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Abstract

In the paper [8], the author introduced a set of Chebyshev-like points for polynomial
interpolation (by a certain subspace of polynomials) in the square [—1,1]?, and derived
a compact form of the corresponding Lagrange interpolation formula. In [1] we gave an
efficient implementation of the Xu interpolation formula and we studied numerically its
Lebesgue constant, giving evidence that it grows like O((logn)?), n being the degree. The
aim of the present paper is to provide an analytic proof that indeed the Lebesgue constant
does have this order of growth.



1 Introduction

Suppose that K C R is a compact set with non-empty interior. Let V be a subspace of
1%, the polynomials of degree n in d variables, of dimension dim(V) =: N. Then given N
points X := {xk}{cvzl C K, the polynomial interpolation problem associated to V' and X is
the following: for each f € C'(K), the space of continuous functions on the compact K, find a
polynomial p € V' such that

p(xx) = f(xx), k=1,...,N.

If this is always possible the problem is said to be unisolvent. And if this is indeed the case we
may construct the so-called Lagrange fundamental polynomials ¢;(x) with the property that

Ci(xy) = O,

the Kronecker delta. Further, the interpolant itself may be written as

N
(LA(x) =D fxu)le(x).
k=1

The mapping f — Lf may be regarded as an operator from C(K) (equipped with the uniform
norm) to itself, and as such has an operator norm ||L||. Classically, when K = [—1,1] and
V =11}, dim(V) = n + 1, this norm is known as the Lebesgue constant and it is known that
then ||L|| > Clogn and that this minimal order of growth is attained, for example, by the
Chebyshev points (see e.g. [2]).

In the multivariate case much less is known. From Berman’s Theorem (cf. [6, Theorems
6.4 and 6.5]) it follows that for K = B%, the unit ball in R%, d > 2, and V = I1¢, the Lebesgue
constant has a minimal rate of growth of O(n(¢=1/2),

In the tensor product case, when K = [~1,1]¢ and V = ®¢_, II}, then ||L|| > C(logn)?
and this minimal rate of growth is attained for the tensor product of the univariate Chebyshev
points. However, even for the cube and the polynomials of total degree n, i.e., for K = [—1, 1}d
and V = Hfl, the minimal rate of growth is not known.

Recently Xu [7, 8] introduced a set of Chebyshev-like points for K = [~1,1]?, the square,
and he also provided a compact Lagrange interpolation formula based on these points, es-
tablishing the connection between the so-called minimal cubature formulas and his Lagrange
interpolation formula. We recall that a N-point cubature formula of degree 2n — 1, has to

satisfy

n

N > dim(IT2_,) + 5] (1)

and is called minimal when the lower bound is attained (see the original paper [4] by Moller).
For n even, the minimal cubature formula corresponding to these Chebyshev-like points was
introduced by Morrow and Patterson in [5], and later on extended for n odd by Xu in [8].
The connection with Lagrange interpolation was studied by Xu in [8], by introducing a certain
subspace of polynomials, V' = V,,, with the property that

2 2
In,_, c v, Cll, ,



and dimension N = dim(II2_;) + 2 = n(n + 2)/2 for n even, N = dim(II2_,) + | %] + 1 =
(n+1)2/2 for n odd. Tt should be remarked that V,,, although not a total degree space of poly-
nomials, is much closer to I12_; than to the corresponding tensor-product space ®i L
which has dimension n?.

The numerical experiments of [1] gave us good evidence that the Lebesgue constant of
Xu-like interpolation has growth of the order (logn)? (just as in the tensor product case, and
in contrast to the case of the ball where the minimal growth would be of order y/n) and it is
the purpose of this note to prove that this is indeed the case.

From this we may conclude that the points studied by Xu in [7, 8], are excellent points
for practical polynomial interpolation. Moreover, our result also gives strong evidence that
the minimal rate of growth for the Lebesgue constant for interpolation of polynomials of total
degree n on a square is of order (logn)?. This indicates a fundamental difference between
a square and a disk, where the minimal growth is of order y/n, which perhaps surprising.
We also remark that there has recently been introduced a set of points in the square, the
so-called Padua points (cf. [3]) for which V' = II2, that are another Chebyshev-like family,
and for which numerical experiments indicate that the Lebesgue constant has this minimal
O((logn)?) growth.

2 The Xu polynomial interpolation formula

We start by recalling briefly the construction of the Xu interpolation formula of degree n on
the square [—1,1]2. In what follows we restrict, for simplicity’s sake to even degrees n. Starting
from the Chebyshev-Lobatto points on the interval [—1,1], that is

k
zk:zkvn:cosj, k=0,...,n, n=2m, (2)
n

the interpolation points on the square studied by Xu, are defined as the two dimensional array
XN = {xrs} of cardinality N = n(n+2)/2,

X2i2j+1 = (22i,22j41), 0<i<m,0<j<m~—1 (3)
X2i+1,2j = (22i41,225), 0<i<m—-1,0<j<m . (4)

The Xu interpolant in Lagrange form of a given function f on the square is

u K (%, Xkg)
Ly fx) = Y [ 7 : ()

*
= K (Xi, X1
where the polynomials K/ (-, Xy ) are given by

Ko 300) = 5 (K (06, x600) + K, x0) = 5 (D8 (L) = Tuy) . (6)

Here x, y are the coordinates of the generic point x and 7;, is the Chebyshev polynomial of the
first kind of degree n, T),(x) = cos(n arccos x).



The polynomials K, (x,y) can be represented in the form

K,(x,y) = Dup(b1+ 01,02 + ¢2) + Dy (01 + ¢1,02 — ¢2)
+  Dy(0h — ¢1,00 + ¢2) + Din(01 — ¢1,02 — ¢2) , (7)
x = (cosb,cosby), y = (cosdi,cosdps),

where the function D, is defined by
1 cos((n—1/2)a) cos(a/2) — cos((n —1/2)3) cos (3/2)
T2

cosa — cos 3

Dn(e, ) : (8)

As shown in [8] the values K (X, X)) are explicitly known in terms of the degree n, that is

n? k=0ork=n,lodd

l=0o0rl=n, kodd
(9)

K (Xp 1, %K) =

n?/2 in all other cases

Observe that this constructive approach yields immediately unisolvence of the interpolation
problem, since for any given basis of V,, the corresponding Vandermonde system has a solution
for every vector {f(xx,;)}, and thus the Vandermonde matrix is invertible.

3 The Lebesgue constant of the Xu points

We will show that

Xu
n ’

Theorem 1 The Lebesgue constant of the Xu points A“, is bounded by

9 2
A7)§“§8(logn+5> +4. (10)
T
The proof will follow from a sequence of technical lemmas.

Lemma 1 The function Dy(«a, 3) can be written as

sinn (2422 sinn (258 sin(n — 2tB8 ) gin(n — a—f
Dy, B) = - ( 2 ) ( 2 )+ ( Silr)lgajﬁgsm((j;( 5 )
2 2

4 sin (#) sin (O‘Tfﬂ)
Proof. The proof is obtained by simple trigonometric manipulations. Indeed, using the
identity

(11)

cos(A) cos(B) cos(A + B) —;— cos(A — B)’

we obtain



1 cos(na) + cos((n — 1)a) — [cos(nfB) — cos((n — 1)8)]

Dn(a, ) = 4 cos a — cos 3
_ 1 cos(na) — cos(nf3) + [cos((n — 1)) — cos((n — 1)B)]
4 cos o — cos 3 ’

Then, by the fact that cos(4) — cos(B) = 2sin (438) sin (452) | the result follows. O

Now, for the points x = (cos 61, cos ) and xj,; = (cos ¢1, cos ¢2), by using (6) and (7), we
have

K (x,xp1) = % {(Dn + Dpy1) (01 + 61,02 + ¢2) + (Dp + Dpy1) (01 + é1,02 — ¢2)
+  (Dn + Dny1) (01 — ¢1,02 + ¢2) + (D + Dny1) (01 — ¢1,02 — ¢2) }
- %(—l)k(cos(nel) — cos(nbs)) (12)

Since we want to bound AX", we start by finding an upper bound for |K}(x,xy,;)|. First we

observe that from Lemma 1

sin(n + 1) O‘—;B) sin(n + 1) (a—;ﬁ) sin(n — 1) O‘T—"ﬁ) sin(n — 1
sin (#) sin (%)

Lemma 2

Proof. Let 0 = # and ¢ = O‘T_ﬁ, then by using simple trigonometric identities, the numerator
can be re-written as

(sinnf cos O + sin O cos nd) (sin ng cos ¢ + sin ¢ cos no)

+(sinnd cos § — sin  cos nf)(sin ne cos ¢ — sin ¢ cos ne)

Thus

sin(n+1)§ sin(n+1)¢ sin(n—1)0 sin(n —1)¢
. : . + - : -

sin 6 sin ¢ sin 6 sin ¢
sin @ sin ¢ cos nf cos ng

sinn# sin ng

0
sinf sin ¢ coscos ¢ + sin  sin ¢

sin nf sin ng t2. O

sinf sin ¢

By Lemma 2, the following upper bound for |(D,, + Dy,+1)(«, )| holds.



Lemma 3

1 sinn %) sinn O‘T_B>
|Dn(a, B) + Dpta(a, B)] < 1 4 +2
sin (% sin (a—;ﬁ)
sinn (%) sinn (%)
= N\ — + = (13)
sin (O‘T) sin (O‘T)
Now we consider K (x,Xy ). Letting x = (cosfy,cosfy) and xi; = (cos ¢1,cos ¢2), we know

that K (x,xp,;) can be written as in (12). Thus, from Lemmas 1 and 2,

sinn (91 +92-;d>1 +d2 ) sinn (91+¢1 ;92—¢>2 )

sin (91+92-;¢1+¢2> sin (91+¢1592—¢2>

2+ + 3 other terms +2

DO | =

| Ky (%, xk)| <

(14)
and so for the Lagrange polynomials
X Xkl) 2 n n
L =|——"| < <5 |K; k=0,...,—, 1=0,...,——1. 1
a0 = | e < Bl k=0 o =0 (15)

The Xu points are of two types (cf. (3) and (4)) that for short we call typeA and typeB,
that is
typeA : X9i2+1 = (22:, 22j41)
and
typeB : Xoi11.25 = (22i41, 225)

where z; are asin (2) and i =0,...,5, j=0,...,5 — 1.

Consider the sum of the Lagrange polynomials for the points of typeA. In the bound of
K} (x,x,;) (see above formula (14)), there are four terms plus a constant that sum up to
1 which does not contribute to the dominant growth of the Lebesgue constant. Hence, we need
only to bound the four terms involving the sines. Indeed,

n/2n/2—1
Avgper = ) > |L2izjl (16)
i=0 j=0
n/2n/2—1
EDDD DL
i=0 j=0
o 7/2n/271 . Smn<01+92+2¢1+¢2) Sinn(elwlgez—m)

24+ - . + 3 other terms
n2 lz; JZ% 2 sin (91+922¢1+¢2> sin (91+¢1592*¢2)

n/2n/2-1 (|sinn (91+92§¢1+¢>2> sinn (91+¢>1;92*¢2)

4 n
T n22 (7 ) Z 2 Sin<91+92-12-¢1+¢2> din (91+¢1;92—¢2)

i=0 j=0

IN

IN

+...
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; 2j+1 o
227”, cos W), we can write it

Let A, be the first of these four terms. Since Xg; 2,41 = (cos

as
1 nz/én/g_l sinmn (91+92+(2i;—2j+1)7r/n) sinn <91—92+(2i2—2j—1)7r/n)
A= — — : — (17)
n2 = = sin <01+92+(2z;—2j+1)7r/n> <in (91—92+(212—2j—1)7r/n>

Now, change variables in the double sum. Letting k¥ = ¢+ j and m = ¢ — 5. This is a 1-1
mapping between the pairs of integers (i,5), 0<i< %, 0<j <3 —1in asubset of the
pairs of integers (k,m), 0<k<n—-1, —5<m<7F

Hence,

/2 lsinn (M) sinmn (91*92+(2m71)7r/n>

1 n—1 n > 2
A < — :
n? kZOm:Z_;L/Q sin (W) sin (91—92+(22m—1)7r/n)
L n=1sinn (M) 72 lsinn (91—92+(22m—1)7r/n)
T o2 i—o| sin (M) . | sin (91—02+(22m—1)7r/n
1 ”z:l sinn <w> 1 nz/é sinn (91*92+(22m—1)7r/n>
~\n | (18)
n = gin (w) s sin (el-ez+<22m—1)7r/n)

The next step consists in bounding each factor separately. Start with the first in (18).
Lemma 4 Suppose that ¢ € [—m, 7], and set O = ¢ + W Then,

1n71

sin nf,

2
< —logn+4. (19)
T

sin 6y,

Proof. Let 0 < ¢g < ¢1 < -+ < ¢pp—1 < 7 be the set of angles {Gk}z;é taken modulo 7.
Then, the ¢; are equally spaced, i.e.,

T
i—¢i1=—, j=1,...,n—1.
ij ¢_] 1 n J

Then, since |sin(f £ 7)| = |sin 6|, we have
1 nz:l sinnfp| 1 nz:l sin ney
n | sin 0;. n | sin oy

< 4+17§: sin ey (v S
= n Sin ¢k since each termizxn— )
k=2
1 n—3 1/ n—3
< 44 <44 = (7>
= +nz singy | = +7T n Z|Csc¢k|
k=2 k=2
1 T—m/n
S 4 + — / | CSC(@) |d9 (by the convexity of CSC 0)
T Jr/n

2 7I'/2 2
- 4+/ Csc(e)d0:4+—{—10g(csc€+cot0)’
. T

s /n

EIEINE]
H/_/



2 2
= 4+—log<cscz+cotz) §4+—log<2cscz>
i n n v n
1

2
T

IN

2 2
4+log<2 =44+ —logn. O
7'[' T

n

For the second factor in (18) we have a similar result.

Lemma 5 Forn even and ¢ € [—m, 7|, set O, = ¢ + (Qk;;ll)w. Then,

1 n
w2

/2 sin nfy
=—n/2

2
< —logn+5. (20)
T

sin (9k

Proof. The argument is the same as the previous Lemma, except there is one more term in
the sum. But this term like all the others is bounded by 1. [.

Proof of the Main Theorem. It follows that A¢ypes is bounded by 2 plus four times the
bound for A, i.e.,

9 2
Agyper <2+ 4 ( logn + 5> .
T

Then, including the same bound for the typeB points, we have

2 2
A < 2{2+4<logn+5>}
Tl'

9 2
= 8<10gn+5> +4. O
m
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