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Spline collocation methods can be used to solve Volterra integro-differential
equations with weakly singular kernels. In order to obtain optimal convergence
behavior, collocation on suitably graded meshes was considered by H. Brunner
[1]. This work extends his results to more practical values of the grading
exponent.

1. Introduction

This short note is concerned with collocation approximations for Volterra
integro-differential equations (VIDEs)

y'@©)=f( y@)+ J: (t —s)"'k(t, s, y(s)) ds, tel=[0,T], (1.1)

with 0 < a <1, and with given initial condition y(0) = y,. For ease of exposition
the linear counterpart of (1.1),

y'()y=a(@)y(@)+b(t)+ J: (t—s)"*K(¢, s)y(s) ds, tel, 1.2)

will be employed in the analysis of the principle properties of the collocation
approximations; the extension to nonlinear equations is straightforward (cf. [1,
p- 225)).

High-order numerical methods for VIDEs with weakly singular kernels may be
found in [1,2,6,7,8]. In this note we shall consider collocation methods for
VIDE (1.1), based on Brunner’s approach [1]. The following method and
notation were introduced in [1]. Collocation methods generate, as approximations
to the solution of (1.1), elements of the polynomial spline space

SO(Zy)={ueC):u

0 = U, €N, 0<sn<N-1},

associated with a given mesh sequence Iy :0=f<f,<---<ty=T, N=1, of
the interval /. Here, x,, is the set of (real) polynomials of degree not exceeding m
(with m=1), o0,:=[t,, t,+,] Osn=<N-1), and Zy:={,:1<n<N-1}. In
other words, S0(Z,) is the space of piecewise continuous polynomials of degree
m with (possibly) jump discontinuities in the first derivative at the interior points
Zy. The quantity h, h =max {h, :=t,,, —t,, 0<n <N —1}, is often called the
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diameter of the mesh sequence I1y. If h,=T/N for all 0sn <N —1, then the
grid Iy is called a uniform mesh.
The desired approximation to y is the element u € S(Z,) satisfying

w'()=f(, u(t)) + fo' (¢ =s5)"%k(s, s, u(s)) ds, te X(N), 1.3) .

with
X(N)={t, +ch,:0<¢,<---<c,<1,0snsN-1},

where {c;}jL; are collocation parameters. For the linearized VIDE (1.2), the
collocation equations (1.3) can be written as

u'(t)=a(tu(t) + b(t)+f (t—s5)"K(t, s)u(s) ds, te X(N). (1.4)
If the mesh points {t,}., are given by

= (%)T O=<n<N), (1.5)

then Iy is called a graded mesh; and the grading exponent r will always satisfy
r=1.

Brunner [1] considered the above collocation methods for VIDE (1.1). He
found that the use of a uniform mesh leads, due to the nonsmooth nature of the
exact solutions, to convergence of order less than one, regardless of the degree of
the approximating spline functions. However, if a graded mesh of the form (1.5)
with r =m/(1 — a) is used, then optimal convergence behavior can be obtained.
In his work he also points out that the use of graded meshes, with the grading
exponent m/(1 — ), has a practical limitation since the initial stepsize becomes
very small as N is increased. As an example, if we assume that m =4 and @ =1,
then we have to start the collocation method on a subinterval whose length is of
order N™% It is obvious, even for moderate values of N, that this may create
serious round-off errors in subsequent calculations. Moreover, if «— 1—, then
the value of r used in [1] tends to infinity which prevents one from obtaining
meaningful approximations for graded meshes, even when working in double or
extended precision.

In this note, we shall show that if r is slightly greater than m/(2 — ) and if
u e S§(Zy) is the collocation solution corresponding to the graded mesh (1.5),
then ||y —ull.= O(N™™) and y'(t) — u'(t) = O(N™™) if ¢ is away from the origin.
The grading exponent suggested in this work is smaller than the one given in [1].
For the example mentioned above (o =4 and m =4), the initial stepsize is of
order about N™27 (compare N~® given by [1]). Moreover, for any a € (0, 1), we
have m/(2 — &) <m. Hence we can use a graded mesh even when « is very close
to 1.
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2. Main results

The main results of this section can be established using arguments similar to
those used in [1]. The only modification needed will be an application of the
following lemma in place of Lemma 3.3 of [1].

LeMma 1l Let m=1 and O0<pu=<m+ 1. If the sequence of points {t,} defines a
graded mesh, then for any s =1,

hrHg@- @t = Q(NY~(m+Dj=T) (1si=<N), (2.1)
R = O(NY~"*Di=")  (1<i<N), (2.2)
where y = —-r(2—a)+m+1.
Proof. Since t;,=i"TN™’, it follows that
hi=t—t=I"TNT[Q+i"'yY —1]<r27'Ti""'N~"
for 1 <i< N — 1. Thus we obtain, for 0<u=<m+1 and s =1, that
g kg CimONI~(m+D) (2.3)
where C is a constant independent of N and
O:=—-rim+1+sQ-a)—pu]l+m+1. ForOsu<sm+1lands=1,
O6<s—rim+1+2-a)-(m+D)]+m+1<s—rR-a)+m+1=y.

N e N Y
(—) s(—.) , for 1<i=<N, (2.4)

i i

Noting that

we can obtain (2.1) by combining (2.3) and (2.4). A similar proof technique
yields (2.2). O

We shall estimate the error function e(t) := y(t) — u(¢) and its derivative e'(r).
The restriction of e to the subinterval o,,, 0 <n <N —1, will be denoted by e,.

THeoreM 1 Let the functions a, b and K in (1.2) be m-times continuously
differentiable functions, and assume that b and K do not vanish identically. If
ueS%zy) is the collocation approximation defined by (1.4), and if the
underlying mesh sequence Il consists of graded meshes of the form (1.5), with
grading exponent r, r >m/(2 — a), then for any collocation parameters {c;} with
0=<c, <-:-<c, =<1, the resulting error e := y — u satisfies

(i) llelle = O(N™™), (2.5)
(i) el(t) = o(N-m(g)m_'(l_a)), (1<n<N-1), (2.6)
(i) ei(t) = O(N—"1-). @.7)

Proof. Let C denote a positive constant, independent of N and h, possibly with
different values at different places. By using the same procedure and the same

Z1oz ‘T [udy uo Aslealun Buellbyz e /6io'sjeuinolpiojxoeufew)/:dny wouy pepeojumoq


http://imajna.oxfordjournals.org/

96 TAO TANG
notation as [1] (pp. 226—-233) we can obtain

n-—1 n—1
Buol< 2 1Bl + CRE™*+ X A7 IR(D)l, 1sn<N-1, (2.8)
i=0 =0

n—1 '
1B <Ch 2 |Bill + hnz,, 1l<n<N-1, (2.9)
i=Q

(see (3.13) and (3.18) of [1]), where
[Ri(1)] < Cmax {f#~ ) " 1<ss<m,0spu<m+1}. (2.10)

Using Lemma 1 we can show that the last term of (2.9) is to be bounded by
O(N~*D*vp=7) with y=—r(2— a) + m+1<1. Then a result of [1, p. 232]
gives

1Balls = O(h,2,) = O(N~*D*7p 7). (2.11)
Since y<1, (2.8), (2.10), (2.11) and Lemma 1 lead to

n—1
|Baol <C D, N~+D+%=Y 4 Ch2™*= O(N™™). (2.12)
=1
The above estimates (2.11)-(2.12) and (3.7)-(3.8) of [1, p. 228] lead to
. (2.5-2.7. O
Theorem 1 suggests that if the grading exponent r is greater than m/(2 — a),
then we can obtain the optimal convergence rate for the error function e itself. It
can also be seen from (2.6) that e,(t)=O(N~™) if ¢t is away from the origin.
Moreover, by setting m =1 in Theorem 1 we can obtain the following results.

CoroLLARY 1 Let the functions a,b and K in (1.2) be continuously
differentiable in their corresponding domains, and assume that b and K do not
vanish identically. If u € S{”(Zy) is the collocation approximation defined by
(1.4), and if the underlying mesh sequence Iy is a uniform mesh, then for any
choice of a collocation parameter c, € [0, 1], the resulting error e := y — u satisfies

() llell.=O(N™"), (2.13)
(ii) el(t) = 0<N"(-:—l)a), (l<n<N-1), (2.14)
(iii) ei(t) = O(N~0=), 2.15)

The following theorem is concerned with collocation in the space S¥(Z,), with
m =2, using a uniform mesh. It can be established in a similar way to the proof
of Theorem 1. Dixon [4] shows that, away from the origin, the error in product
integration and collocation schemes for second-kind Volterra integral equations is
of order 2 — a. The following theorem can also be obtained by a similar proof
technique to that given in [4].

THEOREM 2 Let the functions g, b and K in (1.2) be subject to the conditions
stated in Theorem 1. If u e S®(Z,), m=2, is the collocation approximation
defined by (1.4), and if the underlying mesh sequence Ily is a uniform mesh, then
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for any choice of collocation parameters 0 <¢, <- - - <c¢,, <1, the resulting error
e :=y — u satisfies

() llell. = O(N~C=%), (2.16)
(ii) el(t) = o(N-@-“) + N (g)m'_]), (l<sn<N-1), (217
(iii) ex(t) = O(N~(~), (2.18)

Theorem 2 suggests that if the mesh sequence Il is uniform and m =2, then
for any choice of the collocation parameters {c;} the global convergence rates of
collocation approximations are

llell-=ON="®),  |le’[lo=O(N~""%). (2.19)

Brunner [1] presented some numerical results for (1.2) for m =2 and & =%, 4 and
%£. His numerical results, obtained by using a uniform mesh, give convergence
rates of |le|l. as 1-65(a=13), 1-47(a=1%) and 1-29(«=3%); they are in good
agreement with the theoretical estimate (2.19) (convergence rate 2 — a). Also,
the numerical calculations give the convergence rates for |le’||. as 0-65(a = 1),
0-48(a = 3) and 0-31(a = %); they are also in good agreement with the theoretical
estimate (2.19) (convergence rate 1 — «).

3. Numerical example

For numerical verification of the results stated in Section 2, we consider

y’(t)=a(t)y(t)+b(t)+L‘l(t—s)_“y(s)ds, y(0)=0, 0<t<T,

with a(t)=—1, A= —1, and with b(t) chosen so that y(¢t) =~ This equation
was tested in [1] in which a detailed description of the discretization of the
collocation equations (1.3) and (1.4) was provided.

The grading exponents used in our calculations are r; =1 (uniform mesh),
r,=m/(2— a)+} (suggested by this work) and r;=m/(1 — a) (suggested by
[1]). The numerical results are obtained with m =3 and with the collocation
parameters ¢; =0-1, ¢, =0-3 and ¢, =0-5.

Firstly we consider the case when a is not too close to 1. In Table 1 we list the
errors, ||le|l., and the computed rates of convergence for ¢ =0-5 and T = 1. The

TABLE 1
Errors and convergence rates with a =0-5and T =1: jle||..

r=r r=r, r=r
N llefl- rate llell rate llell- rate
10 169D -3 1-11D -4 8-54D — 4
20 58D-4 152 1-53D-5 286 9200-5 321
40 20D-4 149 207D-6 289 1-06D-5 3-12
80 74D-~-5 149 272D-7 293 12ID-6 306
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TaBLE 2
Errors and convergence rates with a =0-5 and T = 1: |e(T)|

r=unr r=r, r=r
N le(T) rate le(TH| rate le(T)| rate
10 6-66D -5 635D -5 8:54D — 4
20 198D -6 — 707D-6 317 920D-5 321
40 4-83D-6 — 829D -7 309 1.06D-5 312
80 241D-6 — 99D-8 305 1271D-6 306
TasLE 3

Errors and convergence rates with a« =0-5 and T =1: |e'(T)|

r=r r=r, r=r
N le'(T)] rate le’'(T) rate le'(T)] rate
10 9-81D -4 345D —4 7-20D -3
20 3.04D-4 169 366D-5 324 852D-4 308
40 994D -5 1-61 413D-6 3-15 1-01D -4  3.08
80 337D -5 1.56 48D-7 3-:09 1.22D-5 305
TaBLE 4
Errors with a=0-9 and T =5 : ||e||. and |e(T)|
r=n r=r, r=r,
N llell le(T)| llell- le(T) llell- le(T)I
10 3-62D-2 1-40D-4 419D -2 419D -2 824D-1 824D -1
20 114D-2 1.50D-5 6-:06D-5 270D-5 3712D-1 372D-1
40 403D-3 548D-6 9-9D-6 629D -6 394D +0 394D +0
8 156D-3 218D-6 1-32D-6 585D-7 120D+1 120D +1

convergence rates predicted in Theorems 1 and 2 for the error function are
confirmed by Table 1. It can also be seen that the numerical results obtained by
using the grading exponent r, as suggested by the present work are more accurate
than those obtained by using r, and r,. For the derivative of the error function
this work suggests that high orders of convergence may be observed at the right
endpoint of the interval of integration. It was pointed out by Brunner [1] that in
many practical applications one is more interested in generating a numerical
approximation which is very accurate at the right endpoint t = T. In Tables 2 and
3 we list the errors |e(T)| and je’(T)| and the corresponding computed rates of
convergence, respectively. The convergence results of Theorems 1 and 2 for the
derivative of the approximate solution are reflected in Table 3. Moreover, both
Tables 2 and 3 indicate that numerical results at ¢t =T obtained by using the
grading exponent r, are much more accurate than those obtained by using r, and
r.

Finally we look at the convergence behavior of the collocation methods with
graded grids when «a is close to 1. For this purpose we consider the case o =0-9
and T =5. Table 4 shows the errors ||e||. and |e(T)|. It can be seen from this
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table that graded meshes with the grading exponents given in Theorem 1 lead to
very accurate numerical solutions. However, solutions with r = r; are divergent,
because the initial stepsizes used in the calculations are too small.

4. Conclusion

This note is concerned with collocation methods for Volterra integro-differential

equations with weakly singular kernels. By choosing a smaller grading exponent,

than that suggested in [1], we are able to obtain optimum rates of convergence
while overcoming the practical problems encountered using previous grading
exponents. The grading exponent suggested by this note is not greater than m
(the polynomial degree) which is independent of . This is in contrast to the
theories of spline collocation methods for Volterra integral equations of the
second kind. The main disadvantage of using a graded mesh to solve Volterra
integro-differential (or integral) equations with weakly singular kernels is that
O(N?) instead of O(N) quadrature weights have to be computed for the kernel
(t —s)~ = This increase of computational work is not present for the approaches
in [3] and [5]. However, computational time is in general not too expensive for
the one-dimensional calculations. Moreover, since the collocation method is easy
to implement and can produce very accurate results by using reasonably small
numbers of collocation points, it is still considered to be a useful tool in solving
Volterra equations.
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