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Abstract

This work studies the fourth-kind integral equation as a mixed system of first and second-
kind Volterra integral equations (VIEs) with constant delay. Regularity, smoothing prop-
erties and uniqueness of the solution of this mixed system are obtained by using theorems
which give the relevant conditions related to first and second-kind VIEs with delays. A
numerical collocation algorithm making use of piecewise polynomials is designed and the
global convergence of the proposed numerical method is established. Some typical numer-
ical experiments are also performed which confirm our theoretical result.
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1. Introduction

In this paper, we analyze the numerical solution of mixed system of first and second-kind
Volterra integral equations with (constant) delay T > 0, given by

{ y(t) = FO) + () () + (122)(8) + Wrny) (8) + (vr122) (1), te T,

0=g(t) + (va1y)(t) + (v222)(t) + (vr21y)(t) + (vr222)(t), tE,

where I := [0,7] and the Volterra integral operators vy, and the delay integral operator
v,k are given by

(1.1)

I/klw / Kkl t S d

t—7

(Vrqw)(t) = Ku(t, s)w(s)ds, k,1=1,2 tel,
0
with
y(t) = o(t), 2(t) = ¢(t), te[-70).
Also, y,f : I — RU, zg: 1 = R2 ¢ :[-7,00 = R o : [-7,0] — R%Z Kp(.,.),
Kkk(7) S L(de), K12( ) Ky ( L(Rd2 Rdl) Kzl(.,.), Kgl(.,.) S L(Rdl,Rd2) are
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continuous functions and L(.,.) is the linear transformation space.

The Volterra equations with delays are encountered in physical and biological modeling
processes [2,12]. A historical survey of mathematical models in biology, which can be
described by Volterra integral equations with constant delays has been presented in the
monograph [6].

The numerical solutions of delay integral equations have been investigated by many
authors (see, for example, [1,3-7,10,11,16,17,19]). To the lest of our knowledge, numerical
analysis of mixed system (1.1) is new in the literature and there are a few available results
which investigate these systems numerically. Bulatov et al. [8,9] considered the integral
equation

A(t)x(t) = t K(t,s)x(s)ds = f(t), tel,

t—1
with initial value
x(t) =2(t), te[-70).

Here, A(t) and K (t,s) are sufficiently smooth n x n-matrices, 7 > 0 is a known constant
and detA(t) = 0. Sufficient conditions for the existence and uniqueness of a continuous
solution of this system were given. For more details see [8,9] and reference therein.

Here we propose the numerical solution of the mixed system (1.1) based on piecewise
polynomial collocation methods that construct collocation solutions in a certain polyno-
mial spline space S, ! ~1(2x), where Q represent a uniform partition of I. This is a linear
space of discontlnuous polynomial spline functions of degree m — 1 whose dimension is
Nm [6]. The succeeding sections of this paper are organized as follows. In section 2,
we investigate regularity, smoothing properties and uniqueness of the solution of system
(1.1). In section 3, the collocation method based on piecewise polynomials is applied for
solving system (1.1) numerically and the global convergence of this method is established
in section 4. The paper concludes in section 5 by illustrating the efficiency of the method
on some numerical examples.

2. Regularity and smoothing properties of solution

Consider the semi-explicit system (1.1) and let |det(Kaa(t,t))| > ko > 0, Vt € I. By
differentiating the second equation of (1.1) with respect to ¢, substituting for y in the
resulting equation using the first equation and applying some elementary manipulations,
we get

z(t) = g(t) + (D) (t) + (P222) () + (Tra1y)(t) + (Fr222)(t) (2.1)
+ Ko (t,t — T)y(t — 1) + Koo(t, t — 7)2(t — 7), '
where
3(t) = Ka'(t:0)(9' () + Kai (8,6) (1)),
o)) = K 60 [ (PB4 K ,0K (1,9 o(5)ds),
t s
(2)(1) = K (1,0)( /0 (‘M’fyit’) Ko (1)Kot ) ) 2(s)ds)
(rany) () = K3 (1,1)( /0 o (W + Ko () K1 (£, 5) )y(s)ds), 22)
)= K 0 [ (P 4 Kar(,0)R1a(t,9)) ()d5),
Kot t—7) = K221(t,t)f{21(t t—7)
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Equation (2.1) together with the first equation of (1.1) are the same as the second kind
Volterra integral equations with constant delay given by

y(t) = f(t) + (rny) () + (1122) () + (rny) (1) + (1122) (@),

2(8) = () + () (1) + (7222)(8) + (Fraay)(8) + (Pr222) (0 (2:3)

+ Koy (t,t — 7)y(t — 7) + Koo(t, t — 7)2(t — 7).
The solution of system (2.3) is continuous at ¢ = 0 only if the initial functions are such
that

60)= 70~ [ Kia(0.9)6()ds — [ Kin(0,5)(s)ds,
0 _ 0 _ (2.4)
p0) = 5(0) = | Kun(0.)0(s)ds — [ Kaa(0,5)i(s)ds

-7 -7

—{—Kgl (O, —T)qb(—T) + KQZ(Oa _T)SD(_T)

where K1(0,5) = Ky!(0,0)K21(0,0)K11(0,8) + 2521(0,5) and Kay(0,5) = Ks'(0,0)

K21(0,0)K15(0, s) + agt” (0,s). The conditions of existence and uniqueness of solutions
related to the mixed system (1.1) can be investigated by considering the system (2.3) and
theorems about existence and uniqueness of the solution of second-kind Volterra integral
equations with non-vanishing delay (see [6, Theorem 4.1.1]). Note that using differentia-
tion, we reduce system (1.1) to a regular system of integral equations of the second-kind.
However, this reduction to a second-kind Volterra system is not practical from a numerical
point of view.

3. Numerical method

Let 0 = t9p < t1 < --+ < ty = T be a uniform partition of I := [0,7], such that
tn = nh,n = O,...,N and QN = {to,tl, cee ,tN = T}, gg = [to,tl], Op i— (tnatn—I—l] (1 §
n < N —1). The mesh Qy is assumed to be constrained( i.e, h = T for some 7 € N ).
Consider the set of collocation parameters {cj};”’zl, where 0 < ¢ < --- < ¢ < 1, and
define the set Xy = {t, ; = t, + ¢;jh} of the collocation points.

Definition 3.1. For a given mesh Qp the piecewise polynomial space Sfbd) (Qn), with

pw>0, =1 <d< pis given by
S(Qy) = {we CUI) :w|,, €7y, 0<n <N —1}.

Here, 7, denotes the space of (real) polynomials of degree not exceeding y and C4(I) as
the set of all the functions on I, which together with their derivatives of orders up to d.

It is readily verified that S,(fl)(Q ~) is a (real) linear vector space whose dimension is given

by dim SY(Qn) = N(u — d) + d + 1.

The collocation solution u, v € Sf,?_li(QN), (bt =m—1,d = —1) to equation (1.1) is then
given by

u(t) = F(t) + /O " Kt s)u(s)ds + /0 " Kia(t, $)o(s)ds

A

- Kui(t, s)u(s)ds + ; Kia(t, s)v(s)ds,
(3.1)

tQT

A

+ Ko (t, s)u(s)ds + Koo (t,s)v(s)ds, t e Xn,
0 0

0= g(t)+ /Ot Ko (t, s)u(s)ds + /t Ko (t, s)v(s)ds
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with

If t = ¢, ; is such that ¢, ; — 7 = t,,_,; <0, the values of u,v are determined by the given
initial functions. On each subinterval o,,, the approximations u,v are the polynomials of
degree m — 1 and can be expressed in the form

u(t, + ph) = f: (3.2)
ot + ph) = 3 Vas Li(p), (33)
j=1

where U, j = u(t, + ¢jh),V, j = v(t, + ¢jh) and L;(p) represents the Lagrange canonical
polynomials for the collocation parameters {c;}. Let us apply the change of variable
p=(s—ti)/h, (i=0,..,n),and insert (3.2), (3.3) into system (3.1). There are two cases
that we deal with separately.

Case I: If n —r < 0, then

n—1 m

Uni = Jltng) 4033 ([ Kirltuots + ph)UsLel)do)
0 k=1

n—1 m 1
=3 / Kia(tnj, ti + Ph)Vi,kLk(P)dp)

i=0 k=1 70

+h Y (/O g Ki1(tnj, tn +ph)Un’kLk(p>dp)
k=1

_l’_

Ry ( / 7 Kyt e + ph) Vi Li(p)dp)

k=

—h Z / Kll tnjatz + Ph)¢(tz + ,Oh)d )

znr+1

,_.
—~
«
.
N—

h }: /Kw bngoti + ph)p(t: + ph)dp)
t=n—r+1
1

—h Kll(tnja tn—r + ph)gb(tnfr + ph)d

Cj

J
_h/ K12 Tl]7 n 7‘+ph) (n r+,0h)d,07
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n—1 m 1
0= Z Z / K21(tn,ja ti + ph)UinLk(p)dp)
0 k=1

n—1 m 1

Z Z (/ tn,]ytz + ,Oh)vi,kLk(,O)dp)

1=0 k=1

+h (/ lnj,tn +ph)Un’kLk(p)dp)
k=1

3

+h (/ K22 njat +Ph)V kLk( )dp)
k

_h Z / Rou(tn,j, ti + ph)o(ts + ph)dp)

znr+1

Il
—
—
«w
(@)
~

_h Z /K22 (bn g ts + ph)p(ti + ph)dp)

1= n r+1
—h K21(tn,ja tnfr + ph)qb(tnfr + ph)dp
S

1 A
_h/ K22(tn,ja tn—r + ph)@(tn—r + ph)dp.
¢j
Case II: If n — r > 0, then

n—1 m

Uns = Fn) #0323 ([ Kisltngt + phUis (o))
=0 k=1
n—1 m 1
=3 /0 Klz(tn,j,tz’+,0h)Vi,kLk(,0)dP>
i=0 k=1

3

+h Z / K11(tn,j, tn + ph)UnpLi(p )dp)

3 \

+h / K12(tn7j, t, + ph)Vn’kLk(p)dp)
k=1

(3.6)

n—r—1 m

+h Z Z / Kll tnjatz+ph)Uszk( )d)

=0 k=1
n—r—1 m

+h Z /OKl?(tn,jati+Ph)Vi,kLk(P)dp)
=1

CJ N
Kll(tn,j, tn—r + ph)Un—r,kLk (p)dp)

i\
o

h

NE

o

+
B
’l

NE

Cj
(/0 K12(tn]7 tp—r + ph)vn—r,kLk(p)dp)a
1

+h
k



Piecewise polynomial numerical method for Volterra integral equations

0= n.j) ZZ /K21 tnj,ti + ph)Us 1 Li(p )dﬂ)

=0 k=1
n—1 m

+hY N (/01 Koo(tnjsti + ph)VikLi(p)dp)

i=0 k=1
h

+
NE
N

[e=]

Cj
/ KQl(tn,ja tn + ph)Un,kLk (P)dp)

i

1

_|_
>
NE
/N

Cj
/0 Koo (tn j,tn + Ph)Vn,kLk(P)dp)

-1

3 >
|l
S =

L
™
Ms

/KQI tn]atz+ph zk:Lk dp)

=0 k=1
n—r—1 m

+h Z / K22 n];t +Ph szk dp)
=0 k=1
m ¢

+h ( 0 K21( SR tn— r+ph) n— rkLkz dp)
k=1

m

+hz / K22 tnjatn r"‘ph)vn rkLk’( )dp)
k=1

79

(3.7)

Approximating the integrals in the obtained system by using appropriate quadrature

rules

¢ m 1 m 1 m )
/O w(S)%;amw(Cg’)’ /()W(S)%j;bjw(@')’ /C w(S)%;aijw(Cj)

1
where a;; 7/ p)dp, a;j = / Li(p)dp, b; 7/0 Lj(p)dp. For n such that n—r <0,

we get
U,= f,+KuU, +K{2V, + Z (K11:U; + K12, V)
B i=0
- Y (Kuid; + Kioipy) — Koy, — K125y,
i=n—r+1
0= g, +KuU, + KV, + Z (K21;U; + K22, V;)
» i=0
- Y (Koo + Kooipp) — Koi¢,,, — Ko®,, .,
i=n—r+1

and for n such that n —r > 0, we have

(3.9)
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where

B = (8t + c1h).o 0t + ) 7= (it + erh), .., plts + enh))

U, = (Ui,l,...,Ui,m)T,Vi - (v1 N .,Vi,m)T,

and
_ T T
f,= (f(tn,1)7 s f(tn,m)> ) gy = (g(tn,l)a s vg(tn,m)> )
Kpg = {hEpg(tnistng)aij ), Kpgi = {DbiKpg(tn ks tin) iz
Ky = {hl?bq0m¢>tnfr4)am}33:17 Kpgi = MK gtk tig) -1,
qu = {thq(tn,i7tn—T,j)&ij}szlv p,g=12,

The collocation approximations (3.2) and (3.3) are obtained by solving the linear sys-
tems (3.8) and (3.9) on each subinterval o,, n=0,--- ,N — 1.

4. Convergence

In this section, based on the interpolation error, we analyze the collocation error, and
deduce the global convergence result below.

Theorem 4.1. Assume that the given functions in (1.1) for D = {(t,s) : 0 < s <
t < T}, and Dy = I x [—1,T — 7| satisfy f € C"™(I),d,p € Cm([ ,0)), K11, K12 €
Cm(D),Kll,klg S Cm<D7—), g < Cm+1( ) KQl,KQQ S Cerl( ) KQl,KQQ S Cerl( )
and |Kao(t,t)| > ko > 0, Vt € I. Let (u,v) € S;.1 | (Qn) be the collocation approzimation of
the solution (y, z) in equation (1.1) which is deﬁned by (3.2) and (3.3). If (0 < ¢, < 1), the
collocation approximation u converges to the solution y for —1 < X <1 and the following
order of convergence holds:
|y — ufloc = O(R™).

If ¢, = 1, the collocation approximation v converges to the solution z, and if ¢, < 1,

the collocation approximation v converges to the solution z for any m > 1 if and only if

1< A= (=

Furthermore, the following order of convergence holds:

le=vlle={ gty B ASL Y (4.0
as h — 0 with Nh < const.
Proof. The exact solutions y and z satisfy
Y(tn + ph) = ZL Yoy ralp). ralp) = bR T (0~ co),
i ) (4.2)
2(tn + ph) = ZILJ P)Zns + s0(p). salp) = =500 ] (p )

where Y, ; = y(t, + ¢jh) and Z, j = z(t, + c¢;h). It follows that the errors e = y — u and
€ = z — v have the representation

n(tn +ph) =Y Li(p)en(tn;) + O(R™), (4.3)
j=1



Piecewise polynomial numerical method for Volterra integral equations 81

m

en(tn + ph) =Y Li(p)en(tn;) + O(R™). (4.4)
j=1

where e, = ¢l|,, and €, = €|y, . The errors also satisfy

tn,j tn,j

en(tnj) = Ki1(tn,j, s)en(s)ds + Kl?(njv s)en(s)ds

+/nz f(ll (tnj,s)en(s ds+/ K12 (tnj, S)en(s)ds,
(4.5)

tn tn N

27
0= 0 Ko (t n,js s)en(s)ds + 0 K22(nm s)en(s)ds,

ni =T tnj=T
+A KZl(tn,j75)en<3>dS+/0 KQQ(tnyj,S>€n(S)d$.

Ift,; —7 <0, then

n—1 rl1
en(tn,j) = h Eo A (Kll(tn,jytl + sh)e(t; + sh) + Klg(tmj,tl + sh)e(t; + Sh))ds
+h / " (K11 (tgs b+ sh)en(tn + sh) + Kia(tajs tn + sh)en(tn + sh))ds,
0

n—1 r1
0= h (Ko1(tn,j, ti + sh)ei(t; + sh) + Kaa(tn j, t + sh)e(t; + sh))ds
=0 J0

+h / " (Kot (tjs t + sh)en(tn + sh) + Kaa(tujs tn + sh)en(tn + sh))ds.
0
(4.6)

Considering (4.6) and using a similar procedure as outlined in [18] (see section 3 of
[18]), we can obtain the estimates of the error stated in the theorem. Now let ¢, j — 7 > 0.
Then from (4.5), we have

n—1 r1
€n(tn7j) =h Z / (Ku(tn’j, t; + sh)el(tl + Sh) + Ku(tn,j, t; + Sh)q(tl + sh))ds
_ =0 Jo

+h/ ’ (K11(tnj, tn + sh)en(tn + sh) + Kia(tn j, tn + sh)en(tn + sh))ds
T z / 11 (b by + sh)er(ty + sh) + Kua(tu s, i + sh)e(ty + sh))ds

+h / Kll( n,js tn— 'r+3h)€n r(tn r+5h)+K12( n,j> tn— r+3h)€n 7'( n— r+3h))d
0
(4.7)

0=nh Z (Kgl(tn’j, t; + sh)ey(t; + sh) + KQQ(tn,j7 t; + sh)e(t; + Sh))ds
l 0

+h/ (K21( wistn  sh)en(tn + sh) + Koa(tn s, tn + sh)en(tn + sh))ds,

0

+h Z / (I%Ql(tn’j, t+ Sh)el(tl + Sh) + KQQ(th‘, t; + Sh)el(tl + Sh))ds
=0 0

Cj ~ ~
+h / (Kot (tn s tnr + Sh)en—r(tnr + sh) + Kas(tn.j» tn—r + $h)en—r(tn_r + sh))ds.
0
(4.8)
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We now rewrite (4.8) with n replaced by n — 1 and j = m, subtract this equation from
(4.8) and divide by h, to obtain

/0 ’ (K91 (tn j, tn + sh)en(tn + sh) + Koa(tn j, tn + sh)en(ty, + sh))ds =
" (K21(tn71,m> tn—1+ Sh)enfl(tnfl + Sh) + K22(tn71,ma tn—1 + Sh)enfl(tnfl + Sh))ds
1

(K21(tn,j, ti + sh)ei(t; + sh) + Koo (tn j, t; + sh)e(t; + sh))ds
0

1
/ (K21(tn—1,m7 t; + Sh)el(tl + Sh) + Kgg(tn_Lm, t; + Sh)el(tl + Sh))ds
0

[e=]

+ |
~ S =~ 3
TILItIL

3

|
LY

|
—
i

(Koi(tnj, t1 + sh)ey(t; + sh) + Koo (tnj, ) + sh)e(t; + sh))ds

|
™
TS — S

T
| ©

N
[y

i
I

A

(Ko1(tn—1,m,t1 + sh)ei(t; + sh) + Kaa(tn_1.m, t; + sh)e(t; + sh))ds

+
L1

=]

(K21( n,79 n r+5h)en 7"( n— T‘+8h)+K22( VR n r+5h)€n r( n— T’+Sh))d

\QF

+/ K21(tn lmytn 1— r+3h)en 1— r(tn 1— r+5h)

+K22( n— 1mutn 1—r + Sh)en 1— r( n—1—r +Sh))d
(4.9)
Now, without loss of generality, we consider the following two cases:
Case I.If¢,, =1, thenfor j=1,---,m

qu(tn,j7 t; + sh) — qu(tn—l,my t; + sh)
= ¢jhKpqt(tn, t1 + sh) + (1 — em) hEKpg i (tn, t + sh) + O(h),
(4.10)
qu( nwtl + sh) — pq(tn 1,m, b1 + 3h>
= c]thqvt(tn,tl +sh)+ (1 — cm)thq,t(tn,tl +sh)+0O(h), p,q=1,2,

0
where Kpg:(,) = 85 9 and the unspecified first arguments in the partial derivatives

of Kpq,p,q = 1,2, are those arising in the Taylor’s remainder terms. Using (4.10) and
inserting (4.3), (4.4) into equations (4.7), (4.9), the following linear system can be derived

n—r—1
A(n,n) —hZBnlEl+h Z CnlEl+D("n T) n T+O(hm) (411)
=0 =0

€n

where By = () e = (e(tur)s- - veltun)” and & = (e(tur)s - eltn)” s and

KQI’ ‘[(227

n,l n,l n,l n,l
B(n,l) — ( ‘?§1 ) ‘?§2 ) ), C(n,l) _ < C% li q%Z ) >’

n,l n,l n,l
By B ot oY

(nn—r) _

K1n n—r) hk{;z,n—'r)
n n—T) _f(ég,n—r) )

such that for p,q=1,2

K(nn) — (/ pa(tnjs tn + ph)Ly(p)dp )7

]ak_l e, M
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SN
frnm—r) _ ( / Kpq(tng, tn—r +Ph)Lk(P)dP )
rq - 0 . )

) :( Kpaltaj, 1+ o) Li(p >dp)

pq
.77k 17"'7m
1 9K,
5(n Cj tn,t; + ph)L d
BirD = /ojat( v+ ph)Li(p)dp |
]7k:17"'7m

Ccml) — (/ qu tnptl‘i‘/)h) ()dp)’

pq
Jk=1,-

1 aqu
~(n i——(tn,t1 + ph)L d
CI(,q’l) = (/0 Gy ot ( 1T pP ) k(p) P ) .
J,k=1---'m

Since |(Ka(t,t))| > ko > 0, the inverse of the matrix A" exists and is bounded if h
is sufficiently small. It then follows from (4.3), (4.4) and Gronwall’s inequality that
lenlloo = O(A™),  lén]loo = O(A™).

Case Il. ¢, < 1
In order to describe the key ideas without having to resort to complex notation, we can
assume that Kas(t,s) = 1 or we can employ the Taylor series expansion Koo as:

Kgg(tmi,tl—l-sh) :Kgg(tn,tl)+0(h) (ZZO )
Using (4.10) and inserting (4.3), (4.4) into the equations (4.7), ( 9), we have
n—r—2
AR = Bon-DE +hZB mDE, +h Y CUE
1=0 1=0 (4.12)

_}_C(n,n—r—l)Eniril + D(n,n—r)EniT +O(h™),

where - -
Aln) — I =Ky —hK, ,
K" P
Bnnb prcf nicfy"
Koi(tn-1,tp-1)S + O(h) Q

n,l n,l n,l n,l
B = ( EE%L zi Bi%% l; ) , €0 = ( C:%yl;,l; C%L l; )
BQI’ BQQ’ 021’ 02

n,n—r—1 n,n—r—1
Gn—r=1) _ [ 0{1 : R C£2 :
K21<tn_1,tn_1)5+0(h) Kgg(tn_l,tn_l)s-f— O(h)

with S =T,,YT P —T,,b,
F (11 T Tm—(oaov"'al)Tab:(blabZa"’7bm)T

1
=< / i ) Q=<_ch(S)dS),
Z, ’ Z',j:7n1’...’m

1 0K pq
B](?Z,l) _ /0 (cj+(1— Cm))w(tmtl + ph)Li.(p)dp
j7 k= ]-a e, Mm

I
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pq

1 0K,
gt — (e (= ) S st o) Le(p)dp |
j7 k = 17 e ,m
It can be verified that the inverse of the matrix A (™™ has the form
)y I+ 0(h) O(h)
(A( ’ )) b= ( nn) p-1
21

provided h is sufficiently small in which case we also have

C LA n) O(h) O(h)
A ( PS4+ 0(h)  PTlQ+0(h) )

According to Lemma 2.4.3 of Brunner [6], we know that P~1Q has a nontrivial eigen-
value as

(4.13)

Multiplying (4.12) by (A(”’”))_l, using the elementary theory of the difference equations
[13] and considering the nontrivial eigenvalue of P~1Q by (4.13), we can conclude with
the assertion (4.1) following the steps in [14, 18] with the help of Lemma 6 of [15]. O

5. Numerical Results

In this section, we illustrate the theoretical results obtained in the previous section

by the following two examples with 7 = % All computations are performed with the

Mathematica® software.

Example 5.1. Consider the mixed system of first and second-kind Volterra integral equa-
tions with constant delay given by

y(t) = f(t)+ /Ot sty (s)ds + /Ot(t + s)z(s)ds
+ /0t2 tsin sy(s)ds + /0t2 tsz(s)ds,

0= g(t)+ /Ot STy (s)ds + /Ot(s +t2 4+ 1)z(s)ds (5-1)

t—1 t—L
—|—/ * sin sy(s)ds +/ ’ (ts+3)z(s)ds, te]0,1],
0 0

y(t) = sint+1,  z(t) = cost, te[-1,0),
where f(t) and g(t) such that the exact solution is:
y(t) =sint+1, z(t) = cost.

Let (u,v) € S;.' | (Qn) be the collocation approximation of the solution (y,z) for the
equation in (5.1) which is defined by (3.2) and (3.3). Gauss points (i.e., the zeros of
P,,(2s — 1) in which P,, denotes the Legendre polynomial of degree m) are chosen as
collocation parameters. Orders of convergence from the maximum errors at the grid points
have been reported in Table 1 which confirm the theoretical results of Theorem 4.1. The
error behaviors related to the spline collocation method for the different values of m and
N in Examples 1 are shown in Figures 1 and 2.
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Remark 5.2. Note that for the Gauss points as collocation parameters, we have ¢,, < 1
and A =1 (if m is even), A = —1 (if m is odd). Also, the order of convergence p defined

as follows

lewloo
=1 ).
b= o <Hemum)

Example 5.3. Consider the mixed system with constant delay given by

t—1

t A
AX(8) = F(t)+ / Kt s)X(s)ds+ [ K(t,9)X(s)ds, te0,1],
0 0
X(t)= (e 't +1),cos(t+1),eHT, te[—%,()),
where
1 00 s—t t+s+2 s+t?
A=101 0|, K(s)=| s+t sin(t+1) s+t |,
000 1+ 2 cost estt
A St B+ 1 1+t
Rit,s)= 2 (t+1) s+t+1 |, X(&)=(a(t).yt).2t) )",
te* coss estit2

F(t) = (f(t),9(t), h(t))T such that the exact solution is:
z(t) =e H(t+1), y(t)=cos(t+1), z(t)=e"

(5.2)

Let uy,usg, v be the approximation of the exact solutions x, y, z, respectively. The spline
collocation method has been implemented for system (5.2)and the orders of convergence

have been reported in Table 2.

5.1. Figures and Tables

100 [-u]

Figure 1. Point-wise absolute errors of y with m = 2 in Example 1 (left). Point-

e

106 [2-4]

’ " I '=.I.=Imnnw

wise absolute errors of z with m = 2 in Example 1 (right).
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106 [2-4]
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Figure 2. Point-wise absolute errors of y with m = 3 in Example 1 (left). Point-
wise absolute errors of z with m = 3 in Example 1 (right).

U v
m N=16 N=32 N=64 N=16 N=32 N=64
2 1.91 1.95 1.97 0.94 0.97 0.98
3 2.97 2.98 2.99 2.94 2.97 2.98
Table 1. Orders of convergence of v and v in Example 1.
2! Uz v
m N=16 N=32 N=64 N=16 N=32 N=64 N=16 N=32 N =064
2 2.68 2.53 2.03 1.95 1.98 1.99 0.86 0.93 0.97
3 3.76 3.46 3.03 3.15 3.09 3.04 2.97 2.98 2.99

Table 2. Order of convergence of ui,u2 and v in Example 2.
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