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SUPERCONVERGENCE IN THE MAXIMUM NORM
OF A CLASS OF PIECEWISE POLYNOMIAL
COLLOCATION METHODS FOR SOLVING
LINEAR WEAKLY SINGULAR VOLTERRA
INTEGRO-DIFFERENTIAL EQUATIONS

RAUL KANGRO AND INGA PARTS

ABSTRACT. A piecewise polynomial collocation method
on graded grids for solving linear weakly singular integro-
differential equations of Volterra type is studied. It is shown
that a special choice of collocation parameters improves the
convergence rate of the method, the error estimates for all val-
ues of the nonuniformity parameter of the grid are obtained.

1. Introduction and the main result. We consider the linear
integro-differential equation

0 =pO00) +a0) + [ K(t)

e0,T], T >0,
with a given initial condition y(0) = yo, yo € R = (—00,00). We
assume that

p,q € C”“’(O,T], K e VV’“’(AT)7

2
@ keN={1,2,...}, veR\Z,v<l1.

Here C*¥(0,T], k € N, v < 1, is defined as collection of all k times
continuously differentiable functions x : (0,7] — R such that the
estimation
ifj<1l-v,
2@ << {tl”J ifj>1-v

holds with a constant ¢; = ¢;(x) for all t € (0,T] and j = 0,1,... ,k.
The set W*"(Ar), with k € N, v < 1, Ar = {(t,s) e R*: 0<t < T,
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404 R. KANGRO AND I. PARTS

0 < s < t} consists of k times continuously differentiable functions
K : Ar — R satisfying

aN' (o 9y
N (L9 K
|<8t> (815 * 5‘3) (t:9)
with a constant ¢ = ¢(K) for all (¢,s) € Ar and all integers ¢,j5 > 0
such that ¢ + j =< k.

<c

1 ifv+i<0,
(t—s)v"t ifr+i>0

It is well known, see [1], that under the assumptions (2) the equation
(1) has a unique solution y € Ck*1¥=1(0, T7.

For solving problem (1) we use piecewise polynomial collocation
method on graded grids. Fix r € R, r > 1. For N € N define a
graded grid IT%; on the interval [0, 7] by

T
r n
N:{tmtlw--atN:tn:T(N); n:O,...,N}

and denote h,, = t, — t,_1. We look for an approximate solution uy
to (1) in the form

t
(3) zww=m+/vmmm oy € 857,
0

where 57(7;_1%(1_[7"]\,) ={u : ulp, ¢, € Tm-1, n=1,...,N}. Here
Tm—1 denotes the set of polynomials of degree not exceeding m — 1 and

ulje,_, ¢, is the restriction of u to the subinterval [t,1,,].

In order to determine vy we choose m collocation points in every

subinterval [t,_1,t,], n=1,...,N,
(4) tnj:tnfl'*'njhna j:].,...,m, nzl,...,N,
where 71, ...,y do not depend on NV and satisfy 0 < n; < - <1y, <

1. We require that the collocation equations

zmwrﬁmm+mm4mw@@

(5) i Ot"j K(tnj75)<[)s on () dT) ds,

j=1... . m;n=1,... N,
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where

A1) = a(t) + yop() + 30 / K(t,s)ds, te[0,T)

hold.

Piecewise collocation methods for weakly singular integro-differential
equations are extensively examined by many authors. The present
paper is most closely related to recent papers [1, 2] by Brunner, Pedas
and Vainikko and the paper [3] by Tao Tang, an extensive list of related
papers is given in [1].

Brunner, Pedas, Vainikko have proved the following convergence
result for method {(3), (5)}.

Theorem 1 [2]. Assume (2) with k = m and that the collocation
points (4) are used. Then for all sufficiently large N € N and for every
choice of parameters 0 < n; < -+ < 0y < 1, the equations (3) and
(5) determine unique approximations u and v to y and y' respectively.
Then, for r > 1, we have

N-T(@2=v) for 1<r< m }
2—v
m
lun —ylloo <c{ N""(14+logN) for r=g—,
N=™ for r> m ,
2—v
and
N*T(lfl/) fOT‘ 1<r< m ’
1—v
N-"(14+logN) for r=—"" =1,
v —1 < 1—v
Nom for r=1—>1
m
or r >
—v

Here ¢ = c¢(r,v,m) and ¢ = ' (r,v,m) are some positive constants
which are independent of N.
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In this paper we show that by a careful choice of the collocation pa-
rameters 7; it is possible, assuming a little more regularity of functions
p,q and K, to improve the convergence rate. Namely we prove the
following result.

Theorem 2. Assume (2) with k = m + 1 and that the parame-
ters 1; are chosen so that the interpolatory quadrature approximation
fol o(s)ds ~ 27:1 A;p(nj), with appropriate weights {A;}, is exact
for all polynomials of degree m. Then there exists Ny € N such that
for all N > Ny the error estimate

N—'I"(Q—l/) fOT 1 S’I" < m+17
2—v
1
luy = ylloo < ¢ { N7 (1+1og N) ﬁrrzg“k,
—v
1
N—m=l for r>m+
2—v

holds, where ¢ = c(r,v,m) is a positive constant which is independent
of N.

In order to prove the theorem, we need several technical results that
will be presented in the next section.

2. Lemmas. First we present a result about approximating
functions with piecewise polynomial interpolants on a graded grid. In
order to state the result we introduce the following notations.

We define k interpolation points in every subinterval [t,_1,t,] (n =
1,...,N) of the grid IT%; by

(6) t; =tn-1+mjhn, j=1,....k, n=1,... N,
where 7y, ... ,7;, donot depend on NV and satisfy 0 < 7] < ... <n) < 1.
To a continuous function = : [0,7] — R we assign a piecewise

polynomial function Pyz € S (_12 which interpolates = at the points

(6): "

(7) (Pea)(th;) = x(tl;), j=1,....k n=1,..,N.

nj
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Applying to z € C*¥(0,T] the estimate (7.15) from [4, p. 116] we
obtain that

1 ifk<l—v
8 t) — (Pyx)(t)| < chk ’
® om0 - (RO < et { oy S,
forn=1,...,N, with a constant ¢ which is independent of n and N.

Lemma 1. For x € C*(0,T)] the following estimates hold:
1) ifk<1—v, then

T
(9) / |z(s) — (Ppx)(s)|ds < eN™*  forr>1;
0
2)if k> 1—v, then

T
(10) / la(s) — (Pea)(s)| ds

N—(2-v) for 1<r< L,
2—-v
—r(2—v) k
<cq N°" (1+logN) for r=gz ,
—v
k
Nk for r > .
2—v

Here ¢ = ¢(r,v, k) is a positive constant which is independent of N.
Proof. Using equality (8) we get

T N t;
| lets) = (Peas) as = > IGECRECT

1 ifk<l—vw

(t; —t; ’
z:: i=1) {tl—”—’“ ifh>1-v.

J
B T . s
J j—1
=1 () 17

=TN(j" —(j - 1)) STN "rj""!, r>1

Since
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and

(tj _ tjfl)kH»l é Tk+17,k+1N*T(k+1)jr(k}+1)fkfl,

(tj _ tjfl)kﬂ»lt;_y_k < TQ*VrkJrlN*T(27V)jr(27u)fk71.

In case k < 1 — v we get
T N
| 100 = (P @lds < ex sy s 3 ok
0 ,
j=1
< Cler(kJrl)Nr(kJrl)fk
=IN7F r>1.

In case k > 1 — v we get

T N
/ |2 (s) — (Pp)(s)| ds < cT? /I N2 Y jrv) =kt
0 :
7j=1

1 forl <r< i
2—v

<eNTTE L4 logN forr=
2—v

k
Nr@=v)=Fk  for r > 5=

k
N—r(2-v) forl1<r<
2—v

Lemma 1 is proved. i
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In the proof of the next lemma we use repeatedly the following result

Proposition 1. Let v < 0, then for all n > 2 the estimate

n—1 1 if B+y<—1and <0,
(11) PP(n—i) <c{nf if 6>0 and v < —1,
i=1 nfEHL if B4y > —1 and v > —1

holds, where c is independent of n.

Proof. If B+~ < —1 and 8 < 0 we have

n—1

oo
(Zﬂ+v +(n— i)ﬁ+v) < QZZ%HW =
1 i=1

n—1
> i —i)T <
i=1

.
I

If >0 and v < —1 then
n—1 n—1 oo
Ziﬁ(n—i)”’ §nﬁz(n—i)7 §n[3§:j7 = cenP;
i=1 i=1 j=1

Ifg+~>—-1and~ > —1 then

:iiﬁ(n_iﬁ<[jz/§]iﬁ<g>v+ rf max{(gy’"ﬁ}(”_m

i=[n/2]4+1
n\ " nftl 1 nY+l
< | = + max<q 1, — nP
2) B+1 26 [ v 41
< cnﬁ-‘r’)’-ﬁ-l,
where [n/2] denotes the integer part of n/2. O

Now we are ready to prove a superconvergence result of method
{(3),(5)} for the values of vy at the collocation points.

Lemma 2. Assume (2) with k = m + 1 and that the parame-
ters 1; are chosen so that the quadrature approximation fol o(s)ds =~
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Z;’;l Ajp(n;), with appropriate weights {A;}, is exact for all polyno-
maals of degree m. Then there exists Ng € N such that for all N > Ny
the error estimate

(12) [y (tnj) = on (tng)]

1
N—T(2=v) for 1<r< m s
2—v
1
<c{ N7 (14logN) for 7":72n+ ,
—v
1
N—m—l for r> mt
2—v

holds, where ¢ = c(r,v,m) is a positive constant which is independent
of N.

Proof. Note, that we can write equation (1) in the form

(13) ¥'(8) = Fu(t) +p(t) / y'(s) ds + / Ky(t,s)y (s)ds, t€ [0,

where

and .
Kq(t,s) :/ K(t,7)dr, 0<s<t<T.
It is easy to check that if K € W™ (Ar), then K1 € WmT2Y=1(Ar).

Let P, be defined by (7), with k& = m and ¢]; = t,;, then the
collocation equations (5) can be written as

Un = mel + PSivp,

51.2? /KllfS

K(t,s) =p(t) + Ki(t,s).

where
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Denote w = v, — P,,y’. Since
Ppy = Pnfi+ PpnSiy

it follows that
w = P, S1w + P,,51 (y/ - Pmy,)'

As I — Sy is invertible in C[0,T], I — P,,S1 is also invertible for
sufficiently large N. Therefore

w=—PpS1) 'PnSi(y — Pny")
and
|y/(tnj) - Un(tnj” < wlloo < cHSl(y/ - Pmy/)Hoo

/O R(t,5) (' (5) — (Pu/)(s)) ds|.

< ¢ max
te[0,T]

Fixtandletn € {0,... ,N—1}, ¢ € [tn, tnt+1]. If n = 0 then, according
to (8)
(14

<ctilly’ — Py

)
/0 K(t,5)(5(3) — (Put/)(5)) ds

[0,t1] < C,tlti_y
=tV < 'NTTE),

Ifn=1,... ,N —1, then we have

K (t,5)(y/(5) = (Puy/)(s))| ds

t1
</
0

> [ RGO - Pa)(6) ds

i=2 Yti-1

[ RO - ) o)] s

n—1

+
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It is quite easy to estimate the first and last terms using the inequality
(8):
(15)

t1
/ [K(t,5) (4 (s) = (Pny')(5)) | ds < ctrlly’ = Puy/|lj0,0,) < ¢/ N7TE7)
0

and

(16) / R (t,3)(5/(5) — (Pu/)())] ds

tn—1

- / R () (0(5) — (Puy')(s)| ds

tn—1

+/1t K (t,9)(y/(5) = (Puy/)(s))] ds

< chnlly' = Pty 1 ,tn) + Pt Iy = Pt it 0]
< oyt 1 1fm<1—l/+chm+11{1 Im<l—-v
- =™ i m > 1-w T i > 1w

N2 for1<r< ZH_l

)
<c +1_V
N—m—1 for7">7;

— UV

The estimation of the remaining term requires more work.

[ R0 - (Pay(e)

n—1 t;
< Z /t (Kl(t; 5) — K1(t,ti)) (y'(s) _ (Pmy’)(s)) ds
T Z_:/ K(t, ;) (y'(s) — (Pmy/)(s)) ds|.
i=2 Jti-1

Using the facts that K3 € WmH2Y=L(Ar), v/ € C™TH7(0,T] and (8)
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we get

ti

(K (1) — K (8,1)) (4() — (Pt (s) ds

ti—1

ifr<o0
< CZ { |t _ t| v 3 } ||y/ - Pmy/HC[ti_l?ti]

ifv>0
<c2h2 ifr<o0 L 11 ifm<1l-—v
—i)7"h;Y v >0 ;7™ iftm>1—-v
i 1 ifr<Oand m<1-—v,
Sth:.”*Q tvm ifr<O0andm>1-v,
i=2

(n—4) h;"t; "™ ifv>0and m>1—v.
I)Incasev <0and m <1—w:

n—1

n—1
CZ hszrQ < CTm,+2rm+2N—r(m+2) Z i(r—l)(m+2) < CN_m_l;
i=2 i=2
2)Incasev <0and m>1—wu:
n—1 n—1
¢ Z hm+2t1—v—m < CT37VTm+2N7T(37V) Z Z-r(371/)7m72
i=2 i=2
n—1
< CN—T(3—I/) Z ir(B—V)—m—Q
i=2
1
N-3B=v) f0r1§r<m+ ,
-V
N=G=¥)(1+log N)
<c m—+1
for r = ,
3—v
1
N—m1 forr>m+ ;

— VUV
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3)Incaser >0and m > 1—wv:

n—1
m—+2—v N—vyl—v—m
c E h; (n—1i)7"t;
=2

n—1
< CN—?"(B—QV) Z ir(3—2u)—m—2+u(n _ i)—y
i=2
N-TB=2) for p < 1 ,
< 3— 25
N—m—1 forr2m+ .
3—2v

It follows that

n—1 t;
an |3 / (Ka(t,s) — Ki(t,6:) (5 (5) — (Pry/)(s)) ds
i=2 Jti-1
N-T3-v) if 1/<Oand1§r<m+1
3—v
1
N-—G=)(14log N) if 1/<0andr:gL+
—v
<e¢{ N—mL if 1/<Oandr>m+17
3—v
1
N—T(3-2v) if v>0andl<r< mt
3—2v
1
N—m—1 if 1/>0andr2m+ )
3—2v
We choose 0 < n} < --- < 7, < 1 such that {ni,... ,nm} C

{n1, ... 1,1} and P,y is given by equality (7), where k =m + 1.
Note that

/ ' (Priat)(5) — (Pu/)(s)) ds

ti—1

=Y A (Prgad))(tig) = (P (E)) = 0;

=1
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therefore,
n—1 ti
> [ R (Prar')(s) = (P )(5))ds| =0
i=2 Vti-1
Hence
n—1 ti
> [ RE6)6) - (Pay)s) ds
i=2 Y ti-1
n—1 t; ~
= K(t,t:)(y'(s) = (Pms1y)(s)) ds
i=2 Vti-1
T
a8) <o [ 16 = (Pus/)(s)| ds
N-72-v) f0r1§r<m+17
2—-v
1
<c N_T(Q_”)(l—i—logN) for r = 7;—’— ,
—v
1
N—m—1 forr>m+ .
2—v
By combining the estimates (17) and (18) it follows that
n—1 t;
) |3 [ K)o - (B
i=2 Vti-1
N-—2=v) f01“1§7"<m+17
2—-v
1
<c{ N7C=")(14logN) forr = ZH_ ,
—-v
1
N—m1L forr> 20
2—v
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Finally, using the estimates (15), (16) and (19) we obtain the estimate

(20) \ [ Kt = (Parf)(0) s

1
N—r2-v) f0r1§r<m+ ,
2—v
1
<c{ N7"C=¥)(14log N) forr:gl_‘_ )
—v
1
N~ forr>m+ )
2—v

Lemma 2 is proved. ]

3. Proof of theorem 2. Fixt e [0,7], let i € {0,... ,N —1} be
such that ¢ € [t;,t;+1]. Using initial condition y(0) = yo and equation
(3) we obtain

(21) [yt —un(t) =\ [ e -uienas

<|[ " (0 (5) —on(s)) ds

Consider the first term. Define

KV(z,0,t) ZZhAx (iq)-

j=1q=1

+] /tj<y’<s)—vN<s>>ds .

Then

ti

| ") — on(s)) ds vids— [ i (s) ds

ti
y'( ds—KV(vN,Ot)‘

IN

I
c\hc\

y s)ds — KV (y',0,t;)

+|KV(y,0,t;) — KV (vn,0,t)] .
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We choose 0 < n} < --- < m,; < 1 such that {n,... ,nm} C
{nt, ... 1} and Py is given by equality (7), where k = m + 1.
Since

ti
KV(y',O,ti):/ (Prma1y)(s) ds
0

\ [ " (s - / (P (s) ds

\/ — (Paay)(s)) ds

we get

ti
/ y'(s)ds — KV (y',0,t;)
0

< / 1/ (5) = (o) (5)] ds.

Since y' € C™*+1¥(0,T] we obtain from Lemma 1 following estimates:

in case m < —v

ti
(23) / 1y (s) = (Pri1y')(s)|ds < eN™™ 1 for r > 1;
0

in case m > —v

(24) / (8) = (Pray)(s)] ds

1
N—r2-v) forl<r< m A+ ,
2—v
1
<c{ N7 ) (14logN) forr = 7;_‘_ )
—v
1
N—m1 forr>m+ .
2—-v
As by Lemma 2 we have
|KV(y/a Ovti) - KV(UNv Oatz)|
< max |y (tn;) — vn (tn;)]
n,j
1
N—72=v) for 1 <r< mt ,
2—-v
1
<c{ N7C=)(14logN) forr = ZH_ ,
—v
m+1

N—m—1 for r >

2—v
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it follows that

[ -t as
N-T(2-v) for 1 <r< mjyl
<c{ N77C ) (14logN) forr = mj_yl,
N—m—1 forr>m+1.

It remains to estimate the last term in (21).

\ / f<y'<s> ~un(s)) ds

K

t;

Using (8) we get

[ W - s

ti
1 fm<l—-v
SCherl

i+1 l-v—m
tiv1 iftm>1—-v

Tm—i—l,rm-l—lN—r(m—i-l)(Z' 4 1)(r—1)(m+1)
</
> T2-vypm+l Ny—r(2-v) (Z + 1)7’(271/)777171
N2 for1<r< m 1,
< 2—v

1
N—m—l forr>m+ )
—v

< / U (8) = (Poy))(s)| ds

" / T Pay)(s) — v ()] ds.

ifm<1l-v
fm>1-v

)
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Since by Lemma 2

tit1
[ 1)) = ow (o)l ds < s [P’ = vy o
t;
< chipr max |y (tij) — on(tis)]
j=1,....m

N—2=v) f01“1§7"<m+17
2—v
1
<INTLS N (141log N)  for r = 7;_‘_ )
—v
1
N1 for r > m
2—v
it follows that
1
t N-r(2-v) for1§r<gL+ ,
[ - o) < Y
ti N—m—1 for r > 5 )
—v

Theorem 2 is proved. a

4. Numerical experiments. We consider the integro-differential

equation
V() = =yt + Q=)+
(25) e /1(1 — ) VetV d — /t(t —5) "y(s) ds,
’ te0,1] ’

with initial condition y(0) = 0.
First note that equation (25) is an equation of type (1), where
p(t) = _17
1
gty =2 -t 2V 4 t3_2”/ (1 —2z) v2* " dx,
0

K(t,s)=—(t—s)"".
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It is easy to check that the assumptions of p,q and K hold with
arbitrary v € (0,1) and arbitrary m. The exact solution of the initial
value problem is y(t) = t2~V.

Numerical results for this problem in case m = 2, when our approx-
imate solution uy is a piecewise quadratic polynomial, are presented
forv =1/10, v =1/2 and v = 9/10 in Tables 1-4. In order to estimate
the error ||luy — yllos and ||y — y'||oc We have used the points

- tn—l

.t .
Tnj =tn-1+] z 10 , J=1...,9; n=1,...,N,

corresponding error estimates are denoted by
env = {max|u(rn;) —y(m;) :j=1,...,95n=1,... ,N}
and

ey = {max|u' (1) = y'(Tnj) : 5 =1,...,9%5n=1,... ,N}.

To illustrate the fact that the superconvergence of the approximate
solution in the supremum norm is the result of the superconvergence
of the derivative vy at the collocation points, see Lemma 2, the errors
of vy at collocation points, denoted by

Oy = {max v/ (tn;) — v (tn;)| :5=1,... ,m;n=1,... ,N}

are also presented. The ratios of the actual errors are presented in
the columns with labels in the form g(x), where z is a real number
corresponding to the ratios of the error estimates.

Tables 1 and 2 show the dependence of the convergence rates of the
approximate solution and its derivative on the choice of collocation
parameters 71,72. In the case 71 = 1/4, no = 3/4 the corresponding
quadrature formula is exact only for linear polynomials. As we can
see, in this case the convergence rates agree well with the estimates
of Theorem 1. Collocation parameters n; = 1/4, ns = 5/6 and
m = 1/3, ne = 1 correspond to quadrature formulas that are exact
for all polynomials up to order 2. Numerical results show that the
convergence rate is much better in these cases and agrees well with
the estimate of Theorem 2. From the last column of the table we
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can see that Gaussian parameters 71 = (3 —/3)/6, 72 = (3++/3)/6
(that are exact for polynomials of order 3) do not give any further
improvement in the convergence rate. In all of the cases presented we
see that convergence rate of the derivative vy at the collocation points
is much higher than in the L*> norm and is the same as the convergence
rate of the approximate solution uy in the supremum norm.

Tables 3 and 4 show the dependence of the convergence rate on
the nonuniformity parameter r, when Gaussian parameters 7; =
(3—+/3)/6, no = (3++/3)/6 are used. From Theorem 2 it follows
that for uniform grid (r = 1) with m = 2 the ratios of consecutive
values of ey ought to be approximately 22~ (3.7 for v = 0.1, 2.8 for
v = 0.5, 2.1 for v = 0.9). For graded grids with m = 2 the ratios
ought to be approximately 4(2"2~")) for r = m/(2 — v), 5.7 (2"2=¥))
for r = (m+05)/(2—v) and 8 (2™T1) for r = (m+1.2)/(2 - v).
From Tables 3 and 4 we can see that the numerical results are in good
agreement with the theoretical estimates of Theorem 2.
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