Iranian Journal of Numerical Analysis and Optimization
Vol. 10, No. 2, (2020), pp 131-153 T

DOI:10.22067 /ijnac.v10i2.85756 Y‘\e

Research Article

Numerical methods for solving
nonlinear Volterra integro-differential
equations based on Hermite—Birkhoff

interpolation

S. Fazeli*

Abstract

We introduce a new family of multivalue and multistage methods based
on Hermite—Birkhoff interpolation for solving nonlinear Volterra integro-
differential equations. The proposed methods that have high order and ex-
tensive stability region, use the approximated values of the first derivative of
the solution in the m collocation points and the approximated values of the
solution as well as its first derivative in the r previous steps. Convergence
order of the new methods is determined and their linear stability is analyzed.
Efficiency of the methods is shown by some numerical experiments.
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1 Introduction
Consider Volterra integro-differential equations (VIDEs) of the form

y/(t) = g(tay(t)) +/0 K(ta 7, y(T»dT’ tel = [07T]7 y(O) = Yo, (1>

where g € C(S) and the kernel K € C(Q2) and satisfies the Lipschitz condi-
tion with respect to y, with S = {(t,y) : t € I,y e R}, Q= {(t,7,y): 0 <
7 <t <T, yeR} It is well known that, under the suitable conditions, (1)
possesses a unique solution y(t) € C1[0,T] (see [3]).
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VIDEs arise in a variety of applications, for example, in viscoelasticity,
control theory, epidemiology, and population dynamics [10, 18, 26].

On the class of discretization methods for the numerical solution of
VIDEs, Linz [19] proposed algorithms for the numerical solution of (1), which
consist of linear multistep methods, of the type commonly used for the numer-
ical solution of the initial value problem for an ordinary differential equation

yl(t) = f(t7 y(t))’ y(to) = Yo, (2)

combined with a class of quadrature formulas. In [27], the construction of
the quadrature rules generated by the backward differentiation formulas was
discussed in detail and their linear stability properties were analyzed. Also,
Brunner [2] introduced Runge-Kutta—Nystrém methods, which are based
on collocation techniques in certain polynomial spline spaces . One of the
most popular numerical methods for solving this kind of equations is the
class of collocation methods. In these methods, after discretization of the
domain, the approximated solution in every subinterval depends on the fixed
number m of the collocation points. These methods are of convergence order
m for any choice of collocation parameters; see [5, 3]. Recently, a family
of multistep collocation methods for (1) has also been introduced, which
considers interpolation conditions in the previous r step points [7, 8]. Indeed,
in [12] superimplicit multistep collocation methods (SIMCMSs) are used for
numerical solving VIDEs. In these methods, approximated values of the
solution in the r previous steps and its first derivative in the m collocation
points in the current and next subinterval are used, where the r step SIMCMs
with m collocation points are of convergence order 2m+r. Recently, a method
based on general linear methods [6] for the numerical solution of (1) has
been introduced and studied in [20, 21]. Using more of the derivative of the
approximated solution has been successfully applied to construct methods
with higher order and extensive region of stability for numerical solution of
ODEs [17] and nonlinear VIEs [13], specially for stiff problems.

The purpose of this paper is to construct higher order methods with
extensive region of stability for solving (1). To do this, we introduce a new
class of multistep collocation methods, which approximate the solution in
each subinterval depending on the values of approximated solution and its
first derivative in the fixed number r of previous time steps, and also the
values of the first derivative of the approximated solution in the m collocation
points. These methods will enable us, in deal with stiff equations, to make a
sensible choice for the steplength of the algorithm.

This paper is organized as follows: In Section 2, the construction of mul-
tistep Hermite collocation methods (MHCMs) is described, and in Section 3,
the convergence orders of these methods are determined. The linear stabil-
ity is analyzed in Section 4. The paper is closed in Section 5, by showing
efficiency of the methods by some numerical examples.
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2 Construction of the methods

In this section, we describe the construction of the MHCMs for solving (1).
Let I, = {tn : 0 =tg < t1 < --- < tiy = T} be a partition of the interval [0, T
with constant stepsize h :=t,4+1 —t,, n =0,1,..., N — 1. In these methods,
to compute the approximated solution of (1) in the subinterval [t,, t,41], we
use the approximated values of the solution and approximate values of the
first derivative of the solution in the r previous steps and its first derivative
in the m collocation points in the subinterval [t,,t,+1]. Denoting the fixed
collocation parameters by 0 < ¢; < --- < ¢, < 1 and the collocation points
by tn; = tn +cjh, 7 = 1,...,m, the collocation polynomials restricted to
subinterval [t,, t,+1] are defined by

r—1

n(tn + sh) = Zgok $)Yn— k+hz¢] Unj+hZXk yn k> (3)

k=0

where s € [0,1], n=7r—1,...,N —1 and U, ; = u,(t, ;). By differentiating
from (3) with respect to s, an approximation for ¢'(¢) is in the form

r—1
hatl (b, + sh) = Zwk §)Yn— k+hzw W+ 0y X (s)nop (4
k=0 k=0

The functions ¢i(s),¥;(s), and xx(s), k=0,1,...,r—land j=1,2,...,m
are polynomials of degree 2r+m—1. By imposing the interpolation conditions
at points —k, k = 0,...,r — 1, in the polynomial (3) and (4) and at points
¢, 5 =1,2,...,m, in the polynomial (4), we obtain

Wf(—k) =dir, Yj(=k)=0, Xi(—’)ﬂ) =0,

erlc) =0, iley) = by, Xiley) =0, (5)
(=) =0,  ¢i(=i) =0, xp(—i) =k,
where i,k = 0,1,...,7r — 1 and [,5 = 1,2,...,m. The construction of these

polynomials is obtained by Hermite-Birkhoff interpolation [24]. Let us as-
sume the polynomials ¢ (s), 1;(s) and x;(s) in the form

2r+m—1 s 2r+m—1 2r+m—1 Si

& )
AR S L ETE R Sl O SR
i=0 i=0 i=0 ’

Now by setting s = ¢; in (6) and differentiating from these polynomials
and setting s =¢;, 1 =1,2,...,mand s =—k, k=0,1,...,7r — 1, a linear
system for coeflicient of these polynomials is obtained. The coefficient matrix
A e REr+m)x(2r+m) ig in the form
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1 0 0 0o ... 0
T N L C s (~p2rm -
1! 2! 3! 2r+m-—1)!
) (ot (e (crpreno
1! 2! 3! Ut (2r4m—1)!
0 1 0 0o ... 0
_11 _12 _127‘+77‘L72
A= 0 1 1! 2t (2rdm—2)!
o 1 et (cre1)? (=rt1)2rtm—2
1! 2! o (2r4+m—2)!
ol o2 2rtm—2
0 1 it ot @rFm-2)!
) ) ol o2 Czr+'m—2
_0 1 ar b1} t (2?%77;—2)!
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and the right-hand vectors are defined by u[rk} eR", k=1,2,...,7 vl e

R™ j=1,2,...,m as

(kly. — 07 Z#ka [y, — Oa 27&.]7
= {¥ 125 e {12
Their coefficients are obtained by solving the systems
Aol = (¥ 0,, 0,7, k=0,1,...,r—1,
Apll = [()T,()T’VLJI]]T7 j=1,2,...,m,
AW =[0,,u*™ 0,7, k=01,...,r—1

(7)

Now, we discuss on the uniqueness of the solution of (7). For this purpose, we
briefly review some definitions and known theorems about Hermite—Birkhoff

interpolation (see [15])
Let k£ and n be natural numbers and let

E=|ejll, i=1,...,k, j=0,1,...,n—1,
be a matrix with k& rows and n columns having elements
€ij = 0 or 1,

which are such that

E €5 = N.
.3

We shall also assume that E has no row entirely composed of zeros. Let also



Numerical methods for solving nonlinear Volterra integro-differential ... 135
T < To <+ < Tg.

We shall also assume that E has no row entirely composed of zeros. Let also
1 <X < -0 < g,

be increasing reals. We also need the set of ordered pairs
e={(i,)) | e; =1}

The reals x; and the “incidence matrix” E describe the interpolation problem

fD @)=y for (i.j)€E. (8)

It is appropriate to refer to (8) as a Hermite-Birkhoff interpolation problem,
which we shall abbreviate to HB-problem.

Definition 1. We shall say that the HB-problem (8) is poised, provided
that if

P(z) € mp_1, PP (x;) =0, forall (i,5) € E,
then P(z) = 0, in the other words, the matrix E is called poised if the

associated interpolation problem is uniquely solvable for any set of constants
)

y;”’, regardless of the choice of the ordered points z;, z2,. .., .
Define
k l
=Y €g, M=y _my, j1=01,..,n-1L
i=1 j=0

Schoenberg [24] showed that a necessary condition for E, to be poised is that
M >1+1, 1=0,1,...,n—1,
in which these inequalities are called the Polya condition.

Definition 2. Let the incidence matrix E have k rows. Let f; be the column
index of the first one that appears in the row i. Then E is called a pyramid
matrix if, for each 4, €;; = 1 implies ¢;;; = 1 for f; < j’ < j, and there is some
value of 1 <i < ksuch that f; > fo>--- > fiand f; < fiz1 < < fi.

Then Ferguson [15] declared the following theorem for poising the matrix
FE with respect to the ordering z1 < x5 < -+ - < xg.

Theorem 1. If E is a pyramid matrix with k rows, satisfying the Polya
conditions, then E is poised with respect to the ordering 1 < o < -+ < xp.
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Now, we show that our interpolation problems (5) have unique solution.
For these problems, the interpolation points can be considered by

I+l <Tr+2<---<-1<0<1 << < Cp-

Hence the matrix E with m + r rows and 2r 4+ m columns can be defined by

[110---0
110---0
EFE=|110---0
010---0
1010---0
Thus, we have
m0=7’7 Tfilzm+ra ﬁl3:0, "'amn—lzoa

Mozr, M1:2T+m, ]\23,227"—&—7717 ...,Mn,1:2r+m:n.

It can be easily seen that the the matrix F satisfies in the polya condition.
Also by considering

f1:07 f2:05 "'7.f7":03 fr+1:1; "'7.f7“+m:13

one can see that the matrix F is a pyramid matrix. Thus by Theorem 1, we
conclude that F is poised with respect to the ordering —r +1 < —1r + 2 <
o< —1<0< e <eg < < ey and the interpolation problems (5) have
the unique solution. In the other word, the matrix A is nonsingular.

The exact MHCM is then obtained by imposing the collocation conditions
for equation (1), that is, the collocation polynomials (3) exactly satisfy (1)
at the collocation points ¢, ;, which leads to the system of m equations in
the unknowns U, ; in the form

Un,i - Fn,i + @n,iv (9)

where

n—1 1
Fpi = g(tn.irtn(tni)) +h Z/O K (ty 5ty + sh,u,(t, + sh))ds, »
v=0

o, = h/ K(ty ity + shyun(ty + sh))ds, i=1,...,m.
0

Then yp 41 = un(tns+1) and hy), | = hul,(t,41) are computed by



Numerical methods for solving nonlinear Volterra integro-differential ... 137

r—1
yn+1—Z<pk VYn— k+hz¢g W +h Y xe (g,

e (11)
hyp i1 = Z@k )Yn— k+h21/f Wi+ 7> XDy

k=0

Also, the discretized MHCM is obtained by using suitable quadrature for-
mulas for approximating F;, ; and ®, ;. The discretized multistep Hermite
collocation polynomials for approximating y(t, + sh) and y'(t, + sh) take
the forms

r—1
P, (t, + sh) = Z‘Pk 8)Yn— k"’hzw] nj+hZXk yn po (12)
k=0
r—1 m r—1
hP)(tn + sh) = Zw SVn—k + 0> W) Yni +h Y Xk()yn_g,  (13)
j=1 k=0
where n =r— ,N —1 and the unknowns Y,, ; = P, (¢, ;) are determined
by solving the nonhnear system
Yn,i = Fn,i + 5n,i- (14)

By using quadrature formulas with the weights b; and nodes &, [ =1,..., 1,
for integrating on [0, 1], and the weights w; ; and nodes d;;, I =1, ..., po, for
integrating on [0, ¢;], with positive integers po and p1, one can write

n—1 p1
Fn,i :g(tn,ia Pn(tn,l)) + h Z Z blK(tn,iv tl/ + glh, Pv(tu + glh))a
v=0 [=1
o Ho
i =h Z Wi 1 K (tn iy tn + digh, Po(t, + digh)). (15)
=1

Substituting from (12) in (15) yields

— r—1

Fnz—g nmzalkyn k+hZ/BZ]Ynj +thlkyn k)

r—2 pi

FhD N bR (s te + &R, T, (B + Eh))

v=01[l=1

+h Z ZblK(tn17tu+§lh Z5lkyu k+hz77£] v, +hZCM/V k)

v=r—1[]=1

r—1 r—1

7nz*hzwle(tnutn+dzlh Z'Yllkyn k+hZleJYn]+thzlkyn k)

=1 k=0 Jj=1 k=0
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where 3§, (t,+sh), v =0,1,...,r—2 are the starting approximated solutions,
which are obtained by classical collocation method such that

i = i(c), ¥j(ci), pik = Xk (ci),
ok = or (&), nl_] ¥ (&), Gr = xx(&),
Yk = er(din),  Bu; = %( s Pak = Xk(di)-

3 Convergence analysis

In this section, we study the zero-stability of the method. When the method
is applied on the equation ¢y’ = 0, the equations in (11) reduce to

r—1
Yn+1 = Z @k(l)yn—kn

r—1
hyni1 = 22 P(Dyn—k-

Therefore, in analogy to [8, 22|, zero-stability is defined as follows.

Definition 3. The MHCMs is said to be zero-stable if and only if all roots
of the polynomials

Z‘Pk )\r k— 17 Z(pk )\r k— 1’

have module less than or equal to unity and those of modules unity are simple.

Example 1. In the case, r = 3, m = 2, and ¢ = [¢1,1], the method is
zero-stable for all ¢; € [0.345,1].

In what follows, we determine the convergence order of the exact and

discretized MHCMs. We start by deriving local error estimate for the exact
MHCMs solution P(t) € Séilmfl(fh) for the linear VIDE

y'(t) =alt)y(t) + g(t) —|—/0 K(t,7)y(r)dr, t€]0,T). (16)

Using the Peanos theorem [3, 15] for y and differentiating from it, the repre-
sentation of the local error is obtained as follows.

Lemma 1. Suppose that p = 2r+m —1 and that the given functions in (16)
satisfy a € CP(I), g € CP(I), and K € CP(D) with D := {(¢,7): 0 <7 <
t < T}. Then for any choice of collocation parameters 0 < ¢; < -+ < ¢, < 1,
the exact solution y(t) satisfies
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m r—1
y(t, + sh) Z%@k (i) + 1D 05(8)y (tng) + 1D xa(5)y (b
j=1 k=0

+ h2r+mRm,r,n(s)7 (17)
and
r—1 m
hy (tn + sh) = @4 (8)y(tn—r) + 1 Y U5(5)y (tn.;)
k=0 j=1
r—1
Y XY (i) +BTTRL L (s), (18)
k=0
with
1
Ry rn(S) :/ K, (s, I/)y(2r+m) (tn + vh)dv,
—r+1
1
K — p 1 p—1
mr(8,1) =1 { thk - )k
—hlp = 1) y(s)(—¢; —v)i?
=1
r—1
—h(p—1) > xr(s)(—k — V)iQ} ;
k=0
and

{ (x—1t), x>t
x—t

xr <t.
)

Theorem 2. Let e(t) = y(t) — u(t) be the error of the exact MHCM and let
= 2r +m — 1. Suppose that

(i) K € CP(D x R), g € CP(I),
(ii) the starting error is |[e]|oc,0,¢,] = O(PP),
(iii)p(H) < 1, where p denotes the spectral radius and

o2
with

A= {@(1111(71) or 2(1)17“1 ,wo(l)] A= {X(ir—ll(l) Xr 2(1)1’%1 ’XO(lJ(QO)
A= |t ) A e )
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Then
lelloe = O(R*+™1).

Proof. We point out to the important parts of the proof for MHCMs in the
case of linear VIDE. The proof can be straightforwardly extended to the case
of a nonlinear VIDE (1) by using the mean value theorem [3]. Suppose that
Zy,j =Y (tn ;). By subtracting (3) from (17), representation of the local error
may be written as

m r—1
e(tn + sh) Zwk Enci DY Ui()EL ;+ Y xi(s)E
j=1 k=0
+ h“mRm,r,n(s), (21)

with &, = y(tn—r) — Yn—k and 5711,3' = Z,; — U, ;. Differentiating from (21)
yields

r—1
't + sh) Zso; k+h2w i +h > Xi(s)EL
k=0
+ hQTJ”"Rﬁn rn(8)- (22)
Replacing n by I — 1 in (21) and (22), and s = 1, lead to
e = A + hAE"Y, + hSED, 4 WP, (23)

and
he' = A, + hAE"™Y, + 1S, + 1P, oy, (24)

where A, A, A, and A are given in (20) and

Q — <0r 1m> ~ — ( 07‘—1,1 )
()T ) Prord T\ Ry (1) )

Q _ O'r 1,m Or 1,1

S(w'u) ) Pmrs = (R:,”,J< )T)’

Ell = [EZ,TJrl, e 7El]T S RT7

/(1) _ s nT (2) _ ;T
ey =l gl ERY, T =g, e ] €RT

Y1) = [i(1),- . ¥ @)]", 9(1) = 1), ..., v (D]

Combining (23) and (24) gives the following matrix equation:
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Sl(l) > < 5-(1) > @)
=H| 1 +G&ET +Q h? (25)

1 1 1 mor =110
(h/g/l( ) hgll( )1 !

where H is given by (19) and

_ hS _ i)m,r,j
G= (]’LS> ’ Qm,r,j B <pm7r,j) '
The solution of difference equation (25) is (see [16])

-1
gV —H D + 3 BN GED + Q). (26)

j=r—1

On the other hand, setting s = ¢;, i = 1,2,...,m in (22), by using (4),
leads to

€ (tni) =&+ PR (). (27)

m,r,n

On the other hand, equation (9) for the linear form of VIDE is equivalent to

n—1 1
Un,i :a(tn,i)un(tn,i) + g(tn,z) + h Z / K(tn,i7 tl + Sh)ul (tl + Sh)ds (28)
=070
[e23
+ h/ Kty tn + sh)uy(t, + sh)ds
0
and (16) at points ¢, ; can be written as
n—1 1
Y (tni) =a(tni)y(tni) + g(tni) +h Z / K (tni,ti + sh)y(t, + sh)ds (29)
1=0 0
+ h/ K(tn,i,tn + sh)y(t, + sh)ds.
0
Now by subtracting (28) from (29), we get
n—1 1
¢ (tns) =altni)e(tns) +h Y / K(tnsti+sh)e(t+ shyds  (30)
1=0 0
+ h/ K (tn,tn + sh)e(t, + sh)ds.
0

Also, by substituting (30) in the (27), we obtain

n—1 1
&, =alt)eltn) +hY / K(tns,ti + sh)e(ty + sh)ds
1=0 0
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+ h/ K (tn,i,tn + sh)e(t, + sh)ds
0

— pFrrmeiR (e (31)

m,r,n

By the hypothesis on the starting error and by substituting (21) in (31), we
have

r—1 m
&y =a(tni) | D irlnr+hY BiiEh;
k=0 j=1
r—1
+h Z PikEn_i + h2T+mRm,r,n(Ci)>
k=0

n—1 1 r—1
+hY /0 K(tn.i,ti + sh) (Z o (5)En—i
=0 k=0

m r—1
Hh Y Ui()EL Y xk()E_j + BT Ry (s) | ds
j=1 k=0

ci r—1
+h / K(tstn + sh) (Z o (5)En
0 k=0

m r—1
1Y () + B S k() BT Ry pn(s) | ds
j=1 k=0

- h2r+m71R:n,r,n (Cl)
By the hypothesis on the starting error, it follows that
e(t; + sh) = hPq(s), 1=0,1,...,r—1, (32)

with ||gi]|cc < C1 independent of h. Hence, we obtain

n n—1
(L, — hC)ED =t S RO 40y eV (33)
=0 l=r
+h > BYED 12y pVerh,
l=r I=r

where RSP e R™, C’T(Ll), and B,(Ll)7 Dfll) € R™*" are defined as

» J) Kt to + sh)a(s)ds, 1=0,1,...,7r—1,
(R%))i = fol K(tn,i,t1 + sh)Ru, r,i1(s)ds, l=r...,n—1,
fol K(tn,i7 tn + Sh)Rm,'r,n(s)dS + a(tn,i)Rm,T,n(ci)» l= n,
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(B(l) Vi = fo (tn,iti + sh)pr(s)ds, l=r...,n—1,
K(tn istn + sh)pr(s)ds + a(tn)pr(ci), 1=mn,

(cy (l) {fo (tn,i,ti + sh)j(s)ds, l=r,...,n—1,
K(tn irtn + Sh)w] (S)ds + a(t'n 1)¢] (Cl) l=n,

(Dg)).k — { fOCvK(t"ﬂA’tl + sh)xk(s)ds, l=7r,...,n—1,
¢ f01 K(tn,i, tn + sh)xk(s)ds + a(tn,i)xk(ci), 1 =n.

Substituting (26) in (33), a recurrence formula for &’ 512) is obtained. Then
by the same way as described in [9, Theorem 4.2] and by considering the
starting errors and the fact that p(H) < 1 lead to the estimate

1€ < Mah?,
and then from (26), a bound for HE,(Ll) || is obtained in the form
IEMI] < Mk,

Using the local error representation and two above inequalities together, com-
pletes the proof. O

Theorem 3. Suppose that the hypotheses of Theorem 2 hold. If the quadra-
ture formulas defined in (15) have order 2r +m and 2r +m — 1, respectively,
then the uniform order of the discretized MHCMs is equal to 2r +m — 1.

Now, in the table 1, we give a comparison between the methods MCMs
[8], SIMCMs [12], and the new proposed method (MHCMSs) in view of com-
putational costs with respect to convergence order.

Table 1: Comparison with multistep and superimplicit multistep collocation

methods.
MCMs SIMCMs SIMCMs MHCM
(type 1) (type 2)
collocation points m m m m
dimensional of system m m 2m m
order m+r—1 2m+r—1 2m+r—1 2r+m-—1

4 Linear stability analysis

In this section, we analyze the stability properties of the introduced methods
with respect to the basic test equation (see [5, 3, 4, 23])

¥ (t) = g(t) + Ey(t) +1 / y(r)dr, t>0, y(0) =y,  (34)
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where £,n € C. The solution of (34) is stable if Re(\1) < 0 and Re(\2) < 0,
where A1 2 = (£ £ /&2 +4n)/2 (see [1]). We observe that, particularly for
real £ and 7, these conditions reduce to £ < 0 and 1 < 0. As usual, we look
for sufficient conditions for the stability of the numerical solution of (34).

Definition 4. Absolute stability region of the method, R, is the set of
all (z := &h,w = nh?) € C x C, such that the numerical solution y, of
test equation (34) with a constant stepsize h, tends to zero as n — oo. The
method is Ap-stable if R O R~ x R~ and is A-stable if it is stable for any
value of (z,w) such that Re(A\1) < 0 and Re(A2) < 0. An A-stable method is
Agp-stable too.

To state the main results of stability properties of MHCM, let us define
1 1 1
ay = / or(s)ds, B = / Vj(s)ds, k= / Xk (s)ds,
0 0 0

Qik:/O wr(s)ds, Fij:/o Y;(s)ds, Aik:/o Xk(s)ds,
(@(e))ir = pr(ci),  (P(e))ij =vj(ci),  (x(€))ik = xr(ci),

and consider the vectors and matrices

@(1) =lpo(1), ..., or—1(D)]", (1) =[v1 (1), ..., Y (D],
x(1) =[xo(1), ..., xr—1 (D], x' (1) =[x6(1), -, xh 1 (D],
@' (1) =[pp (1), ..., ()], (1) =[i(1), ..., ¢, (D)7,
Y =[ns Y] Y =]
n=[Unis s Unm)?, uw=[1,1,...,1]T e R™,

I P b

r—1 Orfl,l Orfl,m Orfl,r
_[ e _[v@T _[xmT
E2 N |:Ir1 07‘71,1 ’ F2 B Orfl,m ’ G2 B O'rfl,r ' (36)

Theorem 4. Applying the exact MHCM on the test equation (34), leads to
the following recurrence relation:

ySLT) ysLTll .
hU,, | = R(z,w) | hU,_1 | + G,
yl(r) y/(T) )

n n—

where z := £h, w = nh?,
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R(z,w) = [Q(z,w)] " M(z,w),

and
. Or,m

Gn = Or,m )
gn - gn—l
I Or,m Or,r
Q(Z, w) = Or,r Or,m I

—zp(c) —w I, — z¢p(c) — wl —zx(c) — wA

E,. F, &
M(Z,’LU) = E2 F2 G2
M, My Mj

with
My = — zp(€) — wQ + wa,

Ms =1, — z¢p(c) — wIl' + wp,
Mz =— zx(c) — wA + w~.

145

Proof. By the notations of this section, we rewrite the first relation in (11)

in the form
yi1 = ()T + p(1)ThU, + x(1)Thy',
or equivalently

vy =Byl + FihU, . + Gihy'\ .

n—1

Also, the second relation in (11) can be written in the form

hylgf) = E2y£LT,)1 +F>hU,,_1 + Gth/(T)

n—1-
Now we apply (10) on the test equation to get
Uni= g(tn,i) + gun(tn,i) + Fn(tn’i) + (I)n(tn,i)a

where it can be written in the matrix form

Uy = G+ € (Sl + ()hU + x()hy' ) + Foo + @4,

with (G,,); = g(tn,:) and

n—1 1
()i i= Faltnd) =ub Y [ wlt +h)
1=0 0

(37)
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n—1 1 [r—1 m r—1
=nh Z / Z 0k (8)Yi—k + hz ¥ (s)Up; + hz xi(8) v | ds,
1=0 70 \k=0 j=1 k=0

(i’n)z = (bn(tn,z) = nh/ ’U,n(tn —+ Sh)ds
0
ci r—1
:nh’/ Z‘pk( yn k+h2wj UnJ+hZXJ yn b ds.
0

k=0 j=1 j=1

Thus

=nh Z ay” + BRU, + vhy'!",
&, — nh (Qyn +ThU, + Ahy’ij)) .
Therefore, we can write

Fo 1 —F, o=ay" +8hU, 1 +~vhy', (42)

Now for obtaining a recurrence relation, substituting (42) in (41) and multi-
plying it by h yield

(L — 29p(e) — wT) WU, + (~zp(e) — wy + (—2x(€) — wA)hy',”
= I, — z¢(c) —wI' + wB) hU,_1 + (—zp(c) — wQ + wa)yff)1

+ (—2x(e) = wA + wy)hy' |+ h(Gr — Gur).
(43)

Hence the relations (38), (39), and (43) complete the proof. O

Let us define

M1 H1 M1
ar =Y bign(&), Bi=>_bvj(&), A= bxr(&)
=1 =1 =1
1k*2wil¢k zl zgfzwllw] 7.l 1k*2wile zl

Theorem 5. The discretized MHCM, applied to the test equation (34), leads
to the following recurrence relation:
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ygzr) _ ygﬂl o
hY, | = R(z,w) | hY -1 | + hG,,
v\ v\,

where z := £h, w = nh?,

R(z,w) = [Q(z,w)] ™' M (2, w),

and
~ Ir Or,m O”‘ﬂ”
Q(Z, w) = Or,r » Or,m » Ir E
—zp(c) —w 1, — z¢p(c) — wl —zx(c) — wA
. E F1 G
N(zw)= | Bz Fa Go
My My My
with
M, =— 2p(c) — w + wa,
MQ =L, - Z’lﬂ(C) - wf‘ + waa
Ms = — zx(c) — wA + wA.
Proof. 1t is similar to the proof of Theorem 4. O

The R(z,w) is called the stability matrix of the method. Now, the method
is stable if p(R(z,w) < 1 and the stability region of the method is R =
{(z,w) € Cx C : p(R(z,w) < 1}. Here, the term G, does not influence
stability. The stability function of the method with respect to (34) is defined
as

p(z,w; A) = det(Mlgppm — R(2,w)). (44)

To investigate the stability properties of the exact MHCM, it is more con-
venient to work with the polynomial obtained by multiplying the stability
function (44) by its denominator. The resulting polynomial will be denoted
by the same symbol p(z,w; A). This polynomial takes the form

2r+m
p(z,w; \) = Z pi(z, W)\, (45)
i=0
where p;(z,w), i = 0,1,...,2r + m are polynomials of degree less than or

equal to m. Denoting the roots of the polynomial p(z,w;A) by A1, Ag,. ..,
A2r+m, the absolute stability region of the method is then defined by
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-1000 -900 -800 -700 -600 -500 -400 -300 -200 -100 0
z

Figure 1: Stability region with r =2, m =2, ¢ = [&,1].

-2 -18 -16 -14 12 -1 -08 -06 -04 -02 0

z @

x10

Figure 2: Stability region with r =3, m =2, ¢ = [%, 1].

R={(z,w) e C™ xC™ : | N(z,w)| <1, i=1,2,...,2r +m}.

We did not find Ag-stable methods within this class, but wide stability
regions exist. For example, in the cases r = 2, m = 2 with collocation
parameters ¢ = [% 1], and r = 3, m = 2 with collocation parameters ¢ =

% 1], the regions of stability are unbounded. These regions are given in

Figures 1 and 2, respectively.

5 Numerical results

In this section, to check the numerical performance of the method, we have
considered a variety of problems. Here, the starting values y1,...,y,—1 are
obtained by a one step MHCMs of the same order of the present method.
In practice, we need quadrature rules to obtain the numerical solutions.
For this propose, we have to apply the rules that preserve order of the main
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Figure 3: Stability region with r =3, m =2, ¢ = [%, 1].

method. A suitable choice is the 3-times Romberg quadrature formula with
the Simpson rule [25]. In this rule that is of order 8, the nodes and weights
for integration in the interval [0, h] are

and

ih

1
b= %[217 1024 352 1024 436 1024 352 1024 217].

In what follows, we describe details of the implemented methods:

Method 1: MHCM of convergence order 5 with » = 2, m = 2, and
collocation parameters ¢; = % and ¢y = 1.

Method 2: MHCM of convergence order 7 with »r = 3, m = 2, and
collocation parameters ¢; = % and co = 1, with bounded stability
region. (see Figure 3)

Method 3: MHCM of convergence order 7 with » = 3, m = 2, and
collocation parameters ¢; = %, and ¢ = 1, with unbounded stability
region.

Method 4: Multistep collocation method [8] of convergence order 4

with » = 3, m = 2, and collocation parameters ¢; = % and co = 1.

Computational experiments are done by applying the Methods 1-4 on the
following problems:

I

The linear VIDE

t
y'(t) =1+2t —y(t) + / (14 27) e y(r)dr, te0,2],
0
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Table 2: The results for problem I.

k|4 5 6 7 8 9
Method 1 cd | 274 420 569 7.18 868 10.19
p(h) 486 4.93 497 498 4.99
Method 3 cd | 402 6.06 814 1023 1233 14.44
p(h) 6.77 6.90 6.96 698  6.99
Method 4 ¢d | 294 407 522 641 7.60 881
p(h) 371 4.84 392 396 3.98

y(0) =1,
t2

with the exact solution y(t) = e'".

II. The nonlinear VIDE

1 1 242t ¢ dr
"t)y=—t— ——5 +—=1 +/ ———  te]0,4],
vy avee 0 "G T tr A ove 04
y(0) =1,
with the exact solution y(t) = %_H

III. The stiff nonlinear VIDE

/ A AN, e L e
Y(t) == Syt)+ 1+ St Ste™ =X | tremDdr, t€0,4],
0

with the exact solution y(t) = .

We have implemented the methods with a fixed stepsize h = 2%, with
several integer values of k. In the following tables, the maximal end point
error is written as 1074, where cd is the number of correct significant digits.
Also, a numerical estimation of the order of convergence of the methods

is computed by the formula p(h) = logQ(ee((Q}fL))), where e(h) is the maximal

absolute end point error.

The results in Tables 2 and 3 confirm the proved convergence order. In
Table 4, we show the effect of linear stability properties of the methods in
solving stiff problems. For Method 2, the interval of absolute stability on real
line is bounded. When z = Ah or w = Ah? lies out of this interval, increas-
ing of absolute error is evidently seen while for Method 3, with unbounded
stability region, better results are obtained.
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Table 3: The results for problem II.

k|5 6 7 8 9
Method 1 ¢d | 645 785 931 1079 12.28
p(h) 467 484 492  4.96
Method 3 cd | 747 933 1131 13.36 15.43
p(h) 6.17 6.57 6.78  6.89
Method 4 cd | 4.61 567 6.77 7.92  9.06
p(h) 347 3.65 382 3.91

Table 4: Comparison of the methods (absolute errors of the methods for problem ITI
with A = 500).

Method 2 Method 3

t k=7 k=38 k=7 k=38
0.25 | 1.44E-20 1.28E-22 | 3.25E-20 1.38E-22
0.5 5.69E-19  8.35E-22 | 2.14E-19 8.58E-22
0.75 | 2.20E-17  1.89E-21 | 4.79E-19 1.90E-21
1 6.21E-16  2.93E-21 | 7.34E-19 2.90E-21
1.5 4.86E-13  7.34E-21 | 1.82E-18 7.34E-21
2 4.24E-10 1.71E-20 | 4.28E-18 1.72E-20
3 3.47E-04  3.09E-20 | 7.72E-18 3.09E-20
3.5 3.13E-01 3.57TE-20 | 9.03E-18 3.61E-20
4 2.73E4+02 4.13E-20 | 1.03E-17 4.13E-20

6 Conclusion

The introduced methods for VIDEs, based on Hermite—Birkhoff interpolation,
use of the approximated values of the solution in the m collocation points
and the approximated values of the solution as well as its first derivative in
the r previous steps. Using of this technique caused to get methods of higher
orders and also with extensive stability regions. As we showed in Table 4,
the extensive stability region of the method let us to make a sensible choice
for the steplength of the algorithm for solving stiff equations.
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