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Abstract: High-order pantograph Volterra-Fredholm integro-differential equations (P-VF-IDEs) arise
in various scientific and engineering applications, where systems exhibit delay or scaling in their
dynamics. This paper investigates a class of high-order P-VF-IDEs characterized by the presence
of both Volterra and Fredholm integral terms as well as pantograph delay elements. We propose
a spectral tau approach to approximate the solution P-VF-IDEs in both one- and two-dimensions.
In particular, we employ the operational differentiation and integration matrices to approximate the
integro-differential operator, transforming the continuous problem into a system of algebraic equations,
and providing high accuracy with fewer computational modes. Numerical experiments illustrate the
accuracy and convergence properties of the spectral Legendre tau method in solving high-order P-VF-
IDEs and demonstrate its efficacy compared to other spectral approaches.

Keywords: pantograph Volterra-Fredholm; High-order integro-differential equations; spectral
method; Legendre tau
Mathematics Subject Classification: 651.05, 65R20, 65N35, 65103

1. Introduction

The goal of this paper is to develop Legendre spectral tau approaches for the following high-order
Pantograph Volterra-Fredholm integro-differential equations (P-VF-IDEs):
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e One-dimensional case:

n n n Dk X X o
D P = g0+ ) e®(pex) + f diy®(s)ds + f ey(s)ds + f fy(s)ds, (1.1)
k=0 k=0 k=0 YO0 0 0

subject to

d*y(0) _
dx*

e Two-dimensional case:

ni m 8k1+k2 X1, X 0|
ZZbk.b kyfalkz 2~ g + f f cy(s1, s2)dsidsy + f f dy(s1, s:)ds1ds,

ki 0](2
PixI fl’m (9"1*"2y(s1 $2) S O Ry(pixy, paxa)
— b s idsy + fi ’
Chibe ™ Ak ¢s1452 ki.ky ki .k
kl Ok2 f X, 0x;)’ qu:OkzZ:O 0x; 0xy’
(1.2)
subject to
9“1y(0, x
M:Ql’kl(xa), kl:O,l,"',]’ll_l, OstSO-Z’
oxy'
ok ,0
y(il ) = 024, (11), kr=0,1,---.m—1, 0<x <o
Ox:
2

The problem under consideration involves several key parameters: the coeflicients by, ¢y, d, e, f (1D
case) and by, 1,, €k, k> [0 € d (2D case), which weight the contributions of derivatives, delay terms,
and integral operators; the pantograph-type proportional delays p, € (0,1) (1D) and py, p» € (0,1)
(2D), introducing proportional delays such as y(pix); the fixed integration limits o,0,0, > 0,
defining the domains of Fredholm integrals; and the initial conditions g, (1D) and 0, 4, (x2), 02.4,(x1)
(2D), which prescribe initial values for y and its derivatives. Special cases demonstrating the
problem’s generality include lower-order systems where n = 0 reduces the 1D equation to a delay
Volterra-Fredholm integral equation; non-delayed systems with p, = 1, recovering classical
integro-differential equations; pure Volterra dynamics achieved by omitting f (1D) or the Fredholm
term (2D) to isolate Volterra behavior, or removing e (1D) or the Volterra term (2D) to focus on
Fredholm interactions; single-integral equations formed by discarding mixed integrals; and
pantograph-free cases with ¢, = 0 and f;, s, = 0. These examples illustrate the framework’s flexibility
in unifying several problems while addressing novel combinations of high-order derivatives,
multi-delays, and mixed integrals.

High-order P-VF-IDEs represent a class of mathematical models that integrate effects of time delays
proportional to the independent variable, known as pantograph terms, with both Volterra and Fredholm-
type integro-differential equations. These equations arise in various fields, including control theory,
population dynamics, and systems biology, where they model processes influenced by historical states
and time-dependent interactions [1,2]. A pantograph is a mechanical device that collects electric
current from overhead wires to supply power to electric trains and trams. Its name originates from
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a historical mechanical device used for copying and scaling drawings based on similar principles of
motion transfer and scaling. In electric transportation systems, the pantograph ensures a consistent
connection with overhead conductors, facilitating a continuous and stable flow of electricity to the
vehicle. The term also originates from early drafting instruments used for geometric replication and
proportional scaling [3,4]. Numerical approximations of P-VF-IDEs face significant challenges due
to the integration of proportional delays and mixed integral terms. These complexities necessitate the
use of adaptive numerical methods to achieve high accuracy. Common numerical techniques include
the collocation approach [35, 6], the direct operational tau approach [7], the spectral tau approach [8],
the Taylor polynomial scheme [9], the Adomian decomposition method [10], and the Laguerre matrix
scheme [11].

Over the years, spectral methods have proven highly effective for approximating solutions to
differential and integral equations, particularly when the data and solutions are smooth. These
methods use global polynomial approximations, making them especially suitable for problems
requiring high accuracy. Since the solution of a delay differential equation (DDE) globally depends
on its history due to the delay variable, a global spectral method presents a good approach for solving
DDEs by capturing the entire solution behavior with high precision across the domain. For instance,
Rahimkhani et al. [3] proposed a numerical method for solving fractional pantograph differential
equations using the Miintz-Legendre wavelet approximation. This approach emphasized the
operational matrix of fractional-order integration to reduce the differential equation to a system of
algebraic equations, facilitating efficient numerical solutions. Ezz-Eldien and Doha [12] proposed a
numerical method for solving pantograph Volterra integro-differential equations using a Chebyshev
collocation technique. Yang and Hou [14] extended the Jacobi spectral method to nonlinear fractional
pantograph differential equations by transforming them into Volterra-Fredholm integral equations.
Ghomanjani et al. [15] introduced a Bezier curve-based approach for solving Volterra
delay-integro-differential equations and linear systems with distributed input delay and saturation.
Their method involved a two-step approximation strategy, where the time interval was divided into
subintervals, and piecewise Bezier polynomials were applied. Huang et al. [16] utilized the
discontinuous Galerkin method for the numerical treatment of pantograph-type differential equations.
Qin et al. [17] developed an hp-version fractional spectral collocation method for weakly singular
Volterra integro-differential equations with vanishing delay, demonstrating that approximations in a
fractional polynomial space can achieve exponentially decreasing errors even in the presence of weak
singularities. Zaky et al. [18-21] formulated and analyzed spectral collocation schemes for solving
broad classes of linear/nonlinear integral/differential equations. Rahimkhani et al. [22] introduced the
Hahn wavelet method for fractional-order integro-differential equations, transforming them into
integer-order forms using the Laplace transform. This approach allows for continuous and
differentiable solutions without requiring operational matrices.

This study enhances the numerical treatment of high-order P-VF-IDEs by addressing a literature
gap through the following contributions. The Legendre spectral tau method is introduced to
simultaneously manage high-order derivatives, multiple pantograph delays, and mixed
Volterra-Fredholm integrals within a unified framework. While existing methods, such as Chebyshev
collocation [12, 13], Jacobi spectral techniques [14], or Miintz-Legendre wavelets [3], focus on
specific aspects (e.g., Volterra-only integrals or one-dimensional cases), The proposed framework
unifies these elements, tackling equations previously considered intractable due to their combined
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complexity. By integrating high-order derivatives, multiple delays, and mixed integrals, this approach
goes beyond the disjointed methods found in current literature, establishing a basis for future

advancements in fractional or partial P-VF-IDEs.

This paper is organized as follows: In the next section, we provide some necessary properties of
Legendre polynomial approximations. In Section 3, we construct the Legendre tau scheme for solving
the one-dimensional high-order P-VF-IDEs. In Section 4, we extend the numerical scheme for the two-
dimensional case. Section 5 provides some numerical results to clarify the schemes. The conclusion is

given in the last section.

2. Legendre polynomials

The shifted Legendre polynomials P7(x), defined on the interval Q = [0, o], are the eigenfunctions

of the Sturm-Liouville problem:

i (x(O' - x)iP?(x)) +i(i+ DP/(x)=0, xeQ,
dx dx

and can be expressed as:

Sox S L, (i+p)!
Px)= > C,— = U L AR
o ; ot Zﬂ( T

where C;, = (—1)1'—1’%. These polynomials satisfy the derivative conditions:
d’ . (i+9)! d’ i+ s9)!

P/ (0)=(-1)""———, and Pl(0) = —————.

dxs ' @=h (i—s)!slos dx’ (@) (i—s)!slos

The shifted Legendre polynomials satisfy the orthogonality relation:

o o
P (x)P? = ——0;
fo § (P, () dx = 5——0ip,

where 6;, is the Kronecker delta. Any function y € L*(Q) can be expanded as:

© 2 1 Yo
y(x) = Z a;P](x), where a; = l; f Y(x)P] (x)dx.
0

i=0

Let Proj}, denote the orthogonal projection operator:
Proj§, : L*(Q) — Sy, Sy =Span{P{(x): 0<i< N}

This projection is given by:

N
Projfy = yv(0) = ) a;P{(x) = AL 0F(x),
i=0

2.1

(2.2)

(2.3)
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where:
Ay =1la; for 0<i<NI', @) =[P7(x) for 0<i<N]|". (2.4)
For functions y € L*(Q; x Q,) with Q; = [0, 0] and &, = [0, 0], the approximation becomes:
NI No
Y 22) = 30 @ TP ) = ARy g T (41, x2), (2.5)
i=0 j=0

where:

A = la; for 0<i<NLO<j<A|,

(2.6)
T
O (x1,x0) = [PU(x)PTH () for 0<i< N, O<j< N .
The coeflicients a; ; are computed via:
Qi+ D2j+1) (7 [ - -
ai; = ! ¥, )P (2P () dxi . 2.7)
0102 0 0

3. One-dimensional case

The spectral tau approach for (1.1) is to find yy € Py, such that

n n n Dk X X T
D b = en) + Y e + Y f iy (s)ds + f eyn(s)ds + f Fyn(ds. (3.1)
k=0 k=0 k=0 YO 0 0

Now, we denote

yn(x) = AL DT (%), (32)
gn(x) = GLOF (%), '
where Gy 1s a known vector given by

25+

Gy =081, .enl"s & f )P (x)dx.
0

If we denote xy j, by the Legendre Gauss quadrature nodes on the (0,0) and @y j, by its
corresponding Christoffel numbers, then we have

U 2j+1
B a

N
8j Z TN o 8(XN ko) PT (XN k)
k=0

The following theorems are of great benefit later.

Theorem 1. [23] The derivative of order k for the vector ®F (x) is given by:
k

dxk

where D'V = (d, })o<r.j<n» and

k
OF(x) = Dy @5 (x);  Doway = (D) (33)

2 =1,3,--- ,N=-1, Ni ,
20j+1). re=j+s {s is even
o

d.j= s=1,3,---,N, N is odd,

0, otherwise.
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Theorem 2. [24] The integration of the vector @ (x) is given by:

f OF (0)dx = Iy 1P (%),
0

where

i i+ jrk+l: ;
(D) G+ I+ Do
Iin 1y = (Bijosijns Bij = Z Z (i—

k=0 1=0

Theorem 3. For 0 < p < 1, the pantograph operational matrix Q , , can be defined by
(D%(px) = QN,qu%(X)’

k Curp' [
where Qy , = (q; o<k jen, and qr i = Zo —
r=

Proof. We start by expressing P](px) by:

k I \-r
o px
P{(px) = ) Cip—.
r=0 o

Expanding x” in terms of P‘J.T(x), j=0,1,--- ,N, by

N .
, > 2j+1 (7, . ,
x = E 1riPTs fri= = ﬁ x" P (x)dx, 0< .

A combination of (3.6) and (3.7) then yields

PT(px) = Z Ckrp [Z f,]P‘T] ZP (Z Cirp" fr])
0

Jj=0 r=

Cot' fro o Cord' fr S Cur't, '
:[Zk OZk “’Z ko-rN

r=0 r=0 r=0

O (x),

which completes the proof.

Application of Theorems 1-3, we have

dk)’N(x)
dxk

f yn(9)ds = AQ I @5 (%),
0
yN(px) = A/Y;/QN,pq)Z(x)v

d'yn(px) .
ygxf = AADin i Qu , P (),

f yn(ps)ds = AT Qu, PL(X).
0

= A D@5 (%),
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Using Theorems 1-3, and with the help of (3.9), the residual Ry (x) for (3.1) is given by:

n

Rn(x) = Z b AR Dy 1y @F(x) — Z RAND W Qup, PX(X) — eAR Ty, 1 @, (x)

oo =0 (3.10)
- Z A AND N BN Qup, PR (X) = fago — GL DR (%),
k=0

According to the spectral tau method, the numerical solution for (1.1) is obtained by generating
N + 1 linear algebraic equations as follows:

f Ry ()P (x)dx =0, k=0,1,--- N —n, 3.11)
0
AN Dy 1y @5(0) = oy, k=0,1,---,n—1. (3.12)
Define the vector UMj\/, i=0,1,--- ,N —n, as follows:
o

i

o =6,
No2i+1
where e; is the NV + 1 standard basis vector. Then the system of equations (3.11) simplifies to:

Z bkA)Y\W/D(N,k)O'Mi\( - Z CkALD(N,k)QN,PkO'M;‘V - Z dkAi/D(N,k)I(N,l)QN,pkUMi\/ (3 13)
%=0 k=0 =0 .

- eA/TVI(N,l)O'MiV - fO'z(SioA/Y;/eo - g/Y;/O—sz = 0, i= O, 1, ce ,N —-n,
If we denote E;, i =0,1,--- ,N —n, by

n

Ei= Z b (”MiV)T Diy s~ Z Cr (ffMi\/)T Qup v = Z di (rrMiv)T Qv Xin Py
k=0

k=0 k=0
- \T
T 2,.T :
—e(oMy) Ty, - fonoe),  i=0,1,-- N-n,

and ,
_ (o T -
Ci_(d)N(O)) D i=0,1,---.n—1,

then the solution of the main problem is reduced to the system
SAN =B.
The coefficient matrix S is expressed as:
i T ]
0 T T T T T T T 20T
(“MN ) (ZLO ka(N,k) - CkQN,ka(N,k) - deN,ka(N,l)D(N,k) - eI(N,l)) - fo'e,
( Ml r ( n b DT T DT d T IT DT IT
o N) 20 BiD gy = Qv Piny = Qv Iin ) Diny — € <N,1))

-n r n .
S = (oMﬁ ) (Zk:O ka(TN,k) - CkQ/TV,kaT(TN,k) - de/TV,ka(TN,l)D(TN,k) - eI(TN,l))
o T
(@%(0)) Dy,

(22.0) Dy,
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Compactly, we can write S as:

,Cn—l J

where each E; is a row vector of length NV + 1, and the total system is of size (N + 1) X (N + 1). The
right-hand side vector B is given by:

oo
(=3
q

u.|°~°w|‘i°
ShalS

— EN-nT
B = 2N-2n+1

4. Two-dimensional case

In this section, we employ the Legendre spectral tau method to solve the two-dimensional high-
order pantograph-type Volterra-Fredholm integro-differential equation:

R, Ry ) :
Zzbklkz L2 g(xl,xz)‘i‘f f cy(s1, s2)dsids,

kl kz
k1=0 k=0 a 8

P1X] p2X2 okitke (s .S )
f f dy(sy, s7)dsds; + f f €k, ko Z lkz 2 ds\ds, 4.1)
k1=0 kp=0 dx;

1Ry (pyxy, paxs)
+ Z Z ﬁq,kz ’

oo
k1=0 k2=0 9x;' Ox,

subject to the initial conditions:

ok ,
% 1k1(0x2) k1:0,1,...,n1—1, OS)CzSO'z,
X
4.2)
a2y(x,
y(;#;x"') 020(11.0), K =0,1....m~1, 0<x <oy,
X

where 01,0, ¢, d, by, ky» €k, ky» A0 fi, 4, (for 0 < k; < ny, 0 < ky < ny) are known real constants.
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As a spectral approach, we seek an approximate solution yy, , € Py, X Py, such that:

ni n

k1 +k
b a ! 2y/\/| Nz(xla x2)
kuke ki g,k
k1=0 ka=0 0x,'0x,

ffdleNz(sl,SZ)dsldSZ"'f fCYNlNz(Sl,SZ)dSIdSZ

Z p 1 Ryn no (P11, P2ax2)
ki ka ki ok
ox,'0xy

Okz
D1X1 p2X2 ak1+k2yN N(sl 52)
1L.N2\O T
€l k dSIdSZ.
1.k2 9 "‘6 s
k1 0k2 X1 0Xy

= gN] Nz(xla x2)

4.3)

We represent the approximate solution yx, », and the right-hand side function gy, s, in terms of
Legendre basis functions:

yN1,N2(xla xZ) = Nl N> (D(rl 72 (X], XZ)

1.0 “4.4)
N (X1, X2) = Gy, q)N1 N, (X1, X2),

where Gn, n, 18 a known vector given by:

T
gNl,Nz = [g0,0’ g1,09 . e 9gN1,0, gO,l’ ey gNl,Nz] 5

and the coefficients g; ; are computed as:

Qi+ DHQ2j+1) [ ! . .
gi,j = J f f g(xl,xz) Pi l(xl)sz()Cz) dxldX2.
0 0

010>

The following matrix operators are defined for differentiation, integration, and scaling:

Theorem 4. Let I, and Iy, denote the identity matrices of orders (N1+1) and (N, + 1), respectively.

Then: '
‘9_9511< D%V, (X1, x2) = Dy O %0 (x1,x2),  Dag = Dvyny @ In,, (4.5)
ak
Wq)i}] N (X1 X2) = Do gy DLY (x1,%2), Degy = Ing @ Do, 29, (4.6)
X
f QLN (51, x2) dsy = Ly UG (v, %), Ly = Iy ® Inss 4.7)
0
X
f QN (X1, s2)disa = L1y DG (x1,%2), Loy = Iy ® In, 2, (4.8)
0
N1 NZ(Plxl,xz) = Q) Z"fﬁz(xl,xz), Qip = Qnyp ®In,s (4.9)
(Dm " (xl,szz) =G, (I)Ul o (Xl, X)), Gp =1y ® Qs - (4.10)
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In virtue of (4.4)—(4.10), we have

k
— AT 01,072
axkle,Nz(xla x2) = Any o Do @y w, (X1, X2),

k

— AT 01,02
ERRlY N (X1, X2) = Ay A, Dai Py, (X1, X2),
2

X1
— AT 01,02
j(; YniN (81, x2)dsy = ANI,NZI(I,I)(DNI,NZ(xl» x2),

X2
f YnN (X1 82)d sy = AN1 mlae 1)(D (/TV (x1, x2),
0

T E
le,Nz(plxla x2) = ANI,NZQl,plq)O-l 0/3 (-xla xZ)’
T
YM Nz(-xlapZ-xZ) = 14N1 NzQZ pzq)ol\—(l NQ(-xla -x2),

YN Nz(pl-xla 2x2) = )\/1 Nle szZPZ(DO-l " (.Xl, XZ)

Using the basis representation and matrix operators, the residual Ry, 5, of (4.3) is given by:

nj n

— T 01,02 T 01,02
Ring (X1, X2) = Z Z biy ko Ay vy Dy Dy Py, (K15 X2) = Gy jy Py, (X1 X2)

k=0 k2=0
—dAY  Tan Lo @72 (x1,x0) — cop0mma
NN, <~ (L1 2.1 NN 15, A2 10 260,0
ny n

T 01,0
= >0 D ki ARy Dk Doy Lan Lo Qi py Qo O (1, 12)

k1=0 k=0
ny  n

- ﬁq kz N N D(l k) D(z ko) Ql Pl Qz P2 q)a-l o2 (Xl, Xz)
1,N2
k1=0 k=0

4.11)

The system of (N; + 1)(N, + 1) algebraic equations is obtained by enforcing the residual to be

orthogonal to the basis functions:

(o) 1
f f” Rina (X105 X2,7) P (x1) P72 (x2) dxidxy = 0,
o Jo

0<i<Ni—n, 0<j<N;—ny,

AN Dk QLN 0, x2)) =01 (x2), 0<ki<m—1, 0<j<N,

T R _ .
ANl,Nz D(zakz) (D;lljéz(xl,j’ 0) - Qz,kz(xl,j)a O < kZ < ny — 1’ n < J < Nl’

where x;; and x, ; are the roots of Pi}l ,,(x1) and Pi}z .1 (x2), respectively.

Define the vector ey = €y ® e, and UIMM% i i = 0L Ny =ny, j=0,1, N
follows:
0'1,0'2M;\?1/\/2 Ml ®(TszV2, i:0’17”"N1_n1’j:Oalv"'aNz_nQJ

(4.12)

(4.13)

(4.14)

— np, as

AIMS Mathematics Volume 10, Issue 3, 7067-7085.
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then the system (4.12) is simplified to:

ni n

T o T i.j T Lj
Zbkl’kZ AN1,N2 D(Lkl) D(z’kZ) O'I’U'ZMNl N> gNl Na "'1""2MN1,N2 N dAleNz I(l’l) IQ’I) O'I’O'ZMNl,Nz
k1=0 k=0

ny  np
2 2 T T L.J
— €01030i00 oA, n, €00 — Z Z Jedo Ay py Dtk Deiny Qupy Qo.ps .M,
l1=0 k=0
ny  np
T i.j
- Z Z e ko Any no D) Doy Lan Lo Qipy Qo ps 01,0 My, -
k1=0 k=0
Denoting E; j, i =0,1,--- , Ny —ny, j=0,1,--- , N, —ny, by
ni n
— bj T i,j
Eij= Z Z bia to (U'Is0'2MN1,N2) Dirsey Diraey =@ (mmMNl,N) TonLi
k1=0 k=0
ny  ny
2 2 T T T
— ¢ 07030000 jo€y) — Z Z Jicrda m o2 N1 Nz) Q, szl 2Pk D)
=0 k=0
ny  np
- Z Z €k ka (01,0'2 N| Nz) QZ D2 1p1 (2 I)I(l I)D(2 kz)D(l k1)?
J1=0 k=0

and

Ciiy = (02 0. %)) Dy i=01m =1, j=0,1- A,
C2,i,j:( GIUZ(XIJ’O)) ZD(TZJ')’ i:(),l’”'9n2_1’ j:nl’nl+]~9”.’Nl'

The solution of the main problem is reduced to the system
SA Ni N>, = B,
where

T

S = [Eo,o; Eotrs 5 Enj—nyNo—nrs C1005 Cronss 5 Cinm—inss Cooms Coomg+1s 5 C2,n2—1,N1] ,
_ [go,00'10'2 8010102 020102 EN - No-1,0 172

(O~ MG T MO TNy =20+ DNy = 2np + 1)

,01,0(x20),
T
010(x21), *+, Otm-10X205)5 020(X1,0,)502,0(X15041)5 7+ 5 Qz,nz—l(xl,Nl])] .
5. Numerical results

5.1. Convergence test

In this subsection, we analyze the convergence behavior of the proposed numerical method. We
consider a test problem with an irregular solution and compute the maximum absolute errors (MAEs)
for different values of N.

AIMS Mathematics Volume 10, Issue 3, 7067-7085.
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We consider the following P-VF-IDE:

2 X ix 1
d y(zx) + D) ly(EX) +f y(t)dt+f y(®) dt+f y@) dt +g(x), 0<x<I1, (5.1)
dx dx 2°\3 0 0 0

with the initial conditions:

_ dy(0)
y(O) - Oa dx -

The function g(x) is chosen such that the exact solution is:

0.

y(x) = X

We apply the proposed numerical scheme to this problem for various values of N. The MAEs of
the numerical solution yx(x) are computed and summarized in Table 1. The MAEs decrease as N
increases, demonstrating the method’s high accuracy. The convergence behavior is further visualized in
Figure 1. The results demonstrate that the proposed numerical method achieves excellent convergence
for problems with irregular solutions. The decay of errors with increasing N highlights the efficiency
and robustness of the method.

Table 1. The MAEs of y,(x) for problem 5.1.

N 4 8 12 16 20
MAE 8.2705x 107 4.9139x 107® 6.0563 x 1077 1.5001 x 1077 4.9759 x 1078

Log MAE

Figure 1. Convergence of the approximate solution for problem 5.1.

5.2. The numerical stability test

To numerically investigate the stability of the spectral tau method, we consider the following
Volterra integro-differential equation [25]:

dy(x)
dx

with the initial condition y(0) = 0 and the exact solution y(x) = 1 —e™.
To assess the stability of the method, we introduce perturbations to the right-hand side and the initial
condition. Specifically, we consider the following perturbed problems:

X 0.5x
= y(0.5x) + f y(t)dt + f y)ydt+1-15x, 0<x<1, 5.2)
0 0
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(i) Perturbed right-hand side: The perturbed right-hand side problem is given by:

dz(x)
dx

X 0.5x
=z(0.5x) + f 2(t) dt + f 2(Hdt+1-15x+¢€, (5.3)
0 0

with the initial condition z(0) = O and the exact solution z(x) = 1 — e™*, where ¢, is a small
perturbation parameter. This perturbation tests the sensitivity of the method to changes in the
forcing term of the equation.

The maximum absolute errors, |[yx(x) — zx(x)|, for the perturbed right-hand side problem (5.3) are
computed for several values of €,. The results are summarized in Table 2.

Table 2. Maximum absolute errors for the perturbed right-hand side problem (5.3).

N e =0.1 e = 0.01 e = 0.001
6 0.15237708 0.01523770 0.00152376
8 0.15237709 0.01523770 0.00152377
10 0.15237709 0.01523770 0.00152377

(i) Perturbed initial condition: The perturbed initial condition problem is given by:

dz(x)
dx

X 0.5x
=z2(0.5x) + f z(H) dt + f z(H)ydt +1 - 1.5x, 5.4
0 0

with the perturbed initial condition:
z(0) = &,

where ¢; is a small perturbation parameter. This perturbation tests the sensitivity of the method to
changes in the initial condition.

The maximum absolute errors, [yy(x) — zx(x)|, for the perturbed initial condition problem (5.4)
are computed for several values of €. The results are summarized in Table 3.

Table 3. Maximum absolute errors for the perturbed initial condition problem (5.4).

N € =0.1 € =0.01 € = 0.001

6 0.34154212 0.03415420 0.00341541
8 0.34154212 0.03415421 0.00341542
10 0.34154212 0.03415421 0.00341542

The numerical results demonstrate that the spectral tau method remains stable under small
perturbations to both the right-hand side and the initial condition. The errors introduced by the
perturbations are proportional to the perturbation parameters €, and ¢;, indicating that the method is
robust and well-conditioned. Specifically:

e For the perturbed right-hand side, the errors decrease linearly with .
e For the perturbed initial condition, the errors decrease linearly with ¢;.

These findings confirm the stability of the spectral tau method and its ability to handle small
perturbations without significant loss of accuracy.
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5.3. Comparison test

In this subsection, we evaluate the performance of the proposed numerical method by comparing it
with existing methods.  Specifically, we consider the following Volterra integro-differential
equation [25]:

dy(x)
dx

X 0.5x
= y(0.5x) + f y(t) dt + f yit)ydt+1-15x, 0<x<1, (5.5
0 0

with the initial condition y(0) = 0 and the exact solution y(x) = 1 —e™.

For the solution of this problem, Zhao et al. [25] used the spectral collocation approach based on the
Sinc function (SCSFM). This method reduces the problem to solving a system of algebraic equations.
In Table 4, we compare the MAEs of yy(x) obtained using our method with those obtained using the
SCSFM [25].

Table 4. Comparing MAEs of yx(x) given using our method against those given using the
SCSFM [25] for 5.5.

SCSFM [25] Our scheme
N MAE M MAE
10 1.2608 x 10~* 2 7.1205 x 1073
20 2.2598 x 1076 4 1.6006 x 1073
30 9.5984 x 1078 6 22379 x 1078
40  7.1028 x 10~ 8 1.9964 x 107!

1.0957 x 10714
4.0571 x 1071¢

50  7.4603 x 10710
60  9.7609 x 107!

—_
N O

The results in Table 4 demonstrate that our method achieves significantly higher accuracy compared
to the SCSFM, especially for larger values of N. For instance, with N' = 12, our method achieves an
MAE of 4.0571 x 107'®, whereas the SCSFM achieves 9.7609 x 107! with ' = 60. This highlights
the superior convergence properties of our method.

To further illustrate the accuracy of our method, we plot the absolute error function [y(x) — yx(x)|
for N = 6,10 and 14 in Figure 2.

N =6 N =10 N =14

rrrrr

35x10™®

25x10

Figure 2. Absolute errors with N' = 6, 10, and 14 for problem 5.5.
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5.4. Two-dimensional case

In this subsection, we extend the application of the proposed numerical method to a
two-dimensional problem. The goal is to demonstrate the effectiveness of the method in solving
higher-dimensional integro-differential equations. We consider the following problem:

aSy(xl’ x2) 0.25x2 0.5x] ay(sl, 52)
— = = , + y(0.5x,,0.25 - ——dsid
ﬁxfaxg y(x1, x2) + ¥(0.5x; X2) j(; j(: o, 1482

X2 X1 1 1
+f f y(sl,sz)dsldSZ"'f f y(s1, $2) dsidsy + g(x1, x2),
0 0 0 0

where 0 < x, x, < 1, and the initial conditions are given by:

(5.6)

0y(0, x 0*y(0, x
¥0.x) = log(ry + 1), 20 _9O0) _ ),
0x; Ox;

oyx,0) _ 4

X
1
(?xz

+ 1.

The function g(xy, x;) is chosen such that the exact solution is:
y(x1, %) = (x] + D log(1 + xy).

We apply the numerical scheme presented in Section 4 to solve this problem. The discretization
is performed with N| = 4 and varying values of N,. The absolute errors of the numerical solution
Yan, (X1, X2) are computed for N, = 4, 8,12, 16, and 20 . The results are summarized in Table 5.

The results in Table 5 demonstrate the high accuracy of the proposed method for two-dimensional
problems. As N, increases, the absolute errors decrease significantly, indicating the convergence of
the numerical solution to the exact solution. To further illustrate the accuracy of the method, we plot
the absolute error function [y(x, X2) — ya, A, (X1, X2)| for (N1, N7) = {(4, 10), (4, 14), (4, 18)} in Figure 3.
To analyze the convergence behavior, we plot the logarithmic function of the MAEs for N; = 4 and
varying N, in Figure 4.

Table 5. Absolute errors of ya, a,(x1,x2) at N7 = 4 and different choices of N, for
problem 5.6.

()C],)Cz) Nz =4 N2 =38 N2 =12 N2 =16 N2 =20

(0.1,0.1)  5.695x 107 2231x10°% 7399x 1072 3.955x10°° 4.163 x 107"
(0.2,0.2) 1.763x10° 7.956x 108 1.358x 1071 1.518x 107 3.330x 1071
(0.3,0.3) 2306x107* 3.891x107 5919x1071° 7.792x 107 1.111x 1071
(04,04) 6320x10™* 1.224x10°% 1.783x107° 2277x107'2 2997 x 1071
(0.5,0.5) 1.367x1072  2739x10° 4.033x107° 5.164x 1072 6.772x 1071
(0.6,0.6) 2.603x1073 5225x107° 7.698x107° 9.859x 1012 1.276 x 1074
(0.7,0.7) 4467x107% 8894x107% 1.303x107 1.664x107'" 2164 x 107!
(0.8,0.8) 7.000x 1073 1369 x 107  2.004x 10% 2563 x107'" 3.330x 107!
(0.9,09) 1.007x1072 1.953x 107> 2.860x 107  3.654x 107'" 4707 x 104
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(N1, N2) = (4,10) N1, N2) = (4,14) (N1, N2) = (4,18)

- y

~J,
1000

Figure 3. Absolute error function of y(x;, x,) with (N1, N») = {(4,10), (4, 14), (4,18)} for
problem 5.6.

of
4t

6l

Log MAE

8f

Figure 4. The logarithmic function of MAEs of y(xi, x,) with N| = 4 for problem 5.6.

The numerical results confirm the effectiveness of the proposed method for solving two-dimensional
integro-differential equations. The errors decrease exponentially as N, increases, demonstrating the
spectral accuracy of the method. The logarithmic error plot further highlights the rapid convergence of
the numerical solution.

6. Conclusions

This paper investigated a class of high-order P-VF-IDEs, which incorporate both Volterra and
Fredholm integral components along with pantograph delay elements. We introduced a spectral tau
approach for approximating solutions to P-VF-IDEs in one and two dimensions, utilizing operational
differentiation and integration matrices to transform the continuous problem into a manageable
system of algebraic equations. This method demonstrated high accuracy with a few numbers of
computational modes. Through comprehensive numerical experiments, we highlighted the accuracy
and convergence properties of the spectral Legendre tau method, affirming its effectiveness in solving
high-order P-VF-IDEs in comparison to other spectral techniques. The results indicate that the
proposed approach is a powerful tool for addressing intricate integro-differential equations with
integral and proportional delay features.

AIMS Mathematics Volume 10, Issue 3, 7067-7085.
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