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1. INTRODUCTION

The problem studied in this paper is the analysis of the stability bounds
for local Lagrangian (polynomial) interpolation as a function of mesh
ratios. The results are useful in studying the behavior of local piecewise
polynomial interpolation on highly non-uniform meshes [3]. Swartz and
Varga [ 5], in their extensive study of stability, consider only quasi-uniform
meshes and the effect of the mesh ratio is absorbed into generic constants.
Also, their results do not consider the case of multiple interpolation points
as is done here. Prenter [2] has a result similar to that of (3.6) below, but
again only distinct interpolation points are considered. This paper presents
stability bounds for both the cases of quasi-uniform meshes and locally
quasi-uniform meshes where the dependence on the mesh ratio is explicitly
given.

Let {x,}4_, in [a, b] be given with respective multiplicities {u,}4_,. Set

n=1"

and let {¢,,}, the Lagrange polynomials, be those functions in P, the space
of polynomials of degrees less than N, which satisfy

¢l Nx))=6, 0, I<j<sp, 1<i<d, (1.1)

for 1 <s<py,, 1<r<d Then for any fe C¥[a, b]

@Nx) =3 5 16 D(x,) $u(x) (12)

r=1s=1

satisfies the generalized interpolation conditions

(QfY " "YUx)=fY"x) 1<j<u, 1<i<d
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To study the stability of this interpolation, it is necessary to examine

% 5 14

r=1s=1

(here ||-|| is the maximum norm over [a, b]). In fact, bounds will be
established for ¢/~ 'Y(x)| when xe[x,, x,, ] for general n, j, r, s.

An argument reminiscent of [1, pp. 289-2907 establishes that the error
in estimating f by Qf satisfies

W=~ PI=0t """ 1<j<N, (1.3)

for fe C"[a, b]. Here, and in what follows, A, := x;, , — x, for 1 <i<d, and
h:=max; h,. For example, by repeated -applications of Rolle’s theorem
there is a z in (x,,x;) such that (f—QfN" z)=0; hence,
(f=ON" " x)=(x=2)f™(&) for some ¢ in (x,x,), ie,
=@ =< (d—1) A [ f™]. Note that the order constant in (1.3)
does not depend on the distribution of the mesh {x,}. However, if the
quantities f“~"(x,) are replaced by O(e)-accurate estimates f“~"(x,),
then from (1.2)

HQf— NV VST Y 184~ 0C), (1.4)

so stability depends on the bounds for |¢~1|. As will be shown, these
bounds can be quite large for highly non-uniform meshes.

Two classes of meshes are considered: quasi-uniform and locally quasi-
uniform. A quasi-uniform mesh, with mesh ratio o, is one for which

lo<h/h <o for every i, J. (1.5)
A locally quasi-uniform mesh, with local mesh ratio R, is one for which

1/R<h; . /h; <R for every i. (1.6)

For the latter class of meshes, the analog of (1.5) is

1/RV-N K h/h; < R~ for every i, J. (1.7)

In what follows C represents a positive generic constant, possibly depen-
dent on {u,}, d, and b— a. However, it will not depend on ¢ or R, as the
explicit dependence of stability bounds on mesh ratios is the main object of
this paper.

The Lagrange polynomials ¢,, can be generated recursively, as is well
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known (e.g., [4, p. 53]). Define the auxiliary Lagrange polynomials L, (x)
by

L x—x) A (x—x\M
L =S 11 (5=3) (%)

for 1<s<y,, 1<r<d Then ¢,, (x)= (x) and for 1<s<y,,

rur

¢rs(x) Lrs(x)— Z L(p 1) X )¢rp(x)’

p=s5s+1
from which ¢Y V=LY -Y, and for 1 <s<y,,

Hr

$IIN =LY ) - Y LETI) YR (19)

p=s+1

Clearly, it is necessary to study L,(x), so first consider (1.8) for general
meshes. It is convenient to write L,(x)=[19_, F{x), where
Fi(x) = [(x—x))/(x,—x)]¥ for j#r, and F(x):=(x—x)""/(s—1).
(While it is true that F; also depends on r and s, these subscripts have been
omitted for clarity.) A simple extension of Leibnitz’ rule for products yields

ko Kk ki-2 Sk I\/k. —1 ki o —1
(F\Fy- Fo-D= 3 9 ... ¥ (k(:—l)(k:—l)m(kj_f—l)

ki=1ky=1 ki_1=1
ko—k ki—ky) ... Flka—1—kg)
XF(1° 1)F(21 2..Fddl 9

where k,:= 1. As a straightforward consequence of this expansion, we have
equations for L¥o—Y(x) and L%~ Y(x,).

LEMMA 1. For ky— 1 <degree L,,,

d
L£§0—1)(x)=2,,, z (x_xr)s—l-k,_m—k, H

k) ka—1t j_=l
J#ET

o X - X9 Ckg, v Ky s 5)
(xr - xj)uj

, (1.10)

where 0<k; \—k;<p, for j#r, and 0<k, ,—k,<s—1. Also,

Clko, . kg, 1, 8)
(x, —x)f-1=k 7

(ko 1)(x) Z z 1—[

ki kg1 j=1
Jj#Er

(1.11)

where 0<k; ,—k, <y, for j#r,and k, —k, =s—1.
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2. QuasI-UNIFORM MESHES

Assume that {x,} satisfies (1.5) for some o >0; we seek bounds for
|~ 1| explicitly exhibiting the dependence on . These bounds will be
over a fixed reference interval [x,, x,,, ;] so h, factors will appear.

To bound Lo~V in terms of ¢ and A, it is first necessary to study the
behavior of the individual factors in (1.10)-(1.11). For xe[x,, x,,,] in
case j<nand r<n

(x_xj)”i_kj~l+k/

(xr - xj)”j

) S
Ixr_.le“/'

(oh, )"~ j-1+kj hﬁj‘kj-l‘{-kj
hiy " (ha/a)

sCmax{

= Cahls ",

Similarly, for j>n and r>n the bound is also Co*/hk-t—%, while for
r<n<jorj<n<r the bound is 1/h%-1-%,

LEMMA 2. For ky—1<degree L,, and x in [x,, x,, ]

| Lo~ (x)] < CaSrm =t /pko=s, 2.1)

where

n
Yo r<n
f=1
G(r,m)={’ .
Y wo or>nm
j=n+1
|L%o=1(x,)| < C(a/h,) . (22)
Proof. From Lemma 1, when r<n
r—1 (x _x’)ﬂj“kl’-l”'kj
- 1
|L$’§° ”(x)|<CZ"'Z H nt J =
ko kaoyi=1 (x, —x;)
.‘k._ n
I"—I (Xpp 1= x40
J=r+1 (xj_x’)”j
hﬁn+l"‘n+kn+l ﬁ (xj_xn)l‘j‘kj—l"‘kf
X . -
(Xpqq—xpnritheoimhrl=s 2 (—x)M

SCZ-“Z02;;:”’*27=’*""/hﬁ, (2.3)
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where e = (kog—k,_,) + (k,—k,) + (k,_\—k,+1—5+k,—k,.\) +
(kpo1—ky) = kq—s (recall k,=1). A similar argument works for r > n. As
for (2.2), 1/Ix,— x|~ %< (a/h,)5' %, similarly from (1.11),

L& D) SC L T ofhy) 574 < Cafh, ) 4o+ 4 4

Butko"‘k,_l“f'k,"'kd:ko‘f‘I_S—1=k0_5. l

The bound on the individual Lagrange functions ¢, can now be
established from the recursion (1.9).

THEOREM 1. For j< N and x in [X,, X, 1]

Chi~/ l=r=n or n+l=r=d
Chs—ig¥trm =5, otherwise,

1640 s{ (2.4)

with G(r, n) as in Lemma 2.

Proof. The argument is by induction on s (from u, down to 1). For
s=u, we have ¢, (x)=L,,(x) and the result follows from Lemma 2.
Assume true for s >k + 1, then

Hr
B4 I =LY 0~ Y L) 44V

p=k+1
Hence, in general,

Hr
|¢%-1)(x)l gChﬁ‘jo.G(r,n)~u,+C Z (o./h")p—k h';:ajO.G(r,n)~p

p=k+1
g Chﬁ fjo.G(r,n) — e’

where e =min(y,, k) =k, as desired. There are special cases when r=n=1
or r=n+1=d; eg, G(1,1)=p, so |L{~Dx)| < C/h*~s on [x,, x,].
Similarly, from (1.11),

|L(ko 1)(X1)l <C2 2 n -——;7(/——1-?/\ C/h’l‘o‘-&

Since these bounds are independent of o, so is the one for |¢{/~Y(x)| on
[xlyx2]' l

From Theorem 1 it is a simple manner to derive the stability results
sought; in particular, with e :=max(X}_, 4, To_ .1 Hp)

Zd: f [¢Y~V(x)| < ChLl—Jge~! (2.5)

r=1s=1
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for x,<x<x,,, and h,<1. If d>2 and the multiplicity is constant this
becomes

d p
Y X 18U V(x) < Chy g marind=m =1, (2.6)

As yet, no claim has been made as to the sharpness of the bounds in
Lemma 2 or Theorem 1. The bound (2.1) on L%~ can be shown sharp by
considering the mesh

xiz(i—n)hn/aa ISISH

(2.7)
X =hJl+(i—n)ysl, n<i<d—1,

for which [x,, x,,,1=00,4,]. Let vi=% ., u,+s— 1, the degree of L,,;
then from (1.8)

L‘V’(x)— H(x —~x,)74,
/#r
so for r<n,
vl oot o Koo - P 2
o2l
) (s—l)!,g, vy B U eyl B
-1 4y
X
[[14*(]*1-’)/0]}!"]
Hence,

d j_ 1 —r —y
[Li:)(x)l = CO'G(r,n)gﬂr H (1 +——-—-—-> /h"Z/aeru/

j=n+1
G(r,n)— pur _
> Co (r.n) u/h:+1 5,

since o> 1. A similar argument suffices for r > n. Finally, from Markov’s
inequality transformed to [0, 4, ],

[U\h,,]‘ rs ' ( )2‘ ( )'
for any x in [0, 4,] with 1 <;j<v. Thus,
max |LU~"| = Ca¥~ #/pj=* (2.8)

[0.4,]
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by induction. An analogous argument will not work on ¢U—! because of
the possibility of cancellation in the recursion (1.9). In numerical
experiments, however, the stability bound (2.6) has been shown to be sharp
for meshes (2.7) even though (2.4) with this mesh is sometimes too
generous for particular values of r and s.

3. Locarry Quasi-UNIFORM MESHES

Assume that {x,} satisfies (1.6) for some R > 0. The results in this section
parallel those of the previous one so arguments will only be sketched. As
before, the individual factors in (1.10)}-(1.11) must be bounded. Six cases
result depending on the relative ordering of 7, n, and j. For xe [x,, x,,, ],
if j<r<n,

(x—xj)#j‘kj-ﬁkj (xn+1—xj)“j_kj—l+k’

G, —x0 [ (x,—x))"

_(hj+hj+1+ +h")uj—kj—1+k,-
(hj+ N

< CRO =+ Vgl =k,

Similarly, for r < j < n, the bound is CR"~/*"W/pk-1-%  while for
r<n<j or j<n<r the bound is 1/h5-1=%  Also, h¥n+1—Fkntknsi)
(Xppy— X, et thr ket lms ps =1tk =k kasi=kn g0 substitution into
(2.3) produces the first result.

LEMMA 3. For ko— 1 <degree L, and x in [x,, x,, ]

|Lo=Y(x)| < CRA-M/pko—s, (3.1)
where
r—1 n
(n—r+1) Y w+ Y (n—j+D)p, r<n
— j=1 j=r+1
F(r,n)= - ;
Y (=mp+(r—n) Y r>n.
j=n+1 j=r+1

L5~ D(x,)| < CR%O= ¥ hks >, (32)
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where
n—1 l=r<n
. n—r+1 l<rgn
r—n n<r<d

d—n—1 n<r=d.

Proof. (3.1) follows directly from (2.3) and the above remarks. As for
(3.2), from Lemma 1 when n<r<d,

[L%o=D(x,)|

<CY - ZH(x—x Yo~ ki-t H (x, —x;)s k- n (x;— x, )~ k-1

j=n+1 j=r+1

< CZ Z RZ/,;rtl+l(j—")(k/‘l‘kl)*'z;j:r{-l("")(kf—l_kj)/hﬁ()"kr—l+kr*kd_

But, kg—k,_+k,—ky;=ke+1—5—1=ky—s and, summing by parts,
r—1

d
Z (J—n)k,_ —k;)+ Z (r—n)k,_—k))

i +(r—n)lk,~k,  —kg)
\(r—n)k0+(r—n)(1—s—1)=(r—n)(k0—s).

The remaining cases follow similarly. |

The main result on the bounds of ¢,, follows directly from the recursion
(1.9).

THEOREM 2. For j< N and x in {x,,x,. ],

|94~ (x)| < Chy~/REC"), (3.3)
where
(#y—s)n—1)+ F(1,n) l=r<n
L P

(Hg— s d—n—1)+ F(d, n) n<r=d,

F(r, n) as in Lemma 3.
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Proof. The argument is induction on s applied to (1.8)-(1.9), as in the
proof of Theorem 1. For example, the induction step for n<r<d is

64V <ILY D@+ S ILE )] 14 D)

p=k+1
. #r k .
SCh’;—jRF('\")_{_ z Chﬁ‘pR( —p)(rfn)hg—jR(uwp)(rfn)+F(r,n)
p=k+1

< Chl':—jR(u,Ak)(Hn)+F(r,n). l

Stability bounds here are more complicated than their analogs (2.5) and
(2.6) from the previous section; however, it follows from Theorem 2 that

d Hr
Y Y 1447 D(x) < Chy I RmexEemD (34)

r=1s=1

for x,<x<x,,, and h,<1. If d>2 and the multiplicity is constant this
becomes

Z 2 |84~ V(x)] < ChL~IR¢ (3.5)

r=1s=1

with e =max{(n—1)[p(n+2)2—-1], (d—n~1)[pd—n+2)2~-1]}.
As for sharpness, (3.1) can be shown sharp by considering the mesh

x;j=~—1/R—1/R*— ... —1/R""! 1<i<n
X, =0 i=n (36)
X1 =1+1/R+1/RP+ .- + /R™" n<i<d.
The argument is analogous to that for quasi-uniform meshes. Numerical

experiments with this mesh indicate that the stability bound (3.5) is also
sharp.

4. APPLICATIONS

As a simple example of the sharpness of the stability bounds, consider
the interpolating points <O, A, (1 +1/R), h(1+1/R+1/R*)> and
f(x)=x* From (1.3) and (3.5) with u=1, n=1, d=4, j=1, we expect

max |f—Qf | < C(h* + R) (4.1)
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for | f—F |l = O(e). With f(x,;)=f(x,;)+10~%, u a random number from
the uniform distribution on [ —1, 1], typical results are shown in Table L.
A discrete maximum over 20 equally spaced points is used to estimate the
norm; the notation 0.90 — » means 0.90 x 10", Calculations were done on
an IBM 3081 with about 16 decimal digit accuracy.

It is important to point out that the sharpness of the bounds such as
(4.1) depends heavily on a lack of smoothness in the perturbations. If
F(x)=f(x)+eg(x) with g(x) smooth, then f—Qf=(1 — Q)(f+¢eg)—¢g;
consequently, from (1.3)

If-ofl <C(l+e)h"+e gl

and a non-uniform mesh causes no difficulty.

A more interesting application arises in estimating the solutions of two-
point boundary value problems by the method of collocation [3]. As an
example, for a second-order differential equation a mesh ¢, <1, < ---is
chosen, and estimates for the solution and its slope are generated based on
collocation over C'-piecewise quintics. At the mesh points the errors in the
solution and its first derivative are known to be bounded by CH®, where
H=max(t,,,—t;), whereas errors elsewhere are at best only O(HS). It
seems reasonable to interpolate the high-order data with a 7th degree inter-
polating polynomial in order to maintain the O(H®) accuracy, globally. If
symmetric interpolating points are chosen, i.e., X, =1, 1, X =1;, X3=1,,,
X4=1;, >, €ach with multiplicity two, then

I/ =NV~ "I <Ch*< CH®
while from (1.4), in [x,, x;], corresponding to [¢,, t;, ],

Qf— 0V M< T T 1041} CHY.

TABLE I

h R If—orl /= ofI
0.1 10 0.137-4 0.132—4
100 0.108 —4 0.894 -3

1000 0.106 — 4 0.505
10000 0.105—4 0.214 +4
0.0 10 0.137-8 0.176 -5
100 0.108—8 0.242-3

1000 0.106 — 8 0.532

10000 0.105-8 0.685+3
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For this case, the stability bound (3.5) yields (n=2, d=4, j=1)
|0f — Of| < CR*H®

for locally quasi-uniform meshes. Hence, there can be a considerable
degradation of accuracy for highly non-uniform meshes. This degradation
is quite apparent in actual calculations, as in [3], and in light of the
remarks from the previous paragraph, it says that the collocation error
cannot be a smooth function.
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