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Quadratic Spline Collocation
for Volterra Integral Equations

Peeter Oja and Darja Saveljeva

Abstract. In the traditional step-by-step collocation method with quadratic splines
for Volterra integral equations an initial condition is replaced by a not-a-knot boun-
dary condition at the other end of the interval. Such a nonlocal method gives the
uniform boundedness of collocation projections for all parameters ¢ € (0, 1) characte-
rizing the position of collocation points between spline knots. For ¢ = 1 the projection
norms have linear growth and, therefore, for any choice of ¢ some general convergence
theorems may be applied to establish the convergence with two-sided error estimates.
The numerical tests supporting the theoretical results are also presented.
Keywords: quadratic spline collocation, spline projections, Volterra integral equa-
tions, stability and convergence of spline collocation method
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1. Introduction

Probably the most widely used in practice and theoretically studied class of
methods for initial value problems of ordinary differential equations is that
of Runge-Kutta methods. The generalization of Runge-Kutta methods for
Volterra integral equations is given already by Pouzet [19] and Bel’tjukov [3].
An important development could be find in [4], see also [5]. Runge-Kutta meth-
ods are fully discretized and give a finite number of approximate values (in grid
points) to the exact solution. Spline collocation for integral equations requires
the evaluation of integrals but gives a function as approximate solution which
is principal advantage in comparison with Runge-Kutta methods. In addition,
spline method allows to speak about retainment of smoothness proper to exact
solution. Let us mention that, with suitable evaluation of integrals by inter-
polatory quadratures, in some special cases like, e.g., the equations generated
by ordinary differential equations, the spline collocation is equivalent to Runge-
Kutta methods. For details, see [5].

The step-by-step collocation methods with piecewise polynomials have been
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studied in detail for different kind of equations under various assumptions and,
as a rule, the convergence results are positive, see, e.g., [6]. The stability analysis
in this case (see [16] and references therein) gives an additional explication why
it is so. But piecewise polynomials, being only continuous in best configurations
of collocation parameters, do not preserve the smoothness of the exact solution.
Our research is justified by the need to have a C! smoothness preserving stable
method for solving Volterra integral equations. Here the quadratic splines as
approximate solutions are a natural choice.

The polynomial spline collocation with step-by-step implementation is one
of the most practical methods for solving Volterra integral equations of the
second kind. This method is known to be unstable for cubic and higher order
smooth splines (see [7, 9, 16, 17]). In the case of quadratic splines of class
C' the stability region consists only of one point [16]. In this paper we replace
the first derivative condition, which is required by the standard quadratic spline
collocation, by a not-a-knot boundary condition at the other end of the interval.
This method cannot be any more implemented step-by-step and, in the case of
linear integral equation, needs the solution of a linear system which can be
successfully done by Gaussian elimination. On the other hand, we get the
stability in the whole interval of collocation parameter. For comparison, the
nonlocal method with cubic splines (see [18]) gives the stability in the same
interval of collocation parameter as in the case of the traditional collocation
with linear splines [16]. We also point out that our nonlocal method does not
need the use of derivative of the exact solution (or an approximant of it) at
starting point. Solving, for example, a weakly singular equation where the
solution is typically only continuous and the derivative is unbounded in the
neighborhood of a starting point, we cannot use the traditional step-by-step
collocation.

We will see that the stability of the method implies the convergence in uni-
form norm. This is due to general convergence theorems for operator equations.
The main assumption in the classical convergence theorem for the second kind
operator equations is the compactness of the operator, and this allows to apply
these results to a quite wide class of equations, including, for example, those
with weakly singular kernel.

Choosing the collocation parameter ¢ € (0,1) we prove the uniform in the
number of knots boundedness of projection operators. This allows us to apply
the classical convergence theorem. In the case ¢ = 1 the sequence of projection
operators is unbounded. Nevertheless, we succeeded in proving the regular
convergence of operators in approximate equations. This implies two-sided error
estimates which guarantee the convergence for smooth solutions. To this end,
we explore another technique and a different representation of quadratic splines.

An m-stage Runge-Kutta method has the rate of convergence (at grid
points) O(h™), and this may be somewhat increased with special choice of
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parameters. Collocation with quadratic splines (step-by-step or nonlocal) cor-
responds to m = 1 but this has the rate O(h?) on the whole interval of integra-
tion, due to the approximation properties of quadratic splines. Remark that all
the methods under discussion here have the same complexity O(h™?).

2. Description of the method

Consider the Volterra integral equation

y(t) = /Oth(t,s,y(s))ds + f(¢), t€0,7] (2.1)

with given functions f : [0,7] — R, £ : S x R — R and the set S = {(¢,s) :
0<s<t<T}

A mesh Ay : 0=ty <t <... <ty =T representing spline knots will
be used and as the process N — oo is allowed, the knots ¢; depend on N.
Denote h; = t; — t;_1. Then, for given collocation parameter ¢ € (0, 1], define
collocation points 7, = t;_1 + ch;, © = 1,...,N. In order to determine the
approximate solution u of the equation (2.1) as a quadratic spline of class C'
(denote this space by Sa(Axy)), we impose the following collocation conditions:

u(m;) = /On K(7,s,u(s))ds+ f(r;), i=1,...,N. (2.2)

Since dim S2(Ay) = N + 2 it is necessary to give two additional conditions
which we choose

u(0) = y(0), 2.9
U”(tN_l - 0) == U,/(tN_l + O) '

Let the operator Py : C[0,T] — C[0,T] be such that for any v € C[0,T] we
have Pyv € Se(Ay) and

(Py0)(0) = v(0),
(Pyv)(1y) =v(ry), i=1,...,N, (2.4)
(Pyv)'(tn—1 — 0) = (Pyv)"(tn—1 + 0).
Let us introduce, for a moment, the vector of knots

O: 8 =8 =83=t1<S4=11<...<S8y41 =tn_2

< SNy2 =tN = SNy3 = SN14
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and corresponding B-splines By 5, . .., Byi1,2,0, Which are linearly independent
functions. These B-splines form a basis in the spline space

So (An) = So(AN)N{f : f'(tv-1 —0) = f"(tx-1 +0)},

where AN means the grid tg < t; < ... < ty_s < tny. The Schoenberg-
Whitney conditions [21, p.171] applied in the quadratic case ensure that the
interpolation problem (2.4) to determine Pyv = Y, ;. v CiBi2, has a unique
solution. Thus, the operator Py is correctly defined. It is clear that Py is a
linear projection onto the space Sy(Ay).

We consider also the integral operator defined by

(Ku)(t) :/o K(t,s,u(s))ds, tel0,T]. (2.5)

Lemma 2.1. The spline collocation problem (2.2), (2.3) is equivalent to the
equation B
u=PyKu+ Pyxf, ué€ Sy(Ap). (2.6)

Proof. The proof is a standard calculation based on the property of Py that
Pyv = 0 if and only if v(0) = 0, v(1;) =0, i=1,...,N. Indeed, then (2.6)
is equivalent to the equalities (v — Ku — f)(0) = 0 and (v — Ku — f)(1;) = 0,
i=1,...,N. The first one of them is equivalent to u(0) = f(0) or u(0) = y(0)
because y(0) = f(0). Using the definition of the operator K, the equalities in
7; are just (2.2). |

3. Uniform boundedness of projections

We would apply general convergence theorems for operator equations. In the
classical case, one of the assumptions is the convergence of the sequence of
approximating operators Py to the identity or injection operator. Thus, the
uniform boundedness of the sequence Py is the key problem in the study of the
collocation method (2.2), (2.3).

Fix a number ¢ € (0,1). Given any function f € C[0,7], let us consider
S = Pyf € S3(Ay) determined by the conditions

S5(0) = f(0),
S() = f(m), i=1,...,N (3.1)
S"(tx—1 — 0) = S"(tn_1 +0).

Denote S;. = S(1;) and m; = S'(t;). Using t = t,_; + 7h;, we have the repre-
sentation of S for t € [t;_1, 1]
hi

S(t) = Sic+ E(T —c) ((2 —(c+7))mi—1 + (c+ T)ml->. (3.2)
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The continuity of S in the knots, i.e. S(t; —0) = S(t; +0), gives
(1 —¢)*hymi_1 + ((1 —A)hi +c(2 - c)hi+1)m+czhi+1mi+1

=2(f(ris1) — f()), i=1,...,.N—1.

The initial condition S(0) = f(0) adds the equation
(2 = )hamg + hamy = 2(f(m1) — £(0)),
and the not-a-knot requirement at ty_; could be written in the form
hnmy—2 — (hy—1 + hy)my_1 + hxy_ymy = 0.
The equation (3.5) yields
hy

hn-1

hn

hn-1

my = (1 + )mN_l — my_o.

837

(3.3)

(3.4)

(3.5)

(3.6)

Then, eliminating my in (3.3) using (3.6), we write (3.4) and (3.3) as follows:

Bomo + Yo = go
oMy + @,m, + YiMMi+1 = G, 9, = 1, e 7]\/' -2
anN_1My—2 + By_1MN_1 = gn-1 ,

where we denote

_ 2-c o 1 f(m) — f(0)
bo=sa=g "= oa=g *T iz I
and
h;
A=
e ; i=1,...,N—1
=1 =—"1
a hi + hia
1—
a; = CAZ‘ )
2c
1+4+¢ 2—c
i = Ai i = . —
b= 21— " t=L...,N=2
,71_2(1_0) ILLZ J
1—0)\ c hn
aN_ T _
N-1 9 N—-1 2(1—0) 1 HN-1
14c¢ 2—c¢ c hn
= AN_ _
Brn-1 5 AT ),UN 1+2<1_C) Tt

(3.7)
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and finally

1 fmn) = f(m)
9i = C(l — C) hz + hi-‘,—l

L i=1,...,N—1.

It is straightforward to check that, in the system (3.7), the difference of domi-
nation in rows is 1 and even greater than 1 in the last equation. Hence,

| < X .
(ég@JmA_ggﬁjm| (3.8)
and, in addition,
h
< _— . .
ml < (14 2hN_1) Jmax_ g (3.9)

Our aim now is to estimate the norms of projections Py in the space C[0, 7.
In this section, in the sequel, we assume that the sequence of meshes Ay is
quasi-uniform, i.e. there is a constant r such that hpax/hmin < 7 where Aoy =
maxi<i<y h; and Ay = minj<;<n h;. Then, for any function f € C[0,7T], we
have

1
< =1, N—-1
|g:] < A= [ fllcroz,
2
< .
90| < A= 1 llcrom

The representation (3.2), the quasi-uniformity of the meshes and the obtained
estimates (3.8), (3.9) allow to get

P, = St
| Nf“C’[OvT] 1211‘&3)1(\[ te%?fti}’ ()l

<|[[fllcpo,r) + hmax Jnax |m;|
< const || fllcp

where the constant is independent of N and h, but it depends on ¢ and r. We
have proved the following

Proposition 3.1. For ¢ € (0,1), in the case of quasi-uniform meshes, the
projections Py defined by (2.4) are uniformly bounded in the space C|0,T].

Note that similar quadratic spline projections are studied in [11]. Let us
mention that quadratic spline projections on an arbitrary sequence of meshes
could be not uniformly bounded in the space C[0,T] (see [23]).

Next, we will study the behavior of || Py|| in the space C[0,T] for ¢ = 1. We
restrict ourselves to the case of uniform mesh, i.e. we suppose that h; = h =
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T/N, i=1,...,N. Assume that the mesh Ay is complemented with knots
ti=ihfori=—-2 —landi=N+1, N+ 2. We will use the B-splines

(t—ti1)?, t€ [tio1, i
Bi(t) = -5 2h* — (tiy1 —t)* — (t — )%, t € [ti, i)
(tir2 —t)2, t € [tiy1, tital.

They are normalized with the condition

i Bi(t)=2, te0,T].

i=—1

Given any function f € C[0,7], let us consider u= Pyf =3 _..y¢;Bj
which is equivalent to the conditions o
(3.10)
U”(t]v_l — 0) = U”(tN_l + O)

We write (3.10) in the form of a linear system to determine the coefficients c;
as follows:

11 0 0 0 - 0 C_1 f()
01 1 0 0 --- 0 co fi
00 1 1 0 - 0 e fy
: = : (3.11)
0 0 0 1 1 CN-—1 fN
0 o =1 3 =31 CN 0

with f; = f(t;), ¢ = 0,...,N. The system (3.11) has the unique solution
because the determinant of its matrix is different from zero. Actually, the
solution of (3.11) is

CN = é(fzv—2 —4fno1+Tfn)
CN-1 = %<_fN2 +4fn_1+ fn)
CN—2 = é(fN—Z +4fny-1— fn)
CN-3 = é(7fN2 —4fn_1+ fn) (3.12)
CN-4 = [N_3—CN_3

Ci= fix1— fizo+ .. (=D g+ (=) ey
i=N-=5...,—1.
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This allows to get

|1 Px fllepr < 2 max_ lci| < 2N\ fllepmn-

Consider the function f € C[0,T] such that f(t;) = (—=1)", i =0,..., N, being
linear between the knots ¢;. Then, for example, for i = 2 with N — oo we have

|1Pnflle > [(Pnf)(t)] = |cicaBioi(t:) + eiBi(ti) + civaBiya (t:)| = N f]lc-

Thus, ||Pyl|| > const - N. It is established that the sequence ||Py|| has order N
as N — oo.

In [15] the norm of the quadratic spline interpolation operators is explicitly
calculated for the case of interpolation conditions which are actually the same
as in the classical step-by-step collocation. This formula implies the order N
of these projections. Let us mention that the results in [20] do not yield this
asymptotics of the projection norms.

4. General convergence theorems

In this section we present some general convergence theorems for operator equa-
tions which will be applied to the equation (2.1) in the linear case.

Let £ and F' be Banach spaces, L(F,F) and K(E, F) spaces of linear
continuous and linear compact operators. Suppose we have an equation

w=Ku+f, (4.1)

where K € K(E,E) and f € E. Let be given a sequence of approximating
operators Py € L(E,E), N =1,2,... . Consider also equations

UnN :PNKUN+PNf. (42)

The following theorem for second kind equations may be called classical because
it is one of the most important tools in the theory of approximate methods for
integral equations (see [1, 8]).

Theorem 4.1. Suppose u = Ku only if u =0 and Pyu — u for all u € E as
N — oco. Then:
1) FEquation (4.1) has the unique solution u*.

2) There exists a number Ny such that for N > Ny, equation (4.2) has the
unique solution uy.

3) uy — u* as N — oo.
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4) There are constants Cy,Cy,C5 > 0 such that
Cil|Pyu” — || < [luy — u*[| < Cof[Pyu” — u”|| (4.3)

luy = Pyu’|| < Gsl| K (Pyu” — uf)]]. (4.4)

Note that this theorem can be deduced from more general ones [13, 22].
The reader can find the following notions and results, for instance, in [22].

The sequence of operators Ay € L(E, F) is said to be stably convergent
to the operator A € L(FE, F) if Ay converges to A pointwise (i.e. Ayzr — Ax
for all z € E) and there is Ny such that for N > Ny, Ay € L(F, E) and
|AN || < const. The sequence Ay is said to be regularly convergent to A if Ay
converges to A pointwise and if zy is bounded and Ayzy compact, then zy is
compact itself. The sequence Ay is said to be compactly convergent to A if Ay
converges to A pointwise and if z is bounded, then Ayxy is compact.

Theorem 4.2. Having Pnf — f and compact convergence of PyK to K in-
stead of Pyu — u for all u € E, the assertions of Theorem 4.1 hold.

Consider the equations

Au=f (4.5)
ANUN - fN (46)

with A, Ay € ,C(E,F) and f, fy € F.

Theorem 4.3. The following two conditions are equivalent:
1) ImA = F, Ay converges to A stably.

2) KerA = {0}, Ay are Fredholm operators of index 0 for N > Ny with some
Ny, and Ax converges to A reqularly.

If one of them is satisfied, then equation (4.5) has the unique solution u*. There
exists a number Ny such that for N > Ny, the equations (4.6) are uniquely
solvable. If fn converges to f, then uy converges to u with the estimate

Cil|Anu® = fwll < [luy — w'l] < Cof| Anu® = fl]-

Remark 4.4. Without presenting the details let us mention that, for the ge-
neral equation (4.1) with a nonlinear operator K, it holds a counterpart of
Theorem 4.1 ensuring the two-sided error estimate (4.3) provided the projec-
tions Py converge pointwise to the identity operator (see [14], Section 50.2).
This theorem needs the complete continuity, i.e. continuity and compactness,
of the nonlinear operator K which is guaranteed for the operator (2.5) in the
space C[0, T by the continuity of the kernel K(¢, s, u) (see [12], Chapter 1, Sec-
tion 3). We prove the convergence of Py in the next section (see Lemma 5.1).



842 P. Oja and D. Saveljeva

5. Application of the classical convergence theorem

In this section we show that, for ¢ € (0,1), Theorem 4.1 is applicable to the
equation (2.1). Suppose that the sequence of meshes Ay is quasi-uniform.

Lemma 5.1. For ¢ € (0,1), the projection operators Py defined by (2.4) con-
verge pointwise to the identity, i.e. Pyf — f in C[0,T] for all f € C[0,T] as
N — oo.

Proof. Choose any ¢ € (0,1). For given f € C'[0,T], let S and z be quadratic
splines satisfying (3.1) for the chosen ¢ and for ¢ = 1/2 respectively. Taking
into account S = Py f, || Pn|| < const and ||z — f||c — 0 (see [10]), we get

15 = flle < (15 = zlle + Iz = flle
= Pn(f = 2)lle + Iz = flle
< const||f — z|lc + ||z — flle — 0.
This means that |Pyf — f|| — 0 for all f € C*0,7]. Using the Banach-
Steinhaus theorem, we get the convergence of the sequence of operators Py to

the identity operator everywhere in the space C[0, T, since C*[0,T7] is dense in
C[0,T]. The proof is completed. |

Taking E = C[0,T1], the integral operator
t
(Ku)(t) = / K(t,s)u(s)ds, ue C[0,T], (5.1)
0

and using Lemma 5.1, Theorem 4.1 directly yields

Theorem 5.2. Suppose the kernel K is such that K is compact, u = Ku holds
only for u =10, and ¢ € (0,1). Then the method (2.2), (2.3) is convergent in
C[0,T] and the estimates (4.3) and (4.4) hold.

6. Compact convergence

We have already shown that our method is stable for ¢ € (0,1). In the case c =1
the sequence of operators Py is unbounded. So we cannot apply the classical
convergence theorem. Taking into consideration Theorem 4.2, it is justified to
ask whether there is the compact convergence of PyK to K. First we state

Proposition 6.1. Suppose the operator K is given by (5.1), where K(t,s) is
continuous in {(t,s)] 0 < s < t < T} and continuously differentiable with
respect to t. Then the sequence Py K converges strongly to K in C[0,T].
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Proof. For given u € C[0,T], denote f = Ku. Then f € C'[0,T]. Let S be
the quadratic spline interpolant determined by (3.1) in the case ¢ = 1/2. It is
known that .S — fl|cjo,r] < const - h w(f’) (see [10]), where w(-) is the modulus
of continuity. We obtain

I1Pxf = Flle < PN =S+ 1S = fII.
The last norm converges to 0, and
| Px|llf — S| < (const - N)(const - b w(f')) < const w(f") — 0.
Hence, ||PvKu — Kul| — 0 for all u € C[0,T], which completes the proof. 1

Let us focus our attention on the operator (Ku) fo . Consider
in the rest of this section (and in the following sectlon too) the unlform mesh,
i.e. suppose that h; =h=T/N, i=1,...,N.

Choose the sequence of functions uy € C0,T] such that, for i = 1,..., N
and sufficiently small 6 = §(N) > 0,

” 1 forallte[tiq+0,t;—0], i even
un t) =
—1 forallte [ti,1 -+ (5, tl — 5], /) Odd,

uy being linear for t € [t; —0,t,+6],i=1,..., N —1, and constant in [y, tp + 9]
and [ty —d,ty]. Obviously, ||uy| = 1. Defining f; = f(t;) = (Kun)(t;), we have
fo=0, fi=—-h+¢§/2fori=1,3,..., fi=—0/2fori=2,4,..., fy =0for N
even and fy = —h for N odd. Taking, for example, § = O(h?), and using the
equalities (3.12), we calculate for large N and relatively small i the coefficients

=T/24+0(h), i ;and ¢; = =1/24+0(h),i=0,2,... . The values
of B-splines B;(t; —|—h/2) = 3/2 and B;_1(t;+h/2) = Bi11(t; +h/2) = 1/4 allow
to get for ¢ odd

h i+1 h T
j=i—
h i h T
(PvKun) (tim1 + 5) = Z ¢;Bj(tioi + 2) ) +O(h).

Hence,

((PxEuy) (1 + 5) — (PxEuy) (tir 4+ 5)| = T+ O(h),

which means that the functions Py Kuy, as N — oo or h — 0, are not equicon-
tinuous and, therefore, the sequence Py Kuy is not compact. We have proved

Proposition 6.2. For (Ku)( fo s)ds, the sequence PyK does not con-
verge compactly to K in the case c =1 as N — o0.
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7. Regular convergence

Our purpose in this section is to prove the regular convergence of operators
I — PyK to I — K in the case ¢ = 1 by using a new representation of quadratic
splines. Recall that the mesh is assumed to be uniform.

Given a function f € C[0,T], let S = Pyf € Sa(An) be such that
S(t;)) = f(t;), i=0,...,N
S"(tn_1—0) = S5"(ty_1+0).

)=
Denote S; = S(t;) and S;_1/2 = S(ti—1 + h/2). Using t = t;_1 + Th, we get the
representation of S for ¢t € [t;_1,t;]

Sit)=010-7)(1=27)S;-1 +47(1 = 7)S;i_1/2 + 7(27 — 1) 5. (7.1)

The continuity of S’ in the knots ¢;, i.e. S’(t; — 0) = S'(¢; + 0), leads to the
equations

Si—l + GSZ + Si-i—l = 4(81;1/2 + Sfi+1/2), 1= 1, . ,N — 1.
The not-a-knot boundary condition gives
Sy — Sn—2 = 2(Sn_1/2 — Sn-3/2).

Considering the values S; = f; = f(t;), i = 0,..., N, as known data we have
the system

11 0 0 --- 0 S1/2 dy
o1 1 0 --- 0 S3/9 do
' = ] (7.2)
0 e 011 SN_3/2 dn_1
0 e 0 =11 SN-1/2 dy

where dz = (fi—l + sz -+ fi+1)/47 1= ]_, ce ,N — ]_, and dN = (fN — fN_Q)/2.
However, the matrix of (7.2) is regular because its determinant is equal to 2
By direct calculation we obtain

1
Sn-1/2 = g( — fn—2+6fn_1+3fn)

Sn-3/2 = (3fN 2+ 6fn- 1—fN)

8
SN-5/2 = é(QfN—S +9fn_2 —4fv-1+ fn) (7.3)
Sk-1/2 = ;L(fk:—l + 5fk:) — Jet1 + Sor2 — -
(-1 *
+—(7fN_2—4fN—1‘|‘fN), k:N—B,...,l.
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Now, having S;, ¢ = 0,...,N, and S;_1/5, ¢ = 1,..., N, the spline S is deter-
mined by (7.1).

In the assumptions of Proposition 6.1 we have the strong convergence of
I —PyKtol—-K.

Theorem 7.1. Suppose that the functions K and 0K /0t are continuous in
{(t,s)| 0 < s <t <T}. Then, for c = 1 and for K defined by (5.1), the
convergence of [ — PyK to I — K is reqular.

Proof. Choose a sequence gy € C[0,T] such that ||gny|| < 1. Assume that
the sequence (I — PyK)gy is compact. We have to show the compactness of
gn- Denote here S = PyKgy and use the values S; and S;_1/, of S as before.
However, we have to keep in mind that they depend on V.

The continuity of I and 0K /0t ensures also the uniform continuity and
boundedness, thus, there are numbers M and M; such that |K(t,s)] < M and
|(OKC/0t)(t,s)| < My on {(t,s)]| 0 <s<t<T}.

For t € [ty_1,tx], k=1,..., N, we have

gn(t) = (PnKgn)(t) = gn(t) — S(¢)
=gn(@) — (1 =27)(1 = 7) Sk
+47(1 = 7)Sk_1y2 + 7(27 — 1)Sk).

The difference
ti—1 t

Se 1 — (Kgw)(t) = / K(te 1, 8)gn(s)ds — / K(t, 5)gn (s)ds
0 0
tk—1

:/ (K(th_1,s) — K(t,5))gn(s) ds—/ K(t, s)gn(s)ds

0 tk_1

goes to zero uniformly on [0, 7] as h — 0 because of the uniform continuity and
boundedness of K. Similarly, Sy — (Kgn)(tf) — 0 uniformly on [0,7] as h — 0.
Using (27 — 1) +47(1 — 7) = 1, we obtain

gn(t) = S(t) = gn(t) — (Kgn)(t) = 47(1 = 7) (Se-1/2 — (Kgw) (1)) + (Gran) (1),

where G gy — 0 in C[0,T]. Here, the sequence K gy is compact. To establish
the compactness of gy, we will study the term Si_1/5 — (Kgn)(2).

Taking f; = (Kgn)(t;) and let us write Si_;/2 from (7.3) in the form
| N

Sk-1/2 = Jr + 5 D (DTS = fi) + O(h).

i=k
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Using again Sy — (Kgn)(t) — 0 as h — 0 uniformly on [0, 7], we get

N

SO = fin) + (Goan)(8)

i=k

N[ —

Sk—1/2 — (Kgn)(t) =
with G% gy — 0 in C[0, T]. Denote

Ti(gy) = / " Kt )9 (s)ds.

Then

fo— fon :/tk K(tk,s)gN(s)ds+/Okl (Kt s) — K(txv, 8))gn(s)ds

= Ii(gn) +h/ - %—f(fk,s)gzv(s)ds

0

where &, € [ty_1,tx]. Again, we have
(fe = from1) = (frorr — fr) = Le(gn) — e (gw)
[ (G - ) Jan(e) ds

b oIC
- h/ E(&wh s)gn(s) ds.
tk—1

In this expression, the uniform continuity of 9KC/0t allows to estimate the first
integral by exh with ey — 0 as h — 0 and the second one by M;h?. Summing
up all the differences (fr — fr—1) — (fre1 — fx) (if there are an odd number of
terms fp — fr_1 it suffices to observe that, in fact, fi — fr_1 = Ix(gn) + O(h)),
we get

N

Z(—l)i_k]z'(gzv) +rN

i=k
with ry — 0 as h — 0. We arrived at
gn(t) — (PvKgn)(t) = gn(t) — (Kgn)(t)
(1= D) ) ) + (G @), Y

i=k

where G, gn — 0 in C[0, T).



Quadratic Spline Collocation for VIE 847

Denoting ay(t) = 27(1 — 7), define the operators Qx : C[0,T] — C[0,T]
and the functions ¢y € C[0,7T] by

N

(Qugn) () = an(t) Y (=1)""Ii(gn)

i=k
ON = gn — QNgN.

(7.5)

Clearly, (7.4) yields the compactness of py. For t € [ty_1,tn], from oy (t) =
gn(t) — an(t)In(gn) we get In(pn) = In(9n) — In(an)In(gn). Denoting
M = Ip(an), k= 1,..., N, we see that |\;| < Mh/2. Thus, for sufficiently
small h, taking pp = 1/(1 — A), we have In(gn) = punIn(on). Now, induction
leads to

S0 ) = (=1 (T ) Liow).
i=k i=k =k
Let Ry : C[0,T] — C[0,T] be defined by
(Rven) (6) = an(0) Y (=1 ([T s ) Liom). (76)

Write (7.5) in the form

gy = on + Rnon. (7.7)

Hence,
Qngy = Qneon + QnBEyen.

Replacing Qngy in (7.5) by the last formula, we obtain
gn = on + Qnen + QnERypn. (7.8)

Now, we establish three lemmas to complete the proof of Theorem 7.1.

Lemma 7.2. The convergence oy — 1 in the space C[0,T] implies Qnpn — 0
in C[0,T].

Proof. Based on (7.4) we have
Qnen = PnKon — Koy 4+ Ghon.

By Proposition 6.1, PyK¢ony — Koy — 0. Since @y is bounded, we get also
G pn — 0 which completes the proof. |

Lemma 7.3. The operators Ry are uniformly bounded.
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Proof. For a function ¢ € C[0,T], consider

(Ra@)(t) = () 3 (=1 ([ ) ).

i=k

Taking into account the estimates |an(t)| < 1/2, |Ix(¢)| < Mh|p|| and (for
small h) p, = 1/(1 — M) <1/(1 — Mh/2) = pu (denote so), we have

N—k+1 _
1 D\ _ R (M )
IRl < panliel (35 u') = o

i=1

2 w—1

lpll < const]l]l,

which completes the proof of this lemma. |
Lemma 7.4. It holds QNRN = RNQN-

Proof. From (7.5) and (7.7) we get (I+Rx)(I —Qn) = I. To prove the lemma,
it is sufficient to check that (I — Qn)({ + Rn) = 1.

Choose an arbitrary ¢n € C[0,7T] and determine gy = (I + Ry)pn. We
will prove that (I — Qn)gn = ¢n. Using (7.6), we calculate

Ii(gn) = Li(pn) + )\iZ(_l)ji<HMl)Ij(SON), i=k,. ..,N.

j=i
Since oy = gy — Rypny and, on the other hand, oy = gy — Qngn, We show
that Rypn = Qngn or, taking into account the definitions of Ry and Qy,

> (-0 (o) = (-1 ([T ) L) (79)
However,
>0 Ii(gw) = D (-1 Liew)
i=k i=k
DAY (T ) iten)
i=k j=i I=i

and it is straightforward to check that the coefficients of I;(py) coincide with
those in the right hand side of (7.9). This proves the lemma. |

Finally, taking into account Lemma 7.4, we may write (7.8) in the form

gn = on +Qnpn + RNQnon.

Remembering that ¢n was compact and, using the Lemmas 7.2 and 7.3, we
establish the compactness of gy. The proof of Theorem 7.1 is complete. |
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Now, we are ready to close this section with the following

Theorem 7.5. Let K and 0K /0t be continuous in {(t,s)] 0 < s <t < T}.
Then, for ¢ = 1 and for the uniform mesh, there is a number Ny such that
for N > Ny, the problem (2.2), (2.3) has the unique solution, and the estimate
(4.3) holds. If Py f converges to f, then the solutions of (2.2), (2.3) converge
to the solution of (2.1) in C[0,T].

Proof. Note that, in the assumptions about IC, the operator K defined by
(5.1) is such that v = Kwu only for v = 0. Making use of Theorem 4.3, take
E=F=C[0,T], A=1—-K, Ay =1 — PyK and refer to Theorem 7.1, the
assertion is proved. [ |

Remark 7.6. The rate of convergence of the method (2.2), (2.3) for linear
equations, as stated in Theorems 5.2 and 7.5, is determined by the two-sided
estimate (4.3). It is well known that quadratic spline interpolation projections
Py have the property ||[Pyu — u|| = O(h?®) for smooth functions u. The rate
O(h?) is confirmed by the numerical tests presented in Section 9.

8. The method in the space of
continuously differentiable functions

We will focus our attention to the study of the method (2.2), (2.3) in the
space C'[0,T]. Similarly to the beginning of Section 3, fix ¢ € (0,1) and
define the projections Py by (3.1). Without any additional assumption we
may establish the estimates (3.8) and (3.9). Suppose now f € C'[0,T]. Then,
fori=1,...,N —1, and for some §; € (7;,T;1+1), we have

') (7i41 — 73)

‘gZ’ - C(l — C)(hl + hi+1>
= IfEN(Z T+ T )
C hz+hl+1 1 C hz +h7,+1
1 1
< max{g 71—_C}Hf/HC[O,T]

and

1
< —f :
190l = 7 IF'llciom

Taking into account (3.8), (3.9) and basing on the representation (3.2) we obtain
| Pxllciory < const ||f|lcipo,r only in the assumption that A3 /hAn_1 = O(1).
The derivative of (3.2) allows to get again with the help of (3.8) and (3.9) the
estimate

(P f) Nl < ax mi| < const [|fllcxpo.z
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provided hy/hy—1 = O(1). We have proved the following

Proposition 8.1. For ¢ € (0,1) assume that hy/hy—1 = O(1), then the pro-
jections Py are uniformly bounded in the space C'[0,T).

It holds also

Lemma 8.2. For c € (0,1) and hy/hy—1 = O(1), the projections Py converge
pointwise to the identity in the space C*0,T), i.e. Pxf — f in CY[0,T] for all
f€CH0,T] as hymax — 0.

Proof. Similarly to the proof of Lemma 5.1, for given f € C?[0,T] construct
the splines Py f and z. Then ||z — f||c1 — 0 (see [10]) and

IPnf = fller < \[Pxllercrllf = zller + 12 = fller — 0.

As C?[0,T] is dense in C'[0, T] it remains to use the Banach-Steinhaus theorem
which completes the proof. |

Lemma 8.2 and Theorem 4.1 yield

Theorem 8.3. Suppose the kernel K(t,s) is such that the operator K defined
by (5.1) is compact in C*0,T], u = Ku only for u = 0. Then the method (2.2),
(2.3) with ¢ € (0,1) and hx/hn_1 = O(1) is convergent in C'[0,T], and the
estimates (4.3), (4.4) hold.

Let us add that the compactness of K in C'[0, T takes place, for example,
in the assumptions of Proposition 6.1, but they could be weakened so that
weakly singular equations could be also included.

Next, we will study the method in C'[0,7] for ¢ = 1. In the sequel,
consider only the uniform mesh. As well as in Section 3, represent Py f by
B-splines. The coefficients of the representation could be estimated from the
system (3.12) as |¢;| < const || f||c1jo,7). Having also || Bj||co,r) = O(V), we get
that ||(Pxf)'||lcpo,r < const - N || f|lc1j0,77 which cannot be improved as we will
see later. Thus, ||Pyl||ci_ct = O(N).

Wishing to apply the Theorems 4.2 and 4.3, we have to prove that PyK
converges strongly to K in C'[0,7]. Assume that the kernel K in (5.1) is
continuous and twice continuously differentiable with respect to t. Take u €
C10,T], then f = Ku € C?0,T]. Likewise in the proof of Proposition 6.1,
concerning the spline S, it is known (see [10]) that ||S — f||cr < const-h w(f”).
Hence,

I1Pnf = fller < 1 Paller—crlf = Sller + 115 = fller = 0,

and we have the pointwise convergence Py K — K in the space C[0,T.
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Let us show that there is no compact convergence PyK — K in the
space C1[0,T] even for the operator (Ku) fo . Take the functions
uy € C*0,T) such that, for sufficiently small d= 5(]\7) > 0,

t for te[,%— d]

(1)t —t;) for tet,—L+6,t;+5% -4
=1 .,N—1

(—1)N(t —ty) for t €[ty — & +0,tn],

UN(t) =

uy being (uniquely determined by the continuity of ;) quadratic polynomial
fort € [t; —h/2 —06,t; —h/2+6],i=1,...,N. Clearly |lun|lc < h/2 and
|uy]lc = 1 which means that uy is bounded in C'*[0, T]. Taking § = O(h?) and
defining f; = (Kuy)(¢;), we calculate f; = h?/4 + O(h?) for i odd and f; = 0 for
i even. Considering relatively small i and large N, we get ¢; = —Th/8+O(h?) for
 =—1,1,...,and ¢; = Th/8+O(h?) for i = 0,2,... . Asit holds B.(t;) = 2/h,
B;_(t;) = —=2/h and Bi(t;) = 0 for j > i and j <i — 1, we have for i odd

T
(PnEuy)(t;) = cim1Bi_y(t:) + ¢:Bi(t) = —5 + O(h)

, T
(PnEuy)(tivr) = ciBi(tin) + i1 By (i) = 5 + O(h),

consequently, (PyKuy)" are not equicontinuous and the sequence PyKuy is
not compact in C*[0,T]. We have proved

Proposition 8.4. For (Ku)( fo s)ds, the sequence PyK does not con-
verge compactly to K in the space co, T] in the case c =1 as N — oo.

Note that, actually, in the proof of this proposition we established the in-
equality || Py|lci—c1 > const - N.

We state as an open problem, for ¢ = 1, the regular convergence of [ — Py K
to I — K in the space C'[0, T]. Numerical results presented in the next section
suggest the positive solution of this problem.

9. Numerical tests

In numerical tests, in order to take advantage of the complexity O(N), we chose
the test equation

y(t) = )\/Oty(s)derf(t), te[0,T]
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on the interval [0, 1], having the exact solution y(t) = (sint + cost + e') /2. We
implemented also the method for the equation (2.1) in the linear case with the
kernel IC(t,s) = t — s and the function f(¢) = sint, having the exact solution
y(t) = (2sint 4+ €' — e7")/4 on the interval [0,1]. This equation is used in
2, 5, 18]. Actually, we calculated the error |u — y||c approximately as

oo )

and similarly the approximate value of ||u’ — /||c. They are presented in fol-
lowing tables for particular values of N and ¢, |[u — y||¢ in the upper row
and ||u" — ¢/||c in the lower row. The results confirm the rate || — ¢/|c
= O(h?) for smooth solutions predicted by the theory.

max max
1<n<N 0<k<10

Numerical results for y(t) = )‘fo s)ds + f(t):
A=-=2 f(t)= %(3311125 — cost + 3e')

N 4 16 64 256

c=1 [112-103[221-107°[3.63-10"7 | 5.74-107°
2.68-1072]1.90-1073 | 1.22-107*| 7.66-10°°
c=0.71266-103]479-10"°|7.66-10"" | 1.20- 108
460-1072|3.51-10312.29-10*| 1.45-10°°
¢c=051]459-103[894-107°| 1.46-107% | 2.31- 108
569-1072 | 4.48-1072 |1 2.95-107*| 1.86-107°

A=—1, f(t)=sint+¢

N 4 16 64 256
c=0.1 7.71-1073 1.62-107* 2.70-107° 4.29-107%
7.11-1072 5.81-1073 3.85-1074 2.44-107°
c=10"% | 8.0866- 1073 | 1.6899 - 10~* | 2.8187-107¢ | 4.4751 - 1078
7.2391-1072 | 5.8971-107% | 3.9151 - 10~* | 2.4834 - 1075
c=10"% | 8.0891-1073 | 1.6902 - 10~* | 2.8184 - 1076 | 4.4618 - 10~
7.2399 - 1072 | 5.8972- 1072 | 3.9148 - 10~* | 2.4900 - 1075

A=1, f(t)=cost

4 16 64 256

c=1 [132-103[1290-107°]4.90-10"" | 7.80-1079
229-1072]1.85-1073 | 1.25-107% | 7.98-10°6
c=0.71219-103[4.73-107° | 7.98-10"7 | 1.27- 108
420-1072(3.42-1073 | 2.27-107% | 1.44-107°
c=05]4.03-10"2|863-107°]1.45-107% | 2.30-108
5.38-1072|4.41-10731293-107*| 1.86-10°
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A=2, f(t)=3(—sint+ 3cost —e')

4 16 64 256

c=0.1 7.24-1073 1.56 - 10~* 2.62-107° 4.17-1078
6.99 - 1072 5.79-1073 3.85-107* 2.44-107°
c=1073|7.8735-107% | 1.6810-107* | 2.8145-107% | 4.4722-1078
7.1893-1072 | 5.8948 - 1073 | 3.9150 - 10~* | 2.4834 - 1075
c=107%]7.8789-107% | 1.6819-10~* | 2.8158 - 107 | 4.4719 - 1078
7.1906 - 1072 | 5.8950 - 1073 | 3.9150 - 10~* | 2.4847 - 1075

Numerical results for y(t) = fot(t — s)y(s)ds + f(t):

8 32 128 512

c=1 [481-10°]1920-1077]1.51-10%]2.38-10"10
2.15-1073 [ 1.56-107% | 1.01-107° | 6.36- 107
c=051195-10"*]3.71-10% | 6.07-10"% | 9.59 . 1010
502-1073 [ 3.75-107* | 245-1075 | 1.55-1076
¢c=0.1/356-10"*]6.84-10%|1.12-1077 | 1.77-107°
6.53-1073 ] 4.92-107%|3.22-107° | 2.03-10°6
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