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Abstract

The polynomial-trigonometric interpolation based on the Krylov approach for a smooth
function given on [-1, 1] is defined on the union of m shifted each other uniform grids with
the equal number of points.

The asymptotic errors of the interpolation in both uniform and Ly metrics are inves-
tigated. It turned out that the corresponding errors can be minimized due to an optimal
choice of the shift parameters. The study of asymptotic errors is based on the concept
of the ”limit function” proposed by Vallee-Poussin. In particular cases of unions of two
and three uniform grids the limit functions are found explicitly and the optimal shift
parameters are calculated using MATHEMATICA 4.1 computer system.

The parallel processing is investigated.
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Introduction

It is known (see [1]) that the approximation of a function f(x) € C[—1,1] by the N-
partial sum of Fourier series as N — oo results in the Gibbs phenomenon with the
constant Cyry = 0.089..., and the "overshoot” of approximated values in a neighborhood
of the point x = 1 equals Cor(f(1) — f(—1)). The Gibbs phenomenon with the greater

constant Cjn,e = 0.141... (see [2]) also appears in the classical trigonometric interpolation

on the uniform grid {z;} = {%}, k=0,£1,...£N, N — oc.

In the described cases if f(1) # f(—1) the uniform convergence on the segment [—1,1] is
failed and the order of Lg-convergence on compacts inside the interval (—1,1) is greater
than that on the whole interval.

However, also in the case f(1) = f(—1) the situation generally is similar. Namely, if
fl@) € CPH=1,1], p 2 0, fO(=1) = FB(1), k = 0,1,...,p and fFEHI(=1) £ fEHD(1)
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then although the uniform convergence on [—1,1] holds, its order on compacts inside
(—1,1) is higher (see [1]).

An idea of the more precise approximation of a piecewise smooth function f(z) on [—1,1]
by means of its Fourier coefficients {f,}, n = 0,+1, ..., &N was proposed by A. N. Krylov
in 1933 (see [3]). In the last decades some practical approaches were developed in a number
of papers (see [4 - 6] and references therein). Applying this approach to approximation of
a functlon f( ) € CPH[ 1,1], p > 0, first it is constructed the polynomial P(z), such that
f1 ( )= ( =0,1,...,p, where fi(x) = f(z) — P(x), and then the function f; is
approximated by the partial sum of Fourier series (or by the corresponding interpolation).
It results in much faster approximation of f(z).

The efficiency of numerical realization of this scheme and its generalization on the multi-
dimensional case are based on finding of jumps f*) (1) — f®)(=1), k = 0,1,...,p (or
multi-dimensional analogs of jumps) directly via the Fourier (discrete Fourier) coefficients
of a function f (see [4 - 7] and Section 2.1 below). This scheme allows to approximate
the function f with the uniform error of order O(N~P~1), N — oo, p > 0, where N is the
number of terms of the truncated Fourier series or grid points of uniform interpolation,
respectively.

In [12] the interpolation on the union of three uniform grids shifted each other is consid-
ered. The study of asymptotic behavior of the uniform error was based on the concept of
”limit function”, proposed by Vallee-Poussin in 1908 already ([9]) for description of Gibbs
phenomenon (see also [10]). It turned out that under the disposition of these three uniform
grids the corresponding Gibbs constant may be even smaller than C,,; for the classical
case of Fourier series. The additional drop of the error was obtained while considering
the so-called ”quasiperiodic” interpolation.

In this paper the investigations started in [12] are continued. Results of [12] are included
without proofs. The general case of the union of m uniform grids with the equal number
of points is considered. In particular cases of two and three grids the behavior of limit
function near the endpoints of interval is studied and the asymptotic Lo-errors are found.
The optimization problem of investigated interpolation is posed in uniform as well as in
Lo-metrics. Its solution is explicitly obtained in cases of unions of two and three grids.
In the general case parallel processing is investigated.

1 Polynomial-orthogonal expansion

1.1 Auxiliary lemma

For y € R by 3~ we denote 4~ = y(mod 2), 0 < y" < 2.
The next result will be often used below.

Lemma 1 Letx € C, z # 0,41,42,...; ¢ > —1 be an integer, w € R and w™ # 0 if
q=—1. Then

ITWS inw"z

def & e ) e
D, (w,x) = Z CErE = 2im Reszz,x(1 o) (x )02

(1)

S§=—00

Proof. Let Cy be a circle in the complex z-plane with the radius ry = (N + %) (N>1



is an integer) and center at z = 0. Let 0 < w < 2. Consider the contour integral

1 elmwz
IN = — 4 dz.
N 2ir /CN (1 —e2im2)(x + z)at2 ?

The location of C'y implies that the integral Iy exists and according to residue theory we
have
1 N eiﬂ'ws eiﬂ'wz

+Res.=— (1 — e2im2)(z + 2)a+2’

IJN = —— Z T Nor2
2im — (x4 s)7F
For sufficiently large NV and ¢ > —1

im(w—1)z

Const
———— max
Nat+l |z|=rN

|In]| < € < ConstN (@D, (2)

sin(7z)

Hence Jy — 0as N — oo if ¢ > 0.

Now let ¢ = —1, w # 0 and ¢ be a sufficiently small positive number. We divide the
circle Cy into four arcs as follows: Cny = ¢ U c— U cyp U Cown, Where ¢y = {2z : |2| =
N +1/2|argz| < e}, e ={z: |z2| =N+1/2,m —e <argz < m+e}, cyp ={2: |2| =
N+1/2,e <argz < m—¢}, Cdown ={2: |2| =N+1/2, 7+ < argz < 2w —e}. The
integral over ¢ U c;_. can be made arbitrary small by choosing € and taking into account
an estimate of type (2).

Consider now the part of integral Jy over the upper arc c,,. Passing to the polar coor-
dinates z = (N + 1/2)e’® we have

(N+1/2)| (7= 1% mw(N+1/2)(i cos g—sin ¢) ol <
2w /a (1 _ 627T(N+1/2)(icos¢—sin¢))<x n (N I 1/2)6“15) ¢ <
_ —mw(N+1/2) sin ¢
N+1 € €
(N +1/2) / | | | i <
27 c |1_€2W(N+1/2)(zcos¢—sm¢)| |(N+1/2) _ |5UH

—mw(N+1/2) sin ¢

T—E ‘6
Const /
g

’1 — e2m(N+1/2)(icos p—sin (1))’ do

Since 0 < w < 2 and sing > sine > 0 on the segment [c,7 — ¢] for N — oo the

integrand can be estimated from above by Const e~w (N+1/2) Sina). Similarly, since

sing < —sine < 0 on the segment [ + €,27m — ] the integrand can be estimated by
Const (67(N+1/2)(27wk)sins )

It remains to note that by definition the function ®,(w, x) is 2-periodic relatively to w so
we can replace w by w"™ for any w € R. &

Remark 1 It follows from formula (1) that if w"™ # 0 then ®,(w,t) € C:2 as a function
of w, while y(w,t) = 91, (w,t)/OwI™ is a piecewise continuous function with jumps
atw™ = 0. Ifwy"™ = 0 then the formally divergent series ©q(wo, t) is summable in the sense
of principal value (i.e. the summation in (1) is taken over symmetric limits —A < s < A,
A — o0). It is not difficult to see that ¢g(wo,t) = (pg(wo + 0,t) + pq(wo — 0,1))/2.
Function ®4(w,t) — ﬂ% is continuous in t fort € (—1,1) and an integer ¢ > —1.



1.2 Approximation via Fourier coefficients

First we describe the mentioned in Introduction method of restoration of a function f(z) €
Ct1[—1,1] by means of its Fourier coefficients

1/t ;
fn = 5/ flx)e™"™*dx, n=0,£1,..,£N, N >1. (3)
-1
The known scheme (see [3-5]) given here will be used to compare with the interpolation
on shifted grids (see Section 6 below).

Let {By(x)}32, be the Bernoulli polynomial system defined on [—1, 1] recurrently by the
formulae:

Bo(x) = 2/2, By(z) = /Bk_l(az) dz, /11 Bu(@)de =0, k=1,2,... (4)

The Fourier coefficients { By, } of a polynomial By (x) have the form

B 0, n=20 .
hn = % n=+1,42, .. (5)

For a given integer N and ¢ polynomial-orthogonal expansion of a function f = f(x) is
defined to be the following approximation

q N q
Sng(f) =D Ae(f)Br(z) + > (fn -3 -Ak;(f)Blm> e (6)
k=0 n=N k=0

where Ay (f) are the jumps of the function f and its derivatives at the endpoints of [—1, 1]

When ¢ = —1 it is natural to deal with the partial sum of Fourier series
N .
Sn-1(f)= D fae™. (8)
n=—N

Note that in practice it is not necessary to compute the jumps {Ax(f)} by (7). It is
enough to find their approximate values.
The following known asymptotic representation of Fourier coefficients

g+l 1
= 3 AN B +o (). n—oe (9)

implies that the jumps {Ax(f)} can be restored with the precision O(N~¢+*=2) | =
0,...,g+1, N — oo by solving the system of equations with Vandermonde matrix

(D™ Ak
f”s = 9 Z (iﬂns)k+17 s=0,1,....,q, ¢q=0,
k=0

for various (g + 1) values of {n,} satisfying const N <|ns| < N, N — oo (see [4, 5]).
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1.3 Asymptotic error

Let x € [-1,1]. We are interested in the asymptotic behavior of the error

Ry q(f)(x) = Sng(f)(z) — f(x) (10)

for ¢ = const, N — oo provided that the exact values of the jumps (7) are known. It is
known (see Introduction) that the maximum of this error is obtained, generally, near the
endpoints of interval [—1,1]. Therefore, it is natural to consider the error Ry 4(f)(z) at

thepointmzl—ﬁ (or:x:—l—i—ﬁ) for h = const > 0 as N — oo.
Denote
Qq(z) = —cos(m(z +q/2)), (11)
Consider now the following integral depending on a parameter h
1
E,(h) = quﬁ /0 2 <%ﬁzﬂ + \Ifq(h,t)> dt, (12)
where

efifrz((_l)qefiﬂ'hteifthz _|_€i7rhtei7r(7h)kz)
sin(mwz)(t + 2)4+2

The following results reveal the main term of asymptotic of (10) in uniform and Lo-metrics
as N — oo.

U, (h,t) = mTRes,=—4

(13)

Theorem 1 ([12]) Let f(z) € CT[-1,1], ¢ > —1. Then for x = 1 — 53t and
h = const > 0
Jim (2N 4 1) Ry (£)(2) = Ager (£)Eg(h). (14)
Here and below we denote by ||f|| the Lo-norm of a function f € Lo(—1,1).
Theorem 2 Let f(x) € C72[—1,1], ¢ > —1. Then
24+3/2
Jim N + )72 Ry (D] = Ay () gy (15)

Proof. Let f(z) = Byti1(x). Using the orthogonality of Fourier system in Ly[—1,1] we
have for N — oo

2
1R, g(Bg+)I1” = [1Sn,4(Bg+1) = Bgal|? = 2‘ %:N‘ (imn)at2 -
1 Z 1
(7(2N + 1))2(a+2) et (ﬁ)?(qw)'

Now setting t, = sy T At = o3 N —7 and rewriting the last sum we observe that this
integral sum tends (as N — o0) to the following integral with the continuous integrand

1 1]
72 +2) (2N + 1)2¢+3 /1 /2 12(at2) dt

From here it follows (15).
Let now f(z) be an arbitrary function from C9*2, We have from (9)
1BN.q(f (@) = Ags1(f) BN.g(Bgta (2 ))H

Y (fa— AgiBarin)e™™ | <o) (D n 2742 < o(1)N~973/2.(16)
[n|>N-+1 |n|2N+1



2 Polynomial-trigonometric interpolation
with shifted nodes

2.1 The problem

For a given a, —1 < a < 1 we define the uniform grid {z§} € [—1,1]

2k+a—|—1_

1 k=0,...,N —1. 1
N ’ Oa ) (7)

xh =

Denote by f< the inverse discrete Fourier transform (up to a factor) of a function f(x)

on this grid
1 N1

fi= 2 flap)e ™. (18)

k=0

Here and below we denote
N—[N/2]-1

EEDS

n n=—[N/2]

Consider the following interpolation of a function f
IN(f) (@) = Y N fan(@) (19)
satisfying the conditions
I (™) () = €™ p= —[N/2],...,N —[N/2] =1, x¢€[-1,1]. (20)

According to the formula of discrete Fourier transform we have for a fixed p

Q[ _iTpT 1 = im(p—n)xs
(™)) = - YN Y e, (2) = ay(0),
n k=0

From this it follows that a,(z) = ¢"™*. Hence we can rewrite (19) as
IN(f) () = Y N frem™e. (21)
n

Let now & = {a1, ..., am } be a vector such that —1 < ag < ... < ayy, < 1. We consider the
union U;”zl{:cgj } of the uniform grids consisting of an equal number N of nodes.

The aim of this paper is to minimize the interpolation errors by optimally disposing these
grids, or, what is the same, by choosing an optimal shift parameter «.

Here we differ cases of odd and even m.

Let m be odd. Define the following interpolation

n

INN() =D aiIy = a; N fale™ (22)
i=1 j=1

satisfying the conditions

IS (™) (x) = €™, p=—[mN/2],...,mN — [mN/2] -1 ze[-1,1]. (23)
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From (18) and (23) we obtain

m ai+1 N- 2ik(p—
i (1 — i ; irk(p—n) ;
2 :aj 2 :Newr(p n) (% l)ewrnw 2 : e N = ™7

j=1 n k=0

or representing p in the form p = pg + sN, po = —[N/2],....,N — [N/2] -1, s = —(m —
1)/2,...;(m—1)/2 -1,
m aj+ 00

1
N i —n+sN —1) i i +sN
2 :Clj§ : eim(po—n+sN) (5 ) gimna § : SnpotsN = eim(pots )z’

j:l n S=—00

where 6, 4 is the Kronecker symbol.
Thus for definition of a; (j = 1,...,m) we obtain the following system of linear equations

> aje™ e = (—1)s Wi N g = (i —1)/2,..,(m — 1)/2 - L. (24)
j=1

It is actually reduced to the linear system with the nonsingular (because «; # a;(mod 2)
for i # j) Vandermonde matrix.

Let m be even. Define the following interpolation formula

~ m . m N-1 o
IN()(2) =) aiIy =) a; ) fo'e™ (25)
j=1 j=1 n=0
satisfying the conditions
IS (e P=mN/2)2y () — ginp=mN/2)z o — 0 N -1 ze[-1,1]. (26)

Representing p in the form p = p; +¢N, p1 =0,....N—1,¢=0,...,m — 1, from (18) and
(26) we obtain

N-1

S a; Y (1N @ m/ A ein(prEN (g=m/2)=n) ©) irna D OnptNg-m/2) =
j=1 n=0 ST
eim(p1+N(g—m/2))z (27)

For definition of a; (j = 1,...,m) here we also obtain the system of linear equations with
a nonsingular Vandermonde matrix

m
S emigy = (—1) N NE s = 2, m/2 — 1. (28)
j=1

As we see in both cases of even and odd m we have got for {a;} the same system.

2.2 Representation of the interpolation via Fourier coeffi-
cients

The next result shows that the coefficients of interpolation {f%} can be expressed via
Fourier coefficients of a function f.



Lemma 2 Let {f,} be the Fourier coefficients of a function f(x) and |f,| < const n=P~1,
p>0. Then for N >1 and -1 <a <1

0o
]Eg: Z fn+Nsei7r(a_N+1)S~ (29)

Proof follows at once by substituting the absolutely and uniformly converging Fourier
series of a function f into representation (18). N
The next result describes the error of the interpolation on the general uniform grid (17).

Lemma 3 Let {f,} be the Fourier coefficients of a function f(x) and |f,| < const n=P~1,
p > 0. Then the estimation

ZNfﬁ‘e”"x — f(z)| <const NP, N >1, (30)
n

holds uniformly by x € [—1,1].

Proof. From Lemma 2 we obtain

()
ZN Vrclyeiﬂn:p . f(.%‘) — ZN Z fn+Nsei7r(afN+1)s eirma: _ Z fneiﬂnx.
n o\ Inl>[N/2]

The last term is of order O(N~P) as N — oo. Taking into account that

0 . , 1 il 1
N —N+1 N -
2 _Z: Joevse™ el < NP1 > _z: |7+ s[pt1 <
"\ T
2 & 1
NP = (s — %)p+1'

we get (30). W
Corollary 1 Under the assumptions of Lemma 3 the estimation

I5(f)(@) — f(2)] < const NP, N > 1. (31)
holds uniformly by x.

Proof follows from (22) (or (25)) and Lemma 3. N

2.3 Interpolation on the union of two uniform grids

Let consider the simplest case of union of two uniform grids symmetrically located with
respect to origin.

Let & = {—a,a} and {z{}, 0 < a < 1, be a uniform grid of the form (17). For 0 < a <1
we consider the following interpolation of a function f on the grid of 2N points of the
union {z, *} U {z}'}

— Ni

N-1
IN(@) = azalz) D fre™ +aq(z) Y fre™ (32)
n=0

=0

—_
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satisfying the conditions
IS (™ P=MN2y () = =Nz p— 0 2N -1, wze[-1,1]. (33)

Note that for & = 1/2 formula (32) corresponds to a trigonometric interpolation of a
function f(z) on a uniform grid with 2N nodes.

Similarly to (28) from (32) and (33) we get the following system of linear equations with
respect to {a_q, a0} (z € [—1,1])

a_o(z) + an(z) =1,
6i7raa7a(x) + e—iwaaa(m) _ (71)(N_1)6_i7er.
As result for a fixed x we obtain

efifra (=1 NefiﬂNm
a,a(x) _ _ ( ) ’

2i sin(ma)
eirra 4 (_1)N€7i7er
= 34
4a(2) 2isin(ra) (34)

2.4 Interpolation on the union of three uniform grids

Here we consider the case of a union of three uniform grids symmetrically located with
respect to origin.

Let @ = {—a,0,a}. For 0 < a < 1 consider the interpolation of a function f on the grid
of 3N points of the union {z;*} U {20} U {z{}

IN()(x) = a—alz) YV e™ +ag(a) Y N 1™ + aa(x) Y N fre™ (35)
satisfying the conditions
I (™) (x) = ™" p=—[3N/2],...,(3N — [3N/2] — 1), =z € [-1,1]. (36)

As in (24) from (35), (36) we lead to the following system with respect to {a_q, a0, aq},
z € [—1,1]

a,{l(a:) + ap(z) + aq(x) = 1,
e ""a_q(x) + ap(z) + € %aq(x)

€™a_o(z) + ag(z) + e ™ ay ()

(_1)N—1€i7TN(D

)

(71)N_16_1WNI.

Thus for a fixed x we obtain

a_qo(z) = o2 (gal) o (%) (cos (77;) + (—1)Ncos (7;)[ — 7TN$>) ,

2sir121(m)((_1)N cos(mNz) + cos(mar)), (37)
2

aq(z) = T (72 cos (52 <cos <7r2a) + (=1)" cos (F; +7TNZC)> )

2

ap(z) = —

Note that for o = 2/3 formula (35) is a trigonometric interpolation of a function f(z) on
a uniform grid with 3N nodes.



2.5 Total and quasiperiodic interpolations

We start from the general scheme of the classic pointwise interpolation of a function
feC[-1,1].

Let N > 2 be an integer, {z&'} C [-1,1] , k = 1,2,..., N be a set of interpolation nodes
and {TN(z)} be a given system of N linear independent functions, TN (x) € C[~1,1],
n=12,..,N.

Consider the formula

N
IN(f) (@) =) anT) (2), (38)
n=1

where a, (= a? (f), n=1,2,..., N) are defined to satisfy:
a) Formula (38) is interpolation on the grid {z1 }, i.e. if f € C[—1,1] then In(f)(zd) =
f@M), k=1,2,..,N;
b) Formula (38) is exact for the system {7 (z)}, ie. IN(TN(2)) = TN (2), = €
[~1,1],n=1,2,.., N.
Following to [8] let introduce two definitions.

Definition 1 Interpolation (38) is called total if min{x,} = —1, max{x;} = 1.

Show now that every not total interpolation generates the corresponding total one.
Assume that the interpolation (38) is not total, i.e. b —a < 2, where a = mink{xljf},
b = maxp{rd}. Apply it to a function fi(z) = f((2x —a — b)/(b — a)) that defined on
the segment [a, b] since (2 —a — b)/(b —a) € [-1,1] for = € [a,b]. By inverse change of
variable  — (b —a)z/2 + (a + b)/2 we get the total interpolation formula

N
I(f)(x) =Y anT) (x) (39)
n=1

on the grid {(2z) —a —b)/(b— a)}, k = 1,2,..., N, by means of the system {T,(z)} =
{TN((b—a)z/2+ (a+1b)/2}, n=1,2,...,N.

Definition 2 Interpolation (38) is called quasiperiodic if it is defined for all N > 1,
the system {TN(x)} is defined for x € R, TN € Cioe, TN (x +tn) = TN (), tn > 2 and
tny — 2 when N — oo.

Observe that the periodic interpolation (i.e. ¢y = 2) can not be total (see condition b)).
Though a quasiperiodic interpolation for N > 1 is close to a periodic one, in some cases
it leads to the smaller errors than the periodic interpolation (see Section 6 below).
Applying the above-mentioned approach to the total quasiperiodic interpolation on the
basis of formula (22) we note that its properties depend on a choice of a vector &. Below
(see Sections 3 and 4) we consider the optimization problem of a polynomial-trigonometric
interpolation in the sense of both uniform and Ly convergences by means of choice of the
parameter & and application of the quasiperiodic interpolation.

This problem is explicitly solved below in two particular cases of the unions of two and
three uniform grids.
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3 Limit functions

3.1 Asymptotic uniform errors near the ends of interval
3.1.1 Union of two uniform grids

Assume that @ = {—a,a}, 0 < a < 1. Let consider the union of two grids {z,“} U {z}},
k=0,..,2N — 1, consisting of 4N nodes (N is now replaced by 2N in formula (17)).
Likewise (6), polynomial-trigonometric interpolation of a function f is defined to be the
approximation formula

q
SN q(f Z ApBy(z) + Iy (f(x) -3 AkBk($)> : (40)
k=0
The result that follows characterlzes the asymptotic behavior of the error
Ry 4(f)(x) = 8% 4() (@) — f(=) (41)
in a neighborhood of the point x = 1.
Theorem 3 Let f(x) € C2[-1,1], ¢ > 0, @ = {~a,a}, 0 < a < 1. Then for z =
1—& and h = const > 0
dim [(AN)TIRS ()] = Agr1 (F)Dga(h), (42
where
24 ! _ imht eiiﬂzcosec(ﬂ—z) 1 im(atz(—14+a)"
Dq,a(h) = —W/O <6 2 Reszz,t ((t{—z)qw <2COSGC (7'('0[)(8 —
eiw(—a-{—z(—l—a)’_) + eigh (eiﬂz(—l—&—a)’_ o 7,7rz( l-a ’“)))) dt (43)
Proof. Let f(x) = Bgy1(x). According to (1), (5) and (29) (n=1,...,2N, ¢ > 0)

(=) g (a+1,55)
~ a i q+2 bl n % 0
B = 1w Dy (44)
2 X% sy =0,

Using (34) let denote

. imh
def h elom | o5
e (oN(1- L)) =8 _T¢* 4
u(a,h) = a ( ( 4N>) 2i sin(mwa) (4)

From the asymptotic expansion (N — oo, z =1 — &, h = const > 0)

- (_1)n+1 imn(1—4%)
Byy(z) = ). (immyrz® T
"ZZSX’
2N—-1 oo M 00 _imhs
> > - Y e
q+2 nJr 2]\75 q+2 2(m)q+2 = (QNS)quQ

n=1 s=—o0 — oo

s#0
1 N1 innh e 6_% 1
_ ___ TN - 4+ 0 =
2(im(2N))a+2 nz::l c S;O (35 +s5)a+2 * <Nq+2)
1 2N __imnh h n ].
_42(171_(2]\[))(14-2 Zl e 4N (I)q <—2, 2]V) +0 (Nq+2> s (46)
n=



we get

R?V,q(Bq—H(x)) = S]O;lf,q(BqH(x)) - Bq-i-l(x) =

1 2N itnh n
_— B h)d, (1 —
2(im(2N))a+2 nZ::l e W (“(a’ )24 ( o QN) +
n h n 1
u(—a,h)@q <1—O[7 2]\[) —(Pq <_272]V>> +O (N(1+2> . (47)
Denoting now t, = 53, At = ﬁ, we obtain

. _ 2q+1 1 —ihmt
]\;floo(‘lN)qulR?v,q(BqH(x)) = W/O e 2 (u(a, h)®e(1+a,t) +

u(—o, h)®y(1 — a,t) — Dy(—h/2,t))dt. (48)
The passage to the limit is admissible since the integrand of the latter integral is smooth
on [0,1] (see Remark to Lemma 1). From here and (45) it follows (42).

Let now f be an arbitrary function from C9*2[—1,1]. Denoting by w(f,¢) the continuity
modulus of function f@*+2)(z), from (9) we obtain (see [1], vol. 1)

|RNq(f (@) = Agi1 (/)R g(Bgs1(2))] S w(f,1/N) Y n~ 02 = o(N"171).
n=N

This completes the proof.

3.1.2 Union of three uniform grids

Denote
cos(m(q/2 +u+ (1 —w)z))

sin(mz)(t + 2)4+2

Xq(u,w) = 27Res,—_¢ (49)

The following theorem shows the asymptotic behavior of the error R?V, q( f),a={-a,0,a},
for polynomial-trigonometric interpolation of a function f on the union of three grids
{z*Yu{ad} U {2}, k=0,£1,...,£N in a neighborhood of the point z = 1.

Theorem 4 ([12]) Let f(z) € C*2[-1,1], ¢ > -1, @ = {—a,0,a}. Then for x =
l—ﬁ and h = const > 0

lim (6N +3)" R o(£)] = Ag1(f) Dg.a(h), (50)

—00

where

1

Dgo = 8?;:‘;12 /05 (CSC2 <7T2a) (Xq <};t, (1+ a)k> (cos <7r (g — Z)) sec (?) +
+1) x4 <i;t, (1- oz)F) (cos (7‘(‘ <3 + Z)) sec (77_204> + 1) — 2% <cos <7;h> +
cos (mar)) Xq (—g, 1> cos (7r (g — };f))) —4xq (};t, <—Z> F)> dt. (51)
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4  Lo-asymptotic errors
In this section we are interested in the asymptotic behavior of Ly-norm of the error R?V, q( f)

in the interval (—1,1) as N — oo.

4.1 Union of two uniform grids

Let consider the case of the union of two grids described in Section 3.1.1.

Theorem 5 Let f(z) € C92[-1,1], ¢ > —1 and & = {—a,a}, 0 < a < 1. Then

Jim (4N B () = Agi Vo (52
where
9q+1 1 1 e—imz (eiwz(—l—a)'_ _ ei7rz(—1+o¢)’_) 2
V;] a = / - — = Res,— ¢ . . +
T2 L Jo | (—1)9t2 2 sin(ma) sin(7z)(t + z)4+2
1 . e~ imz (eiﬂ(faJrz(flfa)F) _ eiﬂ(a+Z(fl+a)F> 2
——— — —Res,—_
far2 g Ot sin(ma) sin(7z) (t + z)4+2
_ 1/2
1 1 e 1TZ
(1D TR o 22D dt) - (53)

Proof. It is sufficient to prove the theorem for the function f = Byy1(z) (see 16)). We
have the expansion

1 &> ( 1)n+1 1 2N—-1 oo 1)n+2Ns+1 e (nt2Ns)
B _ = eime _ = im(n s)w
g+1(T) 9 n;w (’Mrn)q"'Q 9 z:: :Z: (im(n + 2NS))‘1+26 +
n#0
1 & (—1)2N5+1 9N 12N71 n+1 eim(n+2Ns)x 1
i A7) im2Nsw _
2 :Z (in2Nsyir2” Z S_Z_:OO it 2Nz 9 ( Nq+2) (54)

s#0
Consider the Lg-norm of error (41) for N — oo (see (1), (32), (40) and (44))

_ 2
1R g (Bar)I2 = |[S84(Bos1(2)) = By ()| | =
1 2N-1 n
-1 n+1 _imnx IN (I) ( )
2(7T(2N))2(q+2) nz::l ( ) € < ( x) +Oé 2N +
n 1 e—iﬂ(?N)x 0 eiﬂ(QNs)ac
_o(2N2)® <1—a, ) - - - S
BTN ) T T G 0T Gy
s#—1,0
O L 2
( N2(q+2)> (55)
From the orthogonality of system {e™*}, n € Z, in Ly(—1,1) we obtain
2
2%1 i n+1ei7r(n+2Ns)m) % <O n ) 1 1
=Pogt2 |0, 577 ) — - -
D o+ 5)at2 7 2N (5% )2(@t2) (A —1)2(a+2)

13



Collecting the terms by degrees of the exponent we have as N — oo

92(q+1) [2N—1
7T2(q+2) <

1

(AN)* 72| RY o (Bg1)|[* = I ET e
2N

n=1

e—imz (eiwz(l—az)F _ ei7rz(1+a)k) 2

s
ERGSZ:_ n

N sin(ma) sin(7z) (55 4 2)9T2 +

2
1 mRes
—_—— — — —__ =

at2 g TN sin(ma) sin(7z) (5 + 2)9472

e—imz (eiw(—a+z(1—a)") _ eiTr(a-i—z(l—I—a)")

1 e—i7rz
(55 — 1)2(a+2) B %2(%2) —mRes,—— sin(7z) (2 + Z)2(q+2)> ' (56)

Denoting now t, = 55, At = ﬁ, tending N to infinity and taking into account the

smoothness of the integrand in (53) on [0, 1] we obtain the statement of the theorem. @

4.1.1 Minimization of the error of quasiperiodic interpolation

Apply now the scheme of Section 3.2 to the periodic (obviously not total) interpolation
on [~1,1] by means of the system of periodic functions {7/¥(x)} which period greater
than 2. If min{z)} — —1 and max{z)} — 1 for N — oo we arrive at quasiperiodic
interpolation.

For interpolation I, @ = {—a,a}, 0 < a < 1 (see (32)) the total quasiperiodic interpo-
lation is constructed by such parameters: ¢ty = 2(1+ (1 — «)/(2N + «)), and in (34) the
argument x is replaced by (%)x

The advantages of such a transfer from periodic interpolation to quasiperiodic one are
obvious: in practice for the same algorithm the function is approximated exactly at the
ends of the segment [—1,1] and in addition the error is essentially decreased. Moreover
Gibbs phenomenon more naturally characterized at the ends of segment [—1,1] by both
values of ”overshoot” and ”undershoot”.

Show now that using the previous results we shall get the asymptotic formula of the total
quasiperiodic interpolation. Indeed, denoting by €2 n 4 the error of the total quasiperiodic
interpolation we obtain

L 2N +a—1
2
leanal P = [ |8, (P ) 2)

2 1—1l=a
2N N _
d = 7/ RS, (2)|? do =
2N +a—1 _1+12*7N°‘ a

_ AN (/1 R% ()2 da 2/1 R (x)de>
N, - o 1V =
2N +a—1 1 q 1_12T
2N .
v a7 B @) dz —dy o(a)) (57)

where )

dh

1 2(1—a) 5 h
dn,q(a) = ﬁ/o Ry 4 (1 - 4N>

is the value describing the improvement of asymptotic Ls-norm of error R&N,q ().
From here and Theorems 3 and 5 we get
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Theorem 6 Let f(z) € CIT2[—-1,1], ¢ > -1, a ={—a,a}, 0 < a <1, Dy, and Vg, be
defined by (43) and (53) respectively Then

2(1—a)
(AN)I2 ey v gl = Aq+1\l (Vq%a - 2/0 [ Dga(R)[? dh)- (58)

lim
N—oo

Optimal choice of the parameter « corresponds to the minimization problem of the right-
hand side of (58) if Ag41 = 1.

4.2 Union of three uniform grids
4.2.1

For the union of three grids considered in item 3.1.2 the next result is true.

Theorem 7 Let f(x) € C2[-1,1], ¢ > —1 and & = {—«,0,a}. Then the asymptotic
formula

(6N + 3)732|| RS ()] = Ag1Via, (59)

lim
N—oo
where
34+3/2 3 1 1 1
Voo = V2ma+2 /_ (q)g’”g(o’t) T @ T o DEar) (i1 e

1
2

1 1 iTo
‘(t_1>q+2 + ECOSGC2 (O;T> (q)q(l,t) — 2sec (?) (eTCI)q(l — Oé,t)+

_iTa

2 1 1
e 2 Py (1+ a,t)))’ + ’—W - icosec2 (CZT) (cos(am)®4(1,t)—

1 1
2Dy(1 — a,t) + By(1 + o, 1) > + ‘ + —cosec? (O;T> (®q(1,t)—

(t+1)2t2 4
9 1/2
>dt) | (60)

4.2.2 Minimization of the error of quasiperiodic interpolation

2sec <a277) (e_iga Py(1— o, t) + emTafI)q(l + Oz,t>))

Proof is quite similar to the proof of Theorem 5.

For interpolation IS, 0 < a < 1, (see (35)) the total quasiperiodic interpolation is con-
structed by the following parameters: tn = 2(1 + (1 — a)/(2N + «)), and in (37) the

argument x is substituted on (3%1?)1‘ Denoting by e3 y 4 the corresponding error of the

total quasiperiodic interpolation, we have

Ly 2N + o
2 _ a —_—
|les,vqll —/1‘RN7Q<(2N+1>90>

2N+1 ([t 4 9 ! & 2
e ( [ B g@Pde=2 [ IR )P ds ) -

2N
2N +1
2N + «

1—1=a

2 2N+1/ TN
dx =
2N + o )14l

|RY (@) do =

(RS @)1 dz = d4(c)) (61)
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where )

2 L= 4 h
dng(@) = 6N+3/0 RN (1_6N+3>

From here and Theorems 4 and 7 we get the next result.

Theorem 8 Let f(z) € C972[-1,1], ¢ > 0 and & = {—a,0,a}. Then

3(1—-a)
Jim (6N + 3)13/2|e3 v gl| = AtzHJ (Vq%a ~2 / Dy (h)[? dh), (62)
—00 0

where Dy o and Vg o are defined by (51) and (60) respectively.

The problem is the minimization by a of the right-hand side of (62) if Ag,41 = 1.

5 Parallel processing

5.1

For simplicity here we consider the parallel processing problem only in the case of odd m.
It will be easy to see that the suggested scheme is applicable also for even m.
The solution of system (24) has the following form

aj = ZAjS(—l)NseiWSNx, i=1,2,...,m, (63)

where the matrix {);s} is inverse to the Vandermonde matrix {e™%}, j = 1,2,...,m,

s=—(m-1)/2,...m—(m—1)/2 1.

From here and (22) we have (see denotations in Section 1.3 above)

ZNFns im(n+Ns) a:’ (64)

where

m (m—1)/2
- NSZ Z Ajsf”?j7
Jj= 15——(m 1)/2
— C[N/2,. N~ [N/2] — 1, s = —(m —1)/2,ym — (m—1)/2— 1. (65)

So to obtain the interpolation I it is necessary:

a) to calculate the N x m-matrix Fz,

b) to put out formula (64).
Pure numerical calculations are connected with item a). Let find its complexity taking
into account all arithmetic operations. The coefficients { fnd } can be calculated by means
of Fast Fourier Transform (FFT) whose complexity in the case of radix-2 scheme equals
6N logy N + O(N) (N — o0) operations for each j, j=1,...,m (see [13]).
Calculation of the matrix {);s} by the best at present Bjorck-Perejra algorithm for Van-
dermonde matrices (see [14]) requires m? + O(m) operations.
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Thus, for m, N > 1 the whole complexity 2 of calculation of matrix {F,s} is
Q = 6mNlog N +m? + O(log N) + O(m).

Taking into account the form of (24) and (63) in case when m < N it is reasonable to
apply a multiprocessor system. Indeed, if we have m processors then each of them can
calculate the coefficients { fn? } separately for the corresponding j (7 =1,2,...,m). Thus
(see the previous item), the main part of operations of calculation {F},,} will be executed
m times faster.

Let calculations be carried out on a cluster consisting of (m-+1) Computer Modules (CM):
{CM(1),...,CM(m + 1)} provided each of them is actually a separate computer.

On Fig. 1 the chart of cluster working by the SIMD (Single Instruction Multiple Data)
scheme is shown.

The function f and integer N are entered into input device (INPUT). Control Unit (CU)
gives out the corresponding data {f(z}”)} to each of the modules CM(j) (j = 1,...,m) for
treatment by the same program of FFT. These data are forwarded back to CU and sent
to CM(m+1) for solving system (63), calculation of matrix {F,s} and symbolic writing
of the formula produced at output device (OUTPUT).

It should be noted that connections among the modules CM (1), ..., CM(m) are not acti-
vated here.

Input[f,ﬂ) al CU_ J_[OM@HD | Output[I§[f]]

! ! |

CM(1) CM(2) CM(3) CM(m)

Fig. 1. The scheme of calculating cluster for interpolation (64).

It is not difficult to see that for this scheme the ”speedup” efficiency coefficient without
formation of the symbolic formula in CM(m + 1) equals (N, m > 1) (see [16])

6N logy N + m?
6mN logy N +m?’

speedup =

For m = const and N > 1 speedup is maximal (practically equals %)

It is important that in the case of large m calculation of the matrix {);s} may be evaluated
by a parallel processing also because Bjorck-Perejra algorithm is vectorized. Here we will
not stay on that.

5.2

Interpolation on the uniform grid with mN nodes corresponds to (22) if a; =
(-1 < B =const <1, j=1,2,....,m). In this case the left side of (24) is discrete Fourier

2j40+1
m
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transform of {a,,} and {);,} has an explicit form. For example, if m is odd it is easy to

check that ,
sin Tm(Nx — 24128y 20001

[ =3 ety () (66)

So parallel processing mentioned above will be more simple.

On the other hand, each of FFT in modules CM(k) (k =1, ...,m) of the scheme of Fig. 1
can be parallelized in its turn.

Indeed, if N allows the expansion N = m;N; then each of CM(k) on Fig. 1 may be
replaced by a mi-cluster with computer modules CM(k, r) (r = 1,2,...,m1), each of
which works by the similar scheme using (66) but instructions and data are get from the
previous CU and results are output in CM(m+1). Applying this architecture we obtain
that speedup equals #m

At last note that for parallel processing of FFT in each of CM(k) (k = 1,2,...,m) one
can use the other current multiprocessor system working by own scheme (see[17]). It is
well-known many types of them. For example, it is possible to use the computation of
FFT on the star-connected cycle network (see[18]) when the architecture is based on the
n-star (2 < n < N) interconnected graph.

6 Numerical optimization

6.1

The presented results allow to obtain numerical values of asymptotic Lo-errors as well as
the values of asymptotic uniform errors. However, here some calculating obstacles arise.
First of all, it is connected with calculation of indeterminacies in integrands which are
actually continuous. The direct application of an automatic integration package to the
values Ey, G4, Dy and Vg, reduces (especially for large ¢) to the extreme accumulation
of errors.

For example, in (43) the integrand (which is continuous on [0, 1])contains indeterminacy
of type 0/0 at the points 2 = 0 and = = 1. To overcome these difficulties we have used
the following approach: for a given sufficiently small parameter ¢ > 0 the interval is
divided on three parts: (0,¢), (,1 —¢), (1 —¢,1). On (g,1 — ¢) the integrand may be
automatically integrated. As to intervals (0,¢) and (1 — ¢) the function must be replaced
in the neighborhood of the points ¢ = 0 and t = 1 by the corresponding truncated Taylor
series in the symbolic form. Note that we use MATHEMATICA 4.1 package possessed
a powerful package for expansion of functions by the standard Taylor series formula. It
turned out that with increasing ¢ it is necessary to take more terms of Taylor series and
to choose the appropriate € to provide the desired precision.

In such way we have calculated the parts of the integrals (51), (53), (58), (60) and (62)
containing the indeterminacies in a small neighborhoods of the ends of integration interval.
It should be mentioned that this approach requires the computer with a high frequency
and a big RAM. In our case PC Pentium III, 1GHz, 128 RAM was used.
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6.2

Here we give numerical solutions of the problems of minimizations of both uniform and
Lo errors of interpolation (22) for some fixed ¢ and N — oo when considering both the
periodic and quasiperiodic interpolations.

For convenience, we call Gibbs Phenomenon value (GPv) for given ¢ and « the maximal
value of D, o(h) (or E4(h) in the case of orthogonal decomposition) characterizing the
asymptotic uniform error (see Theorems 1, 3 and 4). Correspondingly, we call the value
of La-error for given a and ¢ the value V; ,, characterizing the asymptotic Lo-error (The-
orems 2, 5 and 7). Numerical results are given in Tables 1 - 3 up to 3 exact significant
digits with the rounding last one.

Obviously the total quasiperiodic interpolation can not be applied to the polynomial-
orthogonal decomposition. So for comparison the approximation errors are given for
periodic (not total) interpolation. In Table 1 we present for the unions of 2 and 3 grids
only GPvs, since we applied the total quasiperiodic interpolation and uniform error and
GPv coincide for these cases.

q OrthDec UnGr | 2 grids | 3 grids
UnErr | GPv GPv GPv GPv

-1 | 0.500 0.0895 | 0.141 0.0834 | 0.0612
0.203 0.0706 | 0.0494 | 0.0223 | 0.0140
0.0495 | 0.0495 | 0.0453 | 0.0343 | 0.0308
0.0274 | 0.0187 | 0.0240 | 0.0356 | 0.0106
0.0119 | 0.0119 | 0.0115 | 0.0109 | 0.0101
0.00666 | 0.00551 | 0.00882 | 0.00630 | 0.00517

Table 1. Uniform Error (UnErr) and GPuv for the orthogonal decomposition (OrthDec),
optimal GPv for uniform grid (UnGr) and unions of 2 and 8 grids.

= WIN = O

Results of Table 1 show that the suggested optimization is rather efficient. As for classic
Gibbs Phenomenon value, the optimal values for 2 and 3 grids about twice less than in
the case of the uniform grid. Note that the GPv for Fourier series equals 0.0895...

Table 2 shows that the asymptotic Ls-error is sufficiently improved when applying the
total quasiperiodic interpolation. There are given the values of asymptotic Ls-errors
corresponding to choice of the optimal parameter « in the cases of uniform, not total
optimal, total uniform and total optimal grids.

q | OrthDec | UnGr OptimGr TotalUnGr | TotalOptimGr
2 Grids | 3 Grids 2 Grids | 3 Grids

-1 | 0.450 0.469 | 0.458 0.454 0.266 0.194 0.154

0 | 0.165 0.237 | 0.211 0.203 0.074 0.0441 | 0.0303
1 | 0.0816 0.107 | 0.103 0.0979 | 0.103 0.0957 | 0.0875
2 | 0.0439 0.0627 | 0.0611 | 0.0597 | 0.032 0.030 0.0239
3 1 0.0246 0.0345 | 0.0340 | 0.0336 | 0.0340 0.0339 | 0.0331
4 10.0142 0.0201 | 0.020 0.0199 | 0.0154 0.0136 | 0.0129

Table 2. Values Vg o in the cases of the orthogonal decomposition (OrthDec), uniform
(UnGr) and total uniform grids (TotalUnGr), optimal (OptimGr) and total optimal
grids (TotalOptimGr) for the unions of 2 and 8 grids.
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As we can see the suggested method is the best efficient in the case ¢ = 0 when Lo-error
decreases 5.4 times for 2 grids and 7.8 times for 3 grids.

It should be also mentioned that in case of the union of two and three grids corresponding
to optimal « the significant decrease of errors takes place only for —1 < ¢ < 2 and ¢ = 4.

Below in Table 3 one can find the optimal values of the parameter « for which the
asymptotic errors of uniform convergence (Gibbs phenomenon) and Ls-convergence of
interpolations in the cases of not total and total grids, are the lowest. Thus, the grids
corresponding to these values are optimal.

Qopt Qopt
for 2 grids for 3 grids
q | GPv | not Total (L2) | Total (L2) | GPv | not Total(L2) | Total (L2)
-1 0.407 0.432 0.329 0.550 0.607 0.487
0 | 0.345 0.647 0.294 0.469 0.781 0.436
1 |0.436 0.436 0.416 0.590 0.593 0.567
2 1 0.380 0.553 0.310 0.504 0.721 0.480
3 | 0.486 0.471 0.470 0.631 0.624 0.619
4 10411 0.519 0.394 0.537 0.692 0.540

Table 3. Optimal values of the parameter o in the cases of the unions of 2 and 3 grids

These results can be considered as instructions for practical applications.
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