg(t)=1""g(t)=1"1"g(t), vi, v, >0. (2.4)



Ahmed and Al-Sharif Boundary Value Problems (2024) 2024:107 Page 4 of 27

e DK =0, Kisconstant. (2.5)
0, B €Nyand < [v],

o D'if = T(B+1) . (2.6)
mt , BeNyand p>[v] or Bé¢Nandp >|v].

o D'I'g(t)=g(b). (2.7)

v1-1 _(r) o+
o I'DVg(t) = g(t)— Zg :' )t', £>0. (2.8)

r=0

o D' (a1g1(t) + cagr(t)) = a1 D'gi(t) + aa D' o (8), 29)

I (o1g1 () + oo () = a1 I’g1(2) + o2 " g (1),

where |v] denotes the largest integer less than or equal to v, Ny = {0,1,2,...}, N =
{1,2,3,...} and a3, a are constants.

Definition 2.3 (Generalized Taylor’s formula). Suppose that D"g(¢) € C(0,1] for I =
0,1,...,m+1and 0 < B < 1, then [36]

m trﬂ t(m+1)ﬂ
gt =Y ———DPg(0")+ —————— D" Vhg), 0<E<t, Vte(0,1],
XO: C(rp +1) C(m+1)B+1)

(2.10)

where D' = DPDP ... DP,
N —— e

r times

If 8 = 1, then the generalized Taylor’s formula converts to the classical Taylor’s formula.

3 Fractional-order Chelyshkov functions properties

3.1 Fractional-order Chelyshkov functions

The fractional-order Chelyshkov functions (FCHFs) can be defined by using Chelyshkov
polynomials in the following form [5]:

ob, (0= -1y (",1 B r) (m ti* 1) 7%, r=0,1,...m, B >0. 3.1)

= j-r m-—r

The set {(pfﬂ};ﬁo of FCHFs is a family of orthogonal functions over the interval p = [0, 1]
with respect to the weight function wg(¢) = t~1. The orthogonality property for these
functions is

/ "B 0 (Owa(rdt = — sa= 1Y 5Th Sicon (3.2)
[ w = . L i = N S1=0,1,...,m. .
) Prns\L)Pyys; B (s+i+1)B si 0, S;{i’

Itis clear from Equation (3.1) that every member of the set {wf},r}ﬁ’i o is of degree Bm. This is
the key distinction between the Chelyshkov polynomials and the other sets of orthogonal
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Figure 1 The graph ofgaf,,(r) atm=5,r=0,1,..., 5and B=1/3
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Figure 2 The graph of goré],(t) for various values of B atm=5and r=0

polynomials. Figures 1 and 2 provide graphs of FCHFs for different values of r and 8, re-
spectively. Let the weighted space L? 5(0) be the set of all real-valued measurable functions

u(t) on p that satisfy
1
/ lu(t)|*wp(t)dt < 0o, (3.3)
0
with inner product and norm given by

1
(OO, = [ wO(Owpor (3.4

()l = (u(t), u(t)) iy
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Suppose that {(pfno(t), goﬁd(t), .. .,goﬁ,m(t)] is a set of FCHFs and A,,, = span{goﬁlo(t), (pfﬂ(t),

e wfnm(t)}. Also, assume that g(¢) is an arbitrary function in L? . (p). Since A,, is a closed
finite-dimensional subspace of L2, 5 (p), then for any function g(¢) there exists a unique best
approximation g,,(£) € A, that minimizing the distance to g(¢), that is

Ig(®) = gn@llws = 1) = OD)llwgs  VO) € A (3.5)

Since g,,(¢) € A, then there are unique coefficients £y, ¢1,...,¢,, such that

O =gu() =Y i) () = LT y(t), (3.6)
k=0

where L and ®g(¢) are given by

T 1
L= (Zo,él,...,€m> , Ar=BR2k+ 1)/ g(t)goik(t)w,g(t)dt, k=0,1,...,m, (3.7)
0
and

T
(1) = (PO O i) - (38)

3.2 The operational matrix of fractional integration

This subsection is devoted to construct the fractional integration operational matrix of
the FCHFs, which will be used to reduce the fractional delay differential equations into a
set of algebraic equations.

Theorem 3.1 Let ®g(t) bea (m+1) x 1 vector of FCHFs. The Riemann—Liouville fractional
integral of order v > 0 of the vector ®g(t) can be given by

I"dp(t) = AV Dg(2), (3.9)

where AV = (M) ko is the (m + 1) x (m + 1) operational matrix of fractional integral of
order v for FCHFs and its elements can be obtained by

N, ik BRKk+D TG+ (m—r
krk_jzzrg( 1y /S(j+l+1)+vF(1'/3+v+1)(j—r)

m+j+1\ (m-k\ (m+]+1
X . (3.10)
m-—r -k m—k

Proof Using Equation (2.1) to integrate Equation (3.1), yields

v B _ 1 v-1 B _
I"el (t) = T " xel (t), r=0,1,...,m. (3.11)

(v)

By taking the Laplace transform of Equation (3.11), we get

1
v B _ v-1 B _
L {I (pm,(t)} =L i—l"(v)t } L {gpmr(t)} , r=0,1,...,m. (3.12)
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Since

and

Lot o)=Y -1y (",“ ) r) (m e 1) c{d’}

o j-r m-—r

S - j+1\ TG +1
v (1) () B
j=r

m-—r

Then Equation (3.12) becomes

i+ 1\ T(GB +1
{I"oh )} Z( 1)"( r) (mn:]_t )% r=0,1,...,m.

Now, by utilizing the inverse Laplace transform of Equation (3.15), we obtain

m-—r

m+j+1 G +1) Bav ~
I'eh, @) = Z( 1y~ ( )( >7F(jﬂ+u+1)tl , r=0,1,...,m.

Approximating ##*” in terms of FCHFs, we get

m
PP N gl (8, j=0,1,...,m
k=0

where £ can be determined from Equations (3.1) and (3.7) as follows

1
L = B2k + 1) / PPl (Owg(t)dt
0
B -~ (1)K m—-k\ (m+1+1
_ﬂ(zk”);ﬂmzu)w (l—k)( m—k )

From Equations (3.16), (3.17) and (3.18), we can write

~ X ik BRk+D) TG+ (m-r
L, (8) =~ Z 2D ﬂ(j+l+1)+ul"(jﬁ+v+1)<j—r>

k=0 \ j=r i=k

m+j+1\ (m—-k\ (m+Il+1 P
t
= gl 0, r=01,..,m

k=0

which leads to the desired result.

(3.13)

(3.14)

(3.15)

(3.16)

(3.17)

(3.18)

(3.19)

Page 7 of 27
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4 Convergence analysis

In this section, we discuss the convergence of the best approximation and show that by
increasing the number of the FCHFs, the error in calculating the operational matrix of
fractional integration tends to zero.

Theorem 4.1 Let g(t) € szﬂ (p) such that D"g(t) € C(0,1] for [ =0,1,...,m + 1. Suppose
that LTQDﬂ(t) is the best estimation of g(t) in A,,, then

lim le@® —LT¢ﬂ(t)||wﬁ =0. (4.1)

Proof Assume the generalized Taylor’s formula of g(¢) is denoted by v (£), then from Def-
inition 2.3 the error bound is

t(Wl+l)ﬂ
Fr'(m+1B+1)

Hﬂt(m+1)ﬁ
=< N |
“TT(m+DB+1)

HOBIOIE D" Vhg()

0<&<t, te(0,1], (4.2)
where

Hy = sup {ID"*g(t)]}.
te(0,1]

Since LT ® g(t) is the best estimation of g(¢) in A, and ¥ (¢) € A,, then by using Equation
(4.2), we get

lew-L" @505, < e -v@l,

1
= | (e~ v®) wst)dt
0

- ( Hg )2/1 [2me3)B-1 7,
“\I'(m+1)B+1) 0

(v i570) @
_ , (4.3)
Frm+HB+1)) Cm+3)8

The right-hand side of inequality (4.3) depends on both 7 and B, so for a fixed 8, we have

. Hy 1
O T DB 1) V138 o
therefore
lim le@® - LT<I>,3(t)||Wﬁ =0. (4.5)

Theorem 4.2 Let the error vector E, of the operational matrix of fractional integration
A™ be given by

E (t) =" ®pg(t) - AV Dp(d). (4.6)
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Then

lim [|E, (D), =0. (4.7)
m— 00

T
Proof SupposethatE, = (60, €1yens em) , then by using Equations (3.10), (3.16) and (3.18),
we get

Ieh, @) - Zx,kwmkm

”€r||w/3 =

wp
(_1)]-_, m-r\[(m+j+1 rge+1)
= j-r m—-r | TGB+v+1)

=2
j
23 BRk+1) [m—k\ (m+l+1
iB+v Nk ,
‘ kXO:lX:( Y ﬂ(1+l+1)+u<;_k>(m_k )wmk(t)

X
wh
g (rer (i) rup e
_].zr j-r m—-r | LGB+v+1)
m
< P = tegh O, r=0,1,...,m. (4.8)
k=0 wh

m
But ) Z,kwik(t) is the approximation of ##*V, so from Equation (4.3) we can write

k=0
H 1
PP N el @ < b ,
kXO: G] (m+DB+1) J2m +3)B
Hﬂ = sup {|D(’"+1)’3tjﬁ+”|}. (4.9)
te(0,1]

Hence, Equation (4.8) becomes

ooy < e 14D VTSR
]Z (~1) (} :) (mn:]_il)% , r=0,1,...,m. (4.10)
Therefore
mli_rfloo IEy (@)l = 0. (4.11)

5 Numerical method
The aim of this section is to present a new numerical method for solving fractional delay
differential equations by using FCHFs and their operational matrix of fractional integra-

tion.
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Consider the following two problems:

DYy(t)=f (t, y(t), y(t - r)) , te[0,1], t€(0,1], v>0,

y9(0) = s, i=0,1,...,[v] -1, (5.1)

y(@) = p(), t<0.

D'y(@t) =f (t, y(©), y(t1)), t€[0,1], T€(0,1], v>0, 52)

700 = s i=0,1,...,[v] -1, '
where f and p are known analytical functions, 7 is delay, ;, i =0,1,...,[v] — 1 are real

constants, y is the unknown function and D" is the Caputo fractional derivative of order
v. To find approximate solutions of Problems (5.1) and (5.2), we approximate D"y(t) by
FCHFs as

D'y(t)~ Y e}, () = LT dp(2). (5.3)
k=0

By applying the Riemann-Liouville integration to Equation (5.3) and using Equations (2.8)
and (3.9), we get

]-1

~ TV T & i
y(&) = 1" (LT ®p(t)) + XO: -t
~ LT AP Dy (1) + PTd4(0), (5.4)
it
where P is the fractional-order Chelyshkov coefficient vector of the polynomial rid
i=0 L

and is given by

p= (Po,Pb . --»Pm)T’

(2z+1)%1i SRV m=z) (m+j+1 (5.5)
p==F = = (B+D+)TG+1) m-z |’
z=0,1,...,m.
Then for Problems (5.1) and (5.2), () take the form
LTAW®4(t) + PTdy(2), te0,1]
(&) =~ g g (5.6)
o), t<0,
y() = LTAV y(t) + PTOg(t), te[0,1]. (5.7)

Making use of Equations (5.6) and (5.7), we get

LTAW®4(t— 1)+ PT Oyt - 1), te]r,1],
-1y B( ) gt —1) [z,1] (5.8)
,O(t—f), t<7:;
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y(tt) = LTAY ®g(ct) + PTDg(zt), te]0,1]. (5.9)

By substituting Equations (5.3), (5.6)—(5.9) in Problems (5.1) and (5.2), we obtain the fol-
lowing algebraic equations

LT®g(t) > f (8, LTAV @p(t) + PTDp(2), p(t—1)), t€[0,7),
LT®p(t) = f(t, LTAV ®p(2) + PTDy(0), (5.10)
LTAD®g(t— 1) + PT D¢ - 1)), telr,1],

LT@pt) = f (t, L' AV ®p(t) + PTDy(2), LTAV Dp(zt) + PT Dy(x0)),

t€[0,1]. (5.11)

s
Now, by collocate Equations (5.10) and (5.11) at the points £, = —, s =0, 1,..., m, we obtain
m
the following two systems of m + 1 algebraic equations,

LT®y(ty) —f (ts, LTAV Dp(ts) + PT (L), p(t; = 1)) =0, t€[0,1),
LT ®p(t;) — f (ts, LTAV @p(ty) + PT D (%), (5.12)
LTAD®g(t; — 1) + PT Dyt — 7)) 0, t €1, 1],

LT ®p(t) —f (b LT AV @p(ts) + PTD4(t), LTAV @p(cty) + PT Dp(12,)) >0,

t; € [0,1]. (5.13)

These systems can be solved to find m + 1 unknown constants £, £1,...£,, and hence, an
approximate solutions of Problems (5.1) and (5.2) can be determined from Equations (5.6)
and (5.7) respectively.

Based on the above, we present an algorithm for solving Problems (5.1) and (5.2) as
follows

Algorithm 5.1
Input: The numbers v, 5;,i=0,1,...,[v] — 1 and the functions f, p
Step 1: Choosem € N, B > 0 and construct the fractional-order Chelyshkov vector ®4(t)
using Equations (3.1) and (3.8).
Step 2: Compute the operational matrix A’ and the vector P using Equations (3.10) and
(5.5).
Step 3: Define the unknown vector L = (EO,Zl, ... ,KW,)T
Step 4: Compute the algebraic equation (5.10) or (5.11).
Step 5: Construct the nonlinear system of algebraic equations (5.12) or (5.13) by using

s
the points t,= —,s=0,1,...,m.

m
Step 6: Find the unknowns of the algebraic system obtained in Step 5.
Output: An approximate solution given by equation (5.6) or (5.7).

6 Numerical results
To demonstrate the applicability and effectiveness of the introduced method, we use it
to solve some examples, and we compare the numerical results it generates with those

Page 11 of 27
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reported in the literature. All numerical results have been obtained using Mathematica 11
software and a laptop with Intel(R) Core(TM) i7-4600M 2.90 GHz CPU and 8.0 GB RAM.

Example 1 Consider the following fractional delay differential equation [10, 47, 50]:

D'y(t) = y(t 1)~ y() + 25—

S irt-t?or, tel01], ve©1] te@©1l, (6.1)

¥(0) =0,
y(@t) =t* -t t<0.

The exact solution to this problem is y(¢) = t* - t. By using the technique described in
Sect. 5, we get

DVy(t) = LT ®g(t),

LTA(V)CI)IB(t) + PTCI)ﬁ(t), te [0, 1];

y(t) =~
2t t<0,

y(E—1) > LTAM®p(t - 1) + PP Oyt - 1), te(r,1], 62
(t-1-(t-1), t<t,

T
where L = (60, £1,..., Zm) is the vector of unknown constants that we must identify and

P can be calculated from Equation (5.5). By substituting Equations (6.2) into the fractional
delay differential equation (6.1), we get the following matrix equations

LT®gt) - (- 1) = (¢ 1)) + LTAV Dy (2) + PT Dp(2)

2270 = 2 ~
- oo t Ty 2tt+ 17+ 1 >0, te[0,7), 6.3)
LT®4(8) - (LTAV @t — 1) + PTDp(¢t - 7)) + LTAV Dp(2)
T 22V v 2 ~
+P d>5(t)—m+m—2tt+r +17 >0, telr,1].

By considering v = 1, we take m = 2, B = 1 and hence

1 5 19
18 12 36

O e P:(o,o,o)T. (6.4)
36 6 18
1 15
180 30 18

In case 7 € (0,0.5], making use of Equation (6.4) and collocate Equations (6.3) at the points

0, %, 1, we obtain the following system

190@0 - 5@1 + 62 +60=0,

(207 - 10) £o + (107> + 107 + 15) £1 + (~107> + 67 +5) £, + 207> = 0,
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1 1 4
(12—r+1)€0+(Et2—1>51+(—512+§t+1>£2+r2—r—1=0. (6.5)

Solving system (6.5) for the unknowns £y, £;, €5 gives the solution

1 ! 1 ! 1 > 6.6
0__§¢ 1__51 2—81 ()
thus

1 5 19

18 12 36 10£2 - 12¢+ 3

y(t)=LTA“><I>1(t>:(_l,_lﬁ) R | I NP
3 26 36 6 18 2
1 15
180 30 18
t€[0,1], (6.7)

which is the exact solution. For t € (0.5, 1], we use Equation (6.4) and collocate Equations

. 1
(6.3) at the points 0, 3,

1, then we get the following system
190y — 51 + £5 + 60 =0,

200 —250,-7¢,-6=0,

1 1 4
(IZ—T+1)€0+<§IZ—1>EI+(—§f2+gf+1>€2+‘52—t—1=0. (6.8)

Solving system (6.8) for the unknowns ¢, ¢1, £ gives the same solution

) (6.9)

which leads to the exact solution. Further, the total CPU time required to find the solution
using the proposed method for the two cases of T in this example is 0.0156 seconds. Thus,

the proposed method is accurate and time-efficient.

1
Forv = 5 we takem=4, g = X and again we can obtain the exact solution, where

8 1 131 107 2366 0 11274 10057
75 50 30 7 75 0 o5 7
16 8 10m 56 10 4739 5317 11907
T225 25 21 45 3 450 7 50
A 1 16 24 8 77 3303
VA it T — x|
525 175 15 150 50 6.10)
4 6 2 56 216
- - I 37-[__
525 175 15 75 25
4 2 2 56 24
4725 525 135 " 675 25

p:(o,o,o,o,o)T.

Page 13 of 27
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Similarly, by using Equation (6.10), subdivide the interval (0, 1] into four subintervals and
consider the following cases of t

1 11 13 3
T€E O;_ ) TE eI ) T E | TE _,1 ) (6.11)
4 4 2 2 4 4

s
then collocate Equations (6.3) at the points £ = 7 s=0,1,...,4, for each case of T and

solving the resulting systems for the unknowns £y, £1, £, €3, £4, we get the same solution

1 1 16
€=0, fi=—— fy=———y f3=—-— £,=0, 6.12
0 T N W - A -0V - (6.12)

for all cases of 7, thus
YO =L"ADO 0= -1, tel01], (6.13)

which is the exact solution. Additionally, the total CPU time needed to find this solution
using the proposed method for the four cases of v in Equation (6.11) is 24.0608 seconds.
Problem (6.1) has been solved in [10, 47, 50]. By comparing the obtained solution with
those in [10, 47, 50], it can be observed that the introduced method is more accurate be-
cause we get the exact solution for v = 1 and for any value of T with three terms of FCHFs,
whereas they used four terms of Legendre wavelets, six terms of Taylor wavelets and eight
terms of fractional-order Taylor functions in [47, 50] and [10] respectively to obtain only

approximate solutions.

Example 2 Consider the following fractional delay differential equation [8, 10]:

D%y(t)=y(t—1)—y(t)+ re) t3 42t-1, tel0,1]
I'(2.5) ’ o

¥(0) =0, (6.14)
y(6) =1, t<0.

The exact solution is given by y(¢) = £2. By applying the method proposed in Sect. 5, we

obtain

Diy(t) = LT dy(1),

LTA(%)(Dﬁ(t) + PT(Dﬂ(t); te [0¢ 1]1

(@) =
2, t<0,

LTAD®(t—1) + PTds(t—1), t=1,
yE-1)= p=D plE=1) (6.15)
(t-1)2, t<1.
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Equations (6.15) transform Equation (6.14) to

LTO4() — (t—1) + (LTA<%>q>,3(t) +PT<1>,3(¢))
r'a3) s
- t2 -2t+12>0, te[0,1),
res (6.16)
L7040 — (LTA(f)d)ﬁ(t— 1)+ PT o4t~ 1)
raa) s
+ (LTA® @y(t) + PT O t)— 5 _2+1~0, t=1.
( p(®) p® I'(2.5)
1
By considering m =4 and 8 = 2 and collocating Equation (6.16) at the nodes ¢, = i, s=
0,1,...,4, and solving the resulting system, we obtain the solution
1 3
lo=0, £,=0, €=0, {3 ly=— (6.17)

zgﬁ) 4 ﬁr

which leads to the exact solution. Also, the total CPU time required to find the solution us-
ing the presented method in this example is 0.2969 seconds. This problem has been solved
by using the fractional-order Taylor method [10], the Haar wavelet collocation technique
[8] and the fractional backward difference method [32]. Their solutions were approximate
solutions. By comparing with these methods, it is clear that the proposed method is more

effective, more accurate and less time-consuming than these methods.

Example 3 Consider the following fractional delay differential equation [50]:

re) ,, e .
res8)  I(1.8)

DO2y(t) = —y(t - 1) + +£2-3t+1, t>0,

20)= 1, (6.18)

yO =t2-t-1, t<O0.

The exact solution to this problem is y(¢) = £> — ¢ — 1. Figure 3 displays the approximate so-
lution obtained for various values of g at m = 10 with the exact solution, while Fig. 4 plots
the absolute error function at 8 = 0.2 and m = 10. It can be observed that our numerical
solutions agree with the exact solution for all choices of B and high-accuracy numerical
solutions can be obtained with some terms of FCHFs. Table 1 shows a comparison be-
tween the results obtained by the present method and those reported in [50] in terms of
absolute errors, where M denotes the number of basis functions used in [50] for solving
the problem. From Table 1, it can be seen that the absolute errors achieved by the intro-
duced method are less than those in [50] for all corresponding cases which shows the ad-
vantage of using basis functions of fractional-order. In addition, we have used only eleven
basis functions, while they used more than a hundred basis functions in [50]. This demon-
strates that the introduced method is in more agreement with the exact solution than [50]
for this problem and can identify high-precision solutions at reasonable computational

costs.
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-1.00}
-1.05}

-1.10}

y(t)

-1.15}

-1.20}

-1.25}
0.0 0.2 0.4 0.6 0.8 1.0
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Figure 3 The graph of the approximate solution for various choices of 8 at m = 10 and the exact solution for
Example 3

1.4x10°}
1.2x 10*95
1.x10_9§
8.x1o-1°§ 1

6.x 10710}

Absolute error

4.x10710}

2.x10710f

0.0 0.2 0.4 0.6 0.8 1.0
t

Figure 4 The graph of the absolute error function at m =10 and 8 = 0.2 for Example 3

Table 1 Comparison of the absolute errors for Example 3

t Present method Yuttanan's [50]
m=10,=040 m=10,=030 m=10,=020 M=12 M=48 M=192

02 584 x 1076 6.38 x 107/ 521 x10710 440 x107* 823 x10°° 766 %1077
04 321 x107 406 x107/ 242 x10710 781 x107 467 x107° 437 x107/
06 231 x107° 246 x 1077 1.09 x1071° 226 x107 392 x10°  3.12x107
038 1.82 x107° 266 X107/ 969 x107'2 337 %10 3.15x10° 250 %1077
10 137 x107° 383 x107 731 x1071 215 %107 200 x10° 203 %107
CPUtime  0.1094 s 0.0625 s 0.1094 s - - -

Example 4 Consider the following fractional delay differential equation [15, 50]:

D'y(t) = —y(t) — y(t - 0.3) + €93, te[0,1], ve (23],
y0)=1, y(0)=-1, y'(0)=1, (6.19)
J’(t) = e_tr t<O0.

This problem has the exact solution y(¢) = e when v = 3. Figures 5 and 6 present graphi-
cally the obtained results for the approximate solution for various values of v with the exact

Page 16 of 27
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t

Figure 5 The graph of the approximate solution for various values of v at m =10, 8 =1 and the exact
solution for Example 4

1.5x 107} ]
s
o110 8
£ [
)
2 i
5.x107"%¢ 1
ol ]
0.0 0.2 0.4 0.6 0.8 1.0
t
Figure 6 The graph of the absolute error function at m =10, 8 = 1 and v = 3 for Example 4

solution for v = 3 and the absolute error at v = 3, respectively. From Fig. 5, it can be seen
that as v approaches 3, the approximate solution converges to the exact solution for v =3
and from Fig. 6, we can see that the absolute error is at most of order 107, which means
that the present method has good accuracy using a reasonable number of basis functions.
Table 2 compares the results obtained by the present method with the collected results in
[15] in terms of absolute errors. It can be observed that the results obtained by the present
method are less than those in [15, 22, 38, 46] for most of the listed values in that table by us-
ing a fewer number of basis functions for each case. Also, Problem (6.19) has been solved
using the Legendre wavelet method [50] by selecting M = 14. The maximum absolute er-
ror achieved by this method is approximately 8.78 x 1072 while our maximum absolute
error is approximately 1.74 x 107!®> at m = 10. This means that the introduced method
outperforms the method in [50] with respect to accuracy. These comparisons show that
the presented method is more accurate, efficient, and coincidental with the exact solution
than [15, 22, 38, 46, 50].
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Table 2 Comparison of the absolute errors at 8 =1 and v = 3 for Example 4

t Present method Dehestani's [15] Igbal’s [22] Sezer's Ozturk’s
m=7 m=10 M=9 M=13 M=20 [46] (38]

0.0 121 x107°  220x107™ 0 0 0 0 0

02 247 10710 511 x107"°  305%x107 186 %107 1.00x1079 854 x10®8 370 x107/
04 4121071 377 x1071° 981 x107  379x1073 0 536 x10° 238 x107°
06 632 %1071 266 x107"°  185%x10° 811 %1072 1.00x107'9 595 %10 597 x107°
038 23510710 311 %107 264 x10°  700x107"" 1.00x107'0 326 x107% 348 x10™
10 112x107%  652x107""  303x10° 371 %1070 200x107'0 121 %103 203 x10*
CPUtime 0.0625s 0.1562's - - - - -

Example 5 Consider the following fractional delay differential equation [21]:

DY) = s 1 I'(g+1) v (1,3
y()—Ey()+y(§)+m —<§+L—L) )

tel0,1], ve(2], g>1,
¥(0)=y'(0)=0.

(6.20)

We have y(¢) = t7 as the exact solution for this problem. By using the technique described
in Sect. 5, we get

DVy(t) = LT ®g(t),

y() = LT AV d4(t) + PT Dy (1),

1 1 1
—t ) LTAV D, [ =t ) + PTogs( =2). 6.21
'(31) o (5)+ "o (5 (621)

The fractional delay differential equation (6.20) can be written after using Equations (6.21)

in the form
3 1 1
LTds(t) - 2 (LA ®g(t) + PTDp(2)) - (LTA“)qnﬁ <§t) +PTdg (§t>>

I'ig+1) 1 3
D e (L3 o, (6.22)
N'g+1-v) 29 4

Consider v = 2 and ¢ = 2 with the exact solution y(x) = ¢2. In order to solve this case, we
take m =2, and B8 = 1, hence

117 3
105 210 7
ao-|_ L 1 e f P:(o,o,o)T. (6.23)
1260 140 252
11 5
420 84 84

1

By using Equation (6.23) and collocate Equation (6.22) at the points 0, 5, 1, we get the

following system

73280 + €1 — 3£, — 480 =0,
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1186¢p — 1167£; — 419¢,5 + 2940 =0,

9644y — 2113¢; + 15794, — 1680 = 0. (6.24)

Solving Equations (6.24) gives the solution

to=2 022 0= (6.25)
0= 3: 1—4% 2= 3 ’ .
hence
1 17 3
5 10 1052107 1062 - 12t + 3
y(t)=LTA(2’<I>1(t)=(—,2,—) o1 e 5244t | =24 (6.26)
33 1260 140 252 2
1 1 5
420 84 84

which is the exact solution. Moreover, the total CPU time required to find this solution

using the introduced method in this example is 0.0156 seconds. Therefore, the presented

3 3
method is accurate and time-efficient. Additionally, in case v = 5 and g = 57 Wecan again

3
obtain the exact solution y(x) = £3. By employing m =2 and 8 = 7 computing AD), collo-

1

cate Equation (6.22) at the nodes 0, 3,

solution

1, and solving the generated system, we obtain the

Lo = , = , Ly = , (6.27)
which leads to the exact solution for this case. Also, the total CPU time needed to find
the solution using the proposed method for this case is 0.0937 seconds. The collocation
Laguerre operational matrix technique [21] has been used to solve Problem (6.20). By
comparing with our solution, it is clear that our method is more efficient than [21], because
we utilized three terms of FCHFs to get the exact solution for v = 2, while they used six
terms of the generalized Laguerre polynomials to obtain only approximate solution.

Example 6 Consider the following fractional delay differential equation [33, 42]:

D'y(®)=-y0)+ 2yt - ze™, tel01, ve 1] Te©1]
(0) = 1.

(6.28)

The exact solution to this problem at v = 1 is y(¢) = e™’. Figures 7 and 8 display the approx-
imate solution obtained for several values of v and t together with the exact solution for
v = 1, respectively. Figure 7 shows that as v approaches 1, the approximate solution con-
verges to that of the integer-order delay differential equation. From Fig. 8, it can be seen
that the approximate solution obtained by our method coincides with the exact solution
for all the used values of the delay t. The absolute error of the presented method is plot-
ted in Fig. 9. This figure shows that the proposed method is accurate because the error is
at most of order 1073, Table 3 presents the absolute errors for different values of . It is

Page 19 of 27
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Figure 7 The graph of the approximate solution for different values of v at m =10, 8 =v, T =0.2 and the
exact solution for Example 6

0.0 0.2 0.4 0.6 0.8 1.0

Figure 8 The graph of the approximate solution for various values of T at m =10, 8 = v =1 and the exact
solution for Example 6

8.x10°13| 1
6.x10713 ¢ 1

4.x107"3 ¢

Absolute Error

2.x10713] 1

0.0 0.2 0.4 0.6 0.8 1.0

Figure 9 The graph of the absolute error functionat m=10, B =v =1 and t = 0.2 for Example 6
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Table 3 The absolute errors for different values of mat 8 =v =1and T = 0.2 for Example 6

t m=6 m=8 m=10
0.0 354 x108 346 x107"" 216 x1074
02 116 x1078 202 x1071? 466 x107!
04 1.04 %108 849 x10712 622 x107"°
06 101 x10®  835x1071? 809 x107"
038 1.15x108 136 x10712 384 x107"3
10 353 %108 344 %10 149 x107
CPUtime  0.0469s 0.1094 s 0.2656 s

Table 4 Comparison of the absolute errors at 8 = v =1 and T = 0.2 for Example 6

t Present method Rahimkhani’s [42] Muroya’s [33]
m=8 =10 M=12

272 944 x 10712 266 x1071° 1.05 x1078 1.08 x107°
273 1.09 x 107! 1.89 x1071° 5.79 x107° 381 x107
24 8.09 x1071? 222 x1071° 200 x 1078 126 107
2 1.26 x 107! 833 x107"° 3.70 x107° 409 x10™
276 218 x10713 477 x1071° 203 x1078 120 x107°
CPU time 0.109 s 0.2656's - -

obvious that the absolute errors decrease when the value of m increases, which demon-
strates the convergence of the introduced method to the exact solution. Table 4 compares
the absolute errors obtained by the introduced method with the collected results in [42].
From Table 4, we can note that the presented technique is more accurate and efficient in

comparison to the methods [33, 42].
Example 7 Consider the following fractional delay differential equation [34, 42, 50]:
D'y(t) = (0 + =y ( ot) + cos(t) + sin(®) — = sin ( -
y(t) = —y +2y 5 + cos(t) + sin 2sm 5t)

te[0,1], ve(0,1],
(0) =0.

(6.29)

The exact solution for this problem is y(¢) = sin(¢) when v = 1. The approximate solution
obtained for different values of v together with the known exact solution at v = 1 is plot-
ted in Fig. 10. It can be noted that as v tends to 1, the approximate solution converges to
the exact solution for v = 1. The absolute error function for v = 1 is presented in Fig. 11.
This figure shows that even if the exact solution is not a polynomial, an accurate approx-
imation can be achieved using a sufficient number of FCHFs. In Table 5, we compare the
absolute errors of the present method with those collected in [50] for the Bernoulli wavelet
method [42], the spectral method based on a modification of hat functions [34] and the
Legendre wavelet method [50]. These results show that the proposed method is superior
to the methods in [34, 42, 50] for most of the listed values of absolute errors by using a
smaller number of basis functions than they have been used in [34, 42, 50]. This example
shows that the present method provides high efficiency regardless of the type of the exact

solution for the problem.
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0.0 0.2 0.4 0.6 0.8 1.0
t

Figure 10 The graph of the approximate solution for several choices of v at m =10, 8 = v and the exact
solution for Example 7
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Figure 11 The graph of the absolute error function at m=10and 8 = v =1 for Example 7

Table 5 Comparison of the absolute errors at 8 = v =1 for Example 7

t Present method Rahimkhani’s [42] Nemati's [34] Yuttanan's [50]
m=9 m=10 M=12 M=41 M=16

0.0 711 x10713 3.08 x1074 593 x1079 0 0

0.2 397 x10713 805 x107"° 227 x10710 197 x1071° 342 x10713
04 148 x10713 281 10714 1.22 x107° 536 x107" 333 x107"3
06 427 x10713 470 x10713 557 x107° 329 x 10710 895 x10713
0.8 236 x10712 292 x10712 456 x107° 9.01 x10710 7.76 x10713
CPU time 0.0625s 007815 - - -

Example 8 Consider the following fractional delay differential equation [42]:

1
D'y(t) = 1 — 2> (Et), te[0,1], ve(l,2],

y0)=1, y(0)=0.

(6.30)

The exact solution for this problem is y(¢) = cos(t) when v = 2. Figure 12 shows the ob-
tained approximate solution for various choices of v with the exact solution for v = 2. It
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Figure 12 The graph of the approximate solution for various values of v at m =10, 8 = 1 and the exact
solution for Example 8
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Figure 13 The graph of the absolute error function at m=10, § = 1 and v = 2 for Example 8

can be seen that as v converges to 2, the approximate solution approaches the exact solu-
tion for v = 2. Figure 13 displays the absolute error function for v = 2. This graph shows
that the presented method has a good convergence rate and its solutions are accurate.
Table 6 presents a comparison between the obtained results and those reported in [42]
in terms of absolute errors. It can be noted that our method outperforms the method in
[42] since the absolute errors achieved by the introduced method are less than those in
[42] for all corresponding cases by using a fewer number of basis functions for each case.
This demonstrates the agreement of our method with the exact solution with reasonable
computational costs.

Example 9 Consider the following fractional delay differential equation [44]:

1 1 1 1
DVy(t) = Ey(t) + Ey (Et) Dvy (—t) , tel0,1], ve(0,1],

2 (6.31)
(0) = 1.

This problem has the exact solution y(¢) = ¢’ when v = 1. The approximate solution for dif-
ferent values of v is plotted in Fig. 14 along with the exact solution for v = 1. The absolute



Ahmed and Al-Sharif Boundary Value Problems (2024) 2024:107

Table 6 Comparison of the absolute errors at 8 =1 and v = 2 for Example 8

t Present method Rahimkhani’s [42]
m=6 m=8 m=10 M=10 M=14 M=18
0.0 259 x1078 257 x1071 1.64 x 10714 233 %107 1.05 x1071° 162 x107"
02 881 x107° 353 x10713 631 x1071 801 x1078 321 x1071 330 x10713
04 6.76 x1079 7.24 x10712 149 x107'2 378 x1078 381 x1071 417 x10712
06 940 x 1070 6.89 x10712 930 x 10712 1.01 x10™ 131 x10° 1.08 x1078
038 8.18 x107° 1.69 x 10712 2.89 x107 142 x1074 1.82 x107° 162 x1078
CPU time 0.1875s 034375 06874 s - - -
4.5 T ™
4.0 g
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5 ]
> 25 i
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t
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Figure 14 The graph of the approximate solution for various values of v at m =9, 8 = v and the exact
solution for Example 9
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Figure 15 The graph of the absolute error function at m=9and 8 = v = 1 for Example 9

error of the presented method is drawn in Fig. 15. These graphs demonstrate the conver-
gence of the obtained approximate solutions to the exact solution. Table 7 compares the
results obtained by the present method with the those in [44]. It can be seen that our re-
sults are in agreement with the results in [44] for m = 8 and slightly better for m = 9. This

means that the presented method is compatible with the method in [44] for this problem.

For all tested examples, the presented method has found the solutions with high accu-
racy within acceptable computation costs. We can observe that using fractional values of
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Table 7 Comparison of the absolute errors at 8 = v =1 for Example 9

t Present method Saeed's [44]
m=28 m=9 M=9

0.0 940 x107 247 x10712 0

02 1.94 x107" 1.11 x107! 1.15 x107"
04 2.11 x10712 6.23 x10713 6.30 x107'2
06 643 x1071" 2.95 x 107 157 x107"
038 523 x107 1.64 x107" 6.08 x107"
1 171 x1071° 645 x 107 836 x 107
CPU time 045315 06718 12100's

B leads to a good rate of convergence and a low number of basis functions is required
to obtain satisfactory results when the solutions of fractional delay differential equations
contain terms with fractional powers or when the fractional derivative v is a proper frac-
tion.

7 Conclusion

This paper has used FCHFs and their properties to provide an accurate numerical method
for solving fractional delay differential equations. The fractional derivative was considered
in the Caputo sense. The problem of finding a solution to a fractional delay differential
equation was transformed into the problem of solving a system of algebraic equations. The
convergence of the presented approximation has been discussed. The introduced method
has been applied to solve many problems and the obtained results were compared with
exact solutions and some other published numerical methods. It can be observed that the
presented method has high accuracy by using a smaller number of basis functions than
other methods used in the comparisons. This reveals that the presented method is effi-
cient, accurate and its performance is quite satisfactory, which establishes the significance
of the present method for solving fractional delay differential equations.
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