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Abstract

Local approximation order to smooth complex valued functions by a finite dimensional space H, spanned
by certain products of exponentials by polynomials, is investigated. The results obtained , together with a
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linear span of translates of an exponential box spline.

The analysis of a typical space H is based here on the identification of its dual with a certain space P of
multivariate polynomials. This point of view allows us to solve a class of multivariate interpolation problems
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bases of P corresponding to the interpolation problem.
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1. Introduction.

This paper is primarily concerned with local approximation to smooth complex valued functions by
finite dimensional spaces H, spanned by certain multivariate exponential-polynomials (i.e., products of ex-
ponentials by polynomials). Our interest in this subject was stimulated by the introduction of exponential
box (EB)-splines, [R1], and the question of their approximation order. Yet, we found that the investigation
of these spaces of exponential-polynomials of special structure leads to the understanding of other related
topics. In particular, the study of the dual space of H allows us to solve a class of multivariate polynomial
interpolation problems.

A typical ‘H considered here is defined as the intersection of the null spaces of a certain family of
hyperbolic differential operators with constant coefficients. To introduce H and its defining operators let T’
be a finite multiset consisting of pairs of the form

= (2, \y) z, € R°\0, A, € C. (1.1)

Hereafter we always assume that X := Xr := {z,},er spans IR®. The collection of all subsets of I' is
decomposed into the following two disjoint sets

K(I) = {K C T | span{a, byer x # R}, (1.2)
L(D) = {K C T | span{z, byerx = R} (13)

Now, the space H(T") is defined as follows
H(T) = {f € D'(IR*)| px(D)f =0, VK € K(I')}, (1.4)

where D’(IR®) is the space of all s-dimensional complex-valued distributions, and pg (D) is the differential

operator induced by the polynomial

pr(@) = [[ @ z, -\ (1.5)

yeEK

It is known, [DM],[BR], that H(T") is of finite dimension and spanned by exponential-polynomials.
First, we present the local approximation property of the spaces of type H(I"). For this purpose let

d(X) =min{|K| |[K e K(I)} -1, (1.6)

where as usual | - | denote the cardinality of a set. Note that d(X) is a nonnegative integer, which is indeed
determined by the set X.

Theorem 1.1. Let Q be a convex open subset of IR® and let T’ be a set as in (1.1). Then for every a € Q2
and f € CI'1=5+1(Q) there exists g € H(T") such that

[(f = 9)@)| <[l fllir-st1malz — o, allz e, (1.7)

where c¢ is a constant depending on I' and €2 and

Ifleoos = > sup|(D2F) (). (18)
0<u|<kZ€?
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To prove Theorem 1.1 we identify a polynomial space P(X) that the set of linear functionals

pp [ — [p(D) f1(0), p € P(X), (1.9)

represents the dual of H(I'). Denoting by P (X) C C*°(IR*) the kernel of P(X) in the sense of (1.9), leads
to the direct sum decomposition
C*(R*) =H({I) & PL(X). (1.10)

Given f € C*(IR®), we choose the function g for the case @ = 0 in Theorem 1.1, to be the projection of f
on H(T') with respect to (1.10). The desired approximation rate follows from the fact that P(X) contains
all polynomials of total degree < d(X).

Once Theorem 1.1 is established it is used in the derivation of the degree of approximation by the linear
span of translates of an EB-spline. The h-scaled EB-spline based on a defining set T', By (T'|z), is defined by
the equation

Bi(Tlz)é(z)dz = h* T / [Tev | o S toa, |t (1.11)

R* 0.7 \ J&r o

where ¢ is taken from a suitable space of test functions. The alternative definition in terms of the Fourier
transform is

h
By (D|z) = h~IT H/ ePmiz, 2t gy, (1.12)
0

yel’

It is known that B, (T'|z) is a compactly supported piecewise H(T')-function, [R;].
We are interested in H(I") because of the fact that for small enough h, [Re]:

H(T) C Bu(T) := span{By(I'| - —ha)| a € Z°}. (1.13)
A suitable quasi-interpolation scheme, together with the local approximation result of Theorem 1.1 yields

Theorem 1.2. Let Q C IR® be open and convex and assume f € CT1=5*1(Q). Then for every compact
AcCQ
distA(f, Bu(T)) == inf |If = glleo.a = O(RFHL), (1.14)
g€BL(T)

It seems important to view the results of Theorem 1.2 in light of the so-called “Strang-Fix Conditions”
[SF]. For a given compactly supported function ¢, the authors in [SF] examined the degree of approximation
attained by span{¢p (- — ha)| a € 7ZZ°} with the scaled version ¢, (-) = ¢(-/h). They proved that this degree
of approximation is completely determined by the maximal d that satisfies mq C span{¢(- —a)}aezs. In view
of this result Strang and Fix pointed out that a piecewise-polynomial ¢ should be an advantageous choice.

We emphasize that the Strang-Fix Conditions are not applicable to the scaled exponential box spline of
(1.11). In the non-polynomial situation the “correct” choice of the scaled function ¢y, should be that which
preserves the local structure of ¢, e.g., by taking {¢n}nh>0 to be piecewise H-functions for a certain fixed
space H with a “good” local approximation property (as in the case of the univariate L-splines see e.g., [S;
Ch. 10]). Thus from this point of view the Strang-Fix Conditions indicate that the scaling ¢, (-) = ¢(-/h) is
appropriate only for special classes of piecewise-polynomial functions ¢.

We illustrate the above by a simple example.

Example 1.1. Let

z+1 0<zxz<h
= = ) 1.15
on(w) { 0 otherwise. ( )



Given a function f(z) bounded and uniformly continuous on IR, define

@) (@)= D F(B)énlx - B).

BELZ

For a fixed z, choose o € hZZ so that x € [a,« + h). Then

[f (@) = @nf)(@)| = |f(z) = fe)(z —a+ D] < [f(z) = fla)[+ [f(@)| |z — o] Swn(f) + Mh.

Thus, the scaled version (1.15) of ¢;(x) yields approximation order o(1). On the other hand it is clear that
such a result fails to hold for the scaling

1. JhTl24+1 0<z<h,
dr(h ) = {0 otherwise,

as is guaranteed by the Strang-Fix Conditions.

The third part of the paper is concerned with a class of interpolation problems from the polynomial
space P(X), defined with respect to a set of directions X as “dual” to all spaces H(I"), Xr = X, in the sense
of (1.9). We identify various sets of linear functionals minimally total over P(X). Each such a set consists
of the linear functionals of the form

{¢: f = [a(D)f1O)] alz)e®* € H(T)}.

These interpolation schemes are intimately related to the schemes considered in [GM]. The above point of
view enable us to give an unified analysis of the interpolation problems, and also to construct bases for P(X)
induced by such problems.

Throughout this paper, the cardinality of a set is denoted by | - |, while (-) stands for the (real) linear
span of a vector set. Given K C I' (where I' is as in (1.1)) we also use

(K) := span{z, }yex-

Finally, all polynomial spaces considered herein are with complex coefficients, and hence linear span of
polynomials is always regarded here with respect to complex scalars.

2. Some Preliminaries on H(T).

We briefly review here some of the results from [BR] on H(T") (see also [DMs]). For this purpose we
first define the set of all “bases” in I':

JIO)={JcI||J]=s(J)=R"}. (2.1)

Theorem 2.1. H(T') is a finite dimensional space spanned by exponential-polynomials. Its dimension equals
[J(I)].

To describe the structure of H(T') denote for § € C?®

Lg={vel|p, ) :=z,-0-X =0}, (2.2)



and define
o) = {0 & €| (Ty) = R*}. (2.3)

We have
Theorem 2.2. H(T') admits the following direct sum decomposition:

H(T) = ®geom H (L) (2.4)
Furthermore, each function in H(I'g) has the form
epz),  peH(Xy), (2.5)

where H(Xy) is the space of polynomials corresponding to I' = (X4,0), Xg := Xr,.

A particularily simple structure for H(I') is obtained when T" is a “simple” de_ﬁning set, [Rq], i.e, when
for each § € ©(T") the set I'y consists of exactly s elements (and hence is an element of J(I')). In this case
H(T") is spanned by pure exponentials, namely

H(T) = span{eg'ﬁ‘ 0O} (2.6)

Simple defining sets and their corresponding simple exponential box splines were intensively investigated
in [Ry]. Note that in view of (2.6) the result of Theorem 2.1 is rather trivial for the simple case. This
observation, together with a suitable limit process, was used in [BR] for the derivation of Theorem 2.1. The
“simple” notion plays an important role in this paper as well: we use it to construct a basis for H(I") and
its dual for general I', and hence to compute the dimension of this dual. Also, the interpolation problems
discussed in section 7 are in the simple case of a Lagrange type.

Finally, we note that, for a given defining set, one can always find a simple defining set I'; such that
Xr = Xp,. (For a more precise statement see [Rq].)



3. A-Approximation.

We collect here some basic algebraic facts about duality in the finite dimensional case, and describe in
a general algebraic setting the approach taken here towards the proof of Theorem 1.1.

Let F' be a vector space over C. Let A be an n-dimensional space of complex linear functionals defined
on F. Denote by A, the kernel of A in F, that is

AL ={feF|u(f)=0, VueA} (3.1)

Suppose that A is the dual space for some H C F.
Proposition 3.1. Let F, A, A, H be as above. Then

F=H®A,. (3.2)

Assume now that H admits a direct sum decomposition

Definition 3.1. A decomposition
A =@ A (3.4)

is said to be dual to (3.3) if

(a) Ajisdual to H; for j =1,...,m.

(b) p;(fx) =0 whenever p; € Aj, fr € Hy, j # k.
We have

Proposition 3.2. Suppose that A is dual to H = &7, H;. Let {4, };”:1 be a set of m subspaces of A. If
(a) dim A; >dim H;, j=1,..,m,
(b) w;i(fx) =0 whenever p; € Ay, fi € Hg,j # k,

then ©7L;A; is a decomposition of A which is dual to &7L, H;.

Proof. Fix 1 < k < m and denote ;Ik = @, H;. Since by (b) ;Ik is orthogonal to Ay, then
ik

dimA, < dimH — dimHy, = dimHy,

hence by (a), dimAy = dimHy, and ;Ik is the kernel of Ay in H. Since Hi N I}k = 0 it follows that Hy is dual

to Ay. To verify that EB;”ZlAj is direct, note that every element in (U%, A;) is orthogonal to Hj, while Ay is
i#k
dual to Hy, hence Ay N (U7, Aj) = 0. o
J#k

Closely related to dual decompositions are dual bases: given a basis {;}7_; to A its dual basis {f;}7_;
in H is the unique basis in H which satisfies

15 (fe) = 0jn 1<jk<n. (3.5)

Denote by 9y the projection of F' on H with respect to (3.2) (i.e., with kernel A} ).
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Proposition 3.3. Let {x;}7_;,{f;}7_; be dual bases of A and H respectively. Then
Yy = Z fimg - (3.6)
j=1

Let us now consider a family {H;};c; of subspaces of F, each of which has A as its dual. For i,j € T
denote by wj- the restriction of ¢y, to H;. Since ker wj- = H;Nker vy, = H;N A, = 0, we see that
¥} is injective. But dimH; = dimH; = dimA = n and therefore we conclude that ¢ induces isomorphism
between H; and H; which is termed herein “the canonical A-isomorphism”. Some properties of the canonical
A-isomorphism are recorded below.

Proposition 3.4. For i,j,k €1
() vt = i,
(b) ()~ =],
Proof. Let f € F, then ¢y, f — f € AL and therefore ¥, (Y, f — f) = 0. Hence
Yu,u;, = Yu,, (3.7)

and (a) follows. Since 1y, is a projector to H; then %! is the identity mapping and thus the choice i = k in
(a) gives (b). =

The next result deals with local approximation to smooth functions induced by projectors of the type
Y. Let F = C*(IR%) and let
A= {| p € P}, (3.8)

where P is a finite dimensional polynomial space satisfying
g C P C 7y, (3.9

and p, retains its meaning as in (1.9).
Let A, and H be as before and assume that H is translation invariant, namely

feH=f(-a)eH, VaclR" (3.10)
(Actually by the above assumption H is necessarily spanned by exponential-polynomials, see [BR; Th. 1.3]).

Theorem 3.1. Let Q be a convex set in IR®. Let f € C°°(IR®) and a € Q. Then there exists g € H,
dependent on f and a, such that for every x € Q

(= D@ < 0 1Flanzarsy ol — alli, (3.11)
where cq depends only on A, H and € (but not on « and f), and || f||x,c0,0 is as in (1.8).

Proof. Let {f;}}_1, {ip, }j—1 be (arbitrary) dual bases of H and A respectively. Define

n

g9(z) =Y _[pj(D)fl() fi(z — a). (3.12)

j=1



Since H is translation-invariant, g € H, and it is easy to verify that

p(D)(f —g)(a) =0, Vp e P. (3.13)

Since g C P it follows that all the Taylor coefficients up to order d in the expansion of f — g at o must
vanish. This shows that

(f = 9)(@) = Oz - af|&).

To see that (3.11) is valid, we make use of (3.12). First note that

[pi(D) (@) < ¢l f117 00,000

where ¢; is dependent only on p;. Therefore if |v| = d+ 1 then
n
1D2g(2)| < [1fll7,000 2 5] [1filario00 = coll fllg g -
j=1

and our claim follows from the usual remainder expression in Taylor formula. o

In order to guarantee that cq and Hf”maz{&,dﬂ},oo,ﬂ would be finite, one may require € to be relatively
compact. Note that the choice of the norm in Theorem 3.1 was quite arbitrary: clearly the same results hold
for every L,-norm.

Finally, we note that the results and the proofs here remain unchanged when replacing C*°(IR®) by
C™(IR®) with m > max{d,d + 1}.

4. The Duality between H(I') and P(X) and Local Approximation by H(T').

Let X be a fixed finite set of non-trivial vectors which spans IR®. Every defining set T" (see (1.1)) for
which Xr = X is termed here “an X-defining set”. X itself is also treated as the defining set composed of
(X,0). Thus the sets K(X), L(X) retain their meaning as in (1.2), (1.3).

In this section we consider the space

P(X) == span{py(z) = [[ (- 2)| ¥ € L(X)}. (4.1)
gEY

First, we compute its dimension, construct bases to this space and determine exactly the maximal d that
satisfies 74 C P(X). Then, we prove that P(X) forms the dual of H(I") (in the sense of (3.8)), and thus
Theorem 3.1, when applied to the present specific situation, allows us to establish the order of the local
approximation by H(I") to smooth functions.

Clearly P(X) is a space of polynomials of degree not exceeding | X| — s. Our first aim is to describe a
basis for P(X).

Theorem 4.1. Assume I' is an X-defining set which is simple. Then the polynomials

{prw@ = J] @z, -X\) 7@} (4.2)

yeT\J



form a basis for P(X).

Proof. Denote temporarily by 7N3(X ) the linear span of the polynomials in (4.2). First, note that for each
L € L(T) the polynomial pr,(z) belongs to P(X): For L € L(T") we have X, € L(X); thus, given an arbitrary
subset Y of X, it follows that ¥ € L(X) and hence py € P(X). Since py, is a linear combination of such
py’s we see that indeed pr, € P(X). Now, for each J € J(I') , T'\J € L(T") therefore each of the polynomials
n (4.2) lies in P(X) and hence 7;(X ) C P(X). To establish the inverse inclusion we need the following two

lemmas
Lemma 4.1. For every L € L(T")
prr(z) € P(X)

Lemma 4.2. Let I'y be an X-defining set (not necessarily simple). Then, the polynomials {py(z)| L €
L(Ty)} span P(X).

The proof of Lemma 4.1 proceeds by induction on [I'\L|. Since we assume L € L(T"), then we always have
IT\L| > s. If T\L| = s, then I'\ L is a basis J in J(I') and therefore py,(z) is one of the polynomials in (4.2).
Assume [T'\L| > s. Since T is simple so is I'\ L, and hence Proposition 4.1 in [R4] ensures the existence of
{cy}yer\ L such that

() Xienzapy(@) =1, (4.3)
(i) (I'\(LU~)) # R’ only if ¢, = 0. (4.4)
Thus
pr(@) =pr(@) D epy(@)= Y cproy(@), (4.5)
~ET\L ~ET\L

where, if L U~ € L(T") then the induction hypothesis implies pru(z) € 7~3(X) and otherwise (4.4) implies
¢y = 0. Consequently (4.5) shows that pr(z) ep (X) and therby establishes Lemma 4.1.

To prove Lemma 4.2, it is enough to show that for every ¥ € L(X), the polynomial py (z) is in the
span of {pr(z)| L € L(I'1)}. We prove it by induction on |Y| > 0. For Y = () the claim is obvious. Assume
Y| >0,Y € L(X). Let L € L(T'1) be the corresponding set (i.e., with X; =Y). Then

pr(z) — py(z) € span{py (z)| V CY, V #Y}. (4.6)

Since Y € L(X) then V € L(X) for every V C Y, so by the induction hypothesis the right hand side of (4.6)
is spanned by {pr(z)| L € L(I'1)}. Consequently the same is true for py (z), and the claim of Lemma 4.2 is
established.

To prove Theorem 4.1, note first that Lemma 4.1 together with Lemma 4.2 shows that

P (X) =P (X). It remains to show that the polynomials in (4.2) are linearly independent: fix Jy € J(T)
and let @ € ©(T") be the unique solution of the equations

py(0) =0, Yy € Jo.
Since T is simple, p,(8) = 0 if and only if v € Jy. So, for J € J(I")

(@) #0 & \N)NJy=0 & J=J.
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We conclude that the polynomials of (4.2) are linearly independent, and therefore form a basis for P(X) as

claimed. o

Since we can always assign to a given X a simple X-defining set I', Theorem 4.1 leads to:

Corollary 4.1.*
dimP(X) = [J(X)].

Our next result characterizes the maximal d that satisfies mq C P(X) :

Theorem 4.2. Let d(X) be as in (1.6). Then
(a) Td(X) C P(X)
(b) Td(X)+1 Zz P(X)-

Proof. We prove (a) by induction on d in the claim:

Let d be a nonnegative integer and let X C IR’ be a set of nontrivial vectors satisfying (X) = IR®. If
d(X) > d, one has 7y C P(X).

Choosing Y = 0 in (4.1) we see that P(X) always contains the constants hence the case d = 0 of the claim
is trivial. Let 0 < d < d(X), and assume by induction that

Ta_1 C P(Y), for all Y with d(Y) >d — 1. (4.7)

We need to show mq C P(X). Substituting X =Y in (4.7) gives mg—1 C P(X). So it remains to show that
for every v € 77, with |v| = d, the monomial z* belongs to P(X). Fix such v. Since d > 0 there exists
1 < j < s such that v; > 0. Denote n = (v1,...,v;_1,v; — 1,Vj41, ..., V). Since d(X) > d > 0 then by (1.6)
(X\y) = R* for all y € X. Furthermore, it is clear that d(X\y) > d(X) — 1, and |n| =d -1 < d(X) — 1, so
we can use the induction hypothesis to conclude

zleP(X\y), VyelX.
Moreover, it is easy to see that
p(z) € P(X\y) = (y-z)p(z) € P(X), (4.8)
so substituting p(z) = zZ in (4.8) we obtain
2y -x) € P(X), vy € X. (4.9)

Finally, the fact that (X) = IR® implies the existence of {c,}yex such that z; =
Yyexcy(y - x), hence (4.9) readily implies that 2% = z” - x; € P(X). This ends the proof of part (a) of
Theorem 4.2.

To prove part (b), note that by the definition of d(X) there exists Xo C X such that | Xo| = d(X) + 1
and (X\Xo) # IR®. Let £ € IR® be orthogonal to (X\Xo). Define g(z) = (§-z)*X)*! € myx)41. We contend
that g(z) & P(X).

To see this let Y € L(X) and denote

Vi =Y N (X\Xo), Yp=VY\Yi.

* Recently we have learned from [DMs] that the space P(X) has already been investigated by H. Hakopian,
who has proved Corollary 4.1 as well.



It follows that Y3 is a proper subset of X, and therefore |Y5| < d(X). Furthermore, -y = 0 for every y € Y3
and consequently we must have ¢(D)py = 0. Since this holds for every Y € L(X) we conclude that ¢(D)
annihilates P(X). But ¢(D) does not annihilate ¢(z), whence ¢(z) ¢ P(X). o

Now, let P, (X) be the kernel of P(X) i.e.,
PL(X) = {f € C%(R*)| () =0, ¥pe P(X)}. (4.10)

To establish the duality between H(T") and P(X) we first need
Theorem 4.3. For every X-defining set I’

PLX)NHIT) =0 . (4.11)
Proof. Let f € P, (X)NH(T). We claim that
pe(D)f=0 VL CT. (4.12)

Assume for contradiction that (4.12) is not valid and let L C I be a maximal subset that does not satisfy
(4.12). Since f € H(T') then by definition px(D)f = 0 for every K € K(T'), hence L € L(I"), which
means that I'\ L contains some basis J € J(T'). Set ¢ = p(D)f. Since L is maximal we know that for each
v € J,py(D)g = pruy(D)f =0, thus

g € Nyesker py(D).

Let 6 be the unique element of ©(J), then (with py (z) =z, - z)

pe (D) (e ¥2g(z)) = e %%(p,(D)g(z)) =0, Vy€J,

~

and since ({z},es) =IR?, it follows that g(z) = ce?.

Finally, the assumption L € L(T") implies py,(z) € P(X), which together with f € P, (X) yields

c=9(0) = [pL(D)f](0) = 0.

Thus g = 0, in contradiction to the choice of L. We conclude that (4.12) is valid and substitution of L = )
in (4.12) completes the proof of (4.11). o

For the discrete analog of Theorem 4.3 see [BR; Th. 4.1], [DMy; Th. 6.1.III].

Now, Theorem 2.1 together with Corollary 4.1 leads to
dimH(T) = dimP(X),
and this last result can be combined with Theorem 4.3 to yield
Corollary 4.2. Let I' be an X-defining set. Then P(X) forms a dual for H(T').

By Theorem 4.2 we know that mgx) C P(X), hence Theorem 1.1 follows now by an application of
Theorem 3.1 to the present situation.

We proceed now to another application of the duality between H(T") and P(X):

Corollary 4.3. H(X) consists of polynomials of degree < |X| — s.
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Proof. The fact that H(X) consists of polynomials is well known (see [BH]). Given p € P(X),
q € H(X) we note that
p(D)q(0) = q(D)p(0),

and therefore , by Corollary 4.2, H(X) can be regarded as the dual of P(X). Furthermore, since H(X) is
scale-invariant it stratifies (i.e., it is graded by its homogeneous components). Now P(X) C 7 x|—s, and so
every differential operator, induced by a homogeneous polynomial of degree > |X| — s, annihilates P(X),

hence its corresponding polynomial does not belong to H(X). o

We mention that under the assumption X C ZZ* the above corollary has already been proved in [BH].

Finally, note that Theorem 1.1 gives only a lower bound for the local approximation order by H(T).
This bound is shown below to be the exact approximation order.

Theorem 4.4. Let I" be an X-defining set. Then the local approximation order by H(T") to smooth functions
is d(X) + 1.

Proof. In view of Theorem 1.1, it suffices to show that there exists a smooth function ¢ which fails to be
approximated to the order d(X) 4 2. Let ¢ be the homogeneous polynomial of degree d(X) + 1 constructed
in the proof of Theorem 4.2(b); by that proof we know that the differential operator ¢(D) annihilates P(X).
Let f be the best local approximation (at 0) for ¢ from H(I') and let g be the Taylor expansion of f up to
degree d(X) + 1. Once we show that g # g, it will follow that f approximates ¢ to an order< d(X) + 1.

To prove that indeed ¢ # g, we assume for contradiction that ¢ = g and pick K € IK(I'). Now,
the homogeneous component of highest degree of the polynomial px is px,, while the first non-trivial
homogeneous component in the Taylor expansion of f is ¢ = ¢. Thus, since we have px (D) f = 0 it follows
that px, (D)g = 0. Since the above K € IK(T") was arbitrary, we conclude that

py(D)g=0, alY eIK(X),

i.e., g € H(X). Yet, this last cosequence, together with the fact that ¢(D) annihilates P(X) contradicts the
duality between H(X) and P(X). =

5. Approximation Order for Exponential Box Splines.

Here we use Theorem 1.1 and a modified version of the quasi-interpolation scheme of [CD] to establish
the approximation order for exponential box splines, i.e., to prove Theorem 1.2. Throughout this section we
assume that I is a fixed X-defining set and X C ZZ°. Let

By (T') = span{ By (T'| - —a)| o € hZZ°}, (5.1)
and define the map S} : C(IR®) — B(T') by

Sh(H =Y. f@)BuT| —a) (5.2)

aChZ*
For the proof of Theorem 1.2 given here , we need to know that

H(T) C BL(T). (5.3)
A sufficient condition for (5.3) was derived in [BR] (see also [Rg; Th. 4.1], [DMy; Pr. 4.2]).
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Theorem 5.1. [BR; Th. 6.2].

For § € ©(T"), the following conditions are equivalent
(a) S} induces an automorphism on H(I'g)
(b) Bi(T| - if) # 0.

Thus, in order to guarantee (5.3) it is sufficient to demand

By(T|—if) #0, vo € (). (5.4)
But for a fixed z € C*
B | " (Ay—i )t
h=*By([T|z) =h };[F </0 e\ T Ly dt) i 1, (5.5)

and we deduce from Theorem 5.1 the following

Corollary 5.1. For every defining set I, there exists hr > 0 such that for every h < hp
(a)  Bu(I|—if) #0, Vo € O(T), (5.6)
(b) H(T) C BL(T). (5.7)
Given f € H(I'y), we also need the following information on Syf:

Theorem 5.2. [Ry; Cor. 5.1]
Let f(z) = e?Zp(z) € H(Ty). Assume By, (I'| — i) # 0 then

Sh(f) = " %q(x)
where
deg(p(z) — h*By(T| — i0) ' q(z)) < deg p().
To introduce the quasi-interpolant Qg denote first
g = |FQ|—S+1,
po.n =h* B (T —if),

and define

Qu=1- JI (U —ponsi), (5.8)
veo(n)

where [ is the identity mapping.

The basic properties of Ql,; are recorded in the next two propositions.
Proposition 5.1. Assume that (5.6) holds. Then

QuH=r vfeH(T). (5.9)

Proof. To prove (5.9) we need to show that [[ycqr)(/ — po,n'St )" annihilates H(T'). In view of Theorem
2.2 this will follow as soon as we know that

(I — pg,hs,f)rz}m% =0, Vo € ©(T). (5.10)

To verify (5.10), note that by Theorem 5.2 I — pg S}, is degree reducing on the polynomial part of every
e?Zp(z) € H(Ty). But by Corollary 4.3 and the fact that H(Tp) = 2 2H(Xp), we have deg p(z) < |Ty| —s =
re — 1, thus (5.10) is verified and (5.9) follows. o
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Proposition 5.2. Qg is bounded and local. More precisely, there exist k,d > 0 dependent only on I', such
that for every f € C(IR°),z € R and 0 < h < 1

QRN @) < Kl flloopatiassn)»

where ball(z; dh) is the open ball centered at x with radius dh.

The proof of Proposition 5.2 is based on
Lemma 5.1. For every defining set I' and 0 < h < 1

IBr(D)lloe < [T ™! (5.11)

yel

Proof of Lemma 5.1. Let ¢ be a positive compactly supported C*° function for which f]RS o(z)dx = 1.
By (1.11)

\/ By (T|z)p(z)dz| =|h*~ 'Fl/Oh]F Hewv e Dzt | dt

yel

< It H elMl © ngtV

~eT [0,R]1T] ~eT
“ e ‘/ Bu(X|z)p(z)dz,
yel’

where By, (X|z) is the box spline based on the defining set composed of (Xr,0). Clearly By (X|-) is nonneg-
ative. Also we know from [BH] that

> BuX|-—a)=1,

achZ®

and hence ||Bp(X)||c < 1. Consequently we conclude

[ Burieewis < [T [ plwyde =TT
"

yer ~er

It follows therefore that |Bx(I|z)| < [[,er et at all points of continuity of By (T|-); since By(T|-) in
continuous a.e. (IR*) (see [BH], [R1]) we obtained (5.11). o

Proof of Proposition 5.2. First we expand the right hand side of (5.8) to obtain

T v |z
== ()| II Ax) 50", (5.12)
O<y<r *=7 \geo(I)
with 7 = {Te}eee(r), v ={vp}oco(r)-
By (1.11) suppB(T { yer by |0<t, < h} , so there exists an integer k; such that for every h > 0
and z € IR®
[{a € hZZ®| By (T|z — a) # 0} < k. (5.13)

(Actually the right hand of (5.13) is essentially independent of h and z, see [DMy; Th. 3.1].)
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Applying Lemma 5.1 we obtain

(SEH@)=| > fl@BuTlz—a)

a€Zy

< H et || fll oo pati(a,501)
~er

where §; is the diameter of suppBj (T'). Repeated use of this result leads to

1(SH) A@)| < T B llsobatice.gonm)- (5.14)
yerl

Substituting (5.14) into (5.12) and taking into account the uniform boundness of
{po.n}ocor),0<n<1 give the desired result with § = |r|d;. o

Proof of Theorem 1.2. Assume h is small enough for (5.6) to hold. Fix z € A. Then for every g € H(I")
we get from Propositions 5.1, 5.2

1f(z) — QLN (@) < |(f = 9)(@)]+ Q) (f — 9)(2)]
< cillf = 9lloo,pati(z.smn)

Thus, Theorem 1.1 implies

£ (@) = (@) @) < b Fllip—s 00,4,

where Aj, = Ugeaball(z,dh). The compactness of A implies that A, C Q for sufficiently small h, thereby
ensures (1.14). o
Note that, as is seen by the proof above, Theorem 1.2 is valid for every set A satisfying A, C € for some h.

6. More on the Duality between H(I') and P(X).

Denote by ¢r the projector of C*°(IR*) on H(T") with kernel P, (X). Given two X-defining sets I'1, I's, the
canonical P-isomorphism obtained when restricting ¢r, to H(I'1) is denoted by w;; Some of the properties
of the maps ¢, wll:; were discussed in the general framework of section 3. Here we derive several additional
properties which are specific to the present situation.

Proposition 6.1. For every v € I'
Py (D)r = tr\,p~ (D).

Proof. Let f € C*°(IR¥). Since p- (D) maps H(I') into H(I'\y) then p,(D)yrf € H(I'\7y). Given L € L(T'\y)
it is clear that L U~ € L(T"), therefore

(D) [py(D)Yr f1(0) = pruy(D)Yr f(0) = pruy(D)f(0) =
pr(D)py(D)f(0) = [pr(D)Yr\yp+ (D) f1(0).

From Lemma 4.2 we know that {pr(z)}reLr\~) span P(X\z,) thus Theorem 4.3 implies that

pv(D)wl—‘f - wF\'ypV(D).f € H(F\’y) N ,PJ_(X\Qv) = 0. =

The usefulness of Proposition 6.1 is already illustrated in the following
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Corollary 6.1. For every K C I, the operator px (D) maps H(I") onto H(I'\K).

Proof. Tt is enough to prove the claim for K = {v}. Fix f € H(T'\~y) and choose g1 € C*°(IR?) such that
p(D)g1 = f. Define g = ¢rg;1. Then by Proposition 6.1

pv(D)g = pW(D)ngl = wF\'y(pw(D)gl) = 1bl‘\'yf = f. o

Our next aim is to construct a basis of H(I'). In case I is simple, a natural basis for H(I'"), in view of
(2.6), is Er := {e?Z}pcer). For this case it is easy to verify that the dual basis of P(X) is given by

po(x) = [pr\r, (O)] pryr, (2), 6 € O(). (6.1)

In case T is not simple, we may choose a simple X-defining set T';, and define the “T';-basis of H(T')” as
the image of Er, under the canonical P-isomorphism 1/)11:1. Denoting this basis by {fs(2)}¢cor,), We can
combine (3.6) together with Proposition 3.3 to conclude

Corollary 6.2. Assume I',T'; are X-defining sets, I'; is simple. For § € ©(T';) define fy(z) = 1/);1 (e?2).
Let {po(z)}gco(r) be as in (6.1). Then

drf= D mp(Hfe fe C=(R?). (6.2)

0e®(T'y)
In order to compute {fs(2)}sco(r,), one may use the fact that for a fixed 6° € ©(T';) the conditions

[pe(D) fgo](0) = Jg,g0 (6.3)
pK(D)fQo =0 s VK € K(P),

determine fzo uniquely.
A special important case occurs when I' = X (namely T = (X, 0)). In this case Corollary 4.3 guarantees that

H(X) C T X|—s
and hence (6.3), (6.4) are reduced to a system of linear equations in the unknowns

{D%fo(0) o<p<|x|—s-

Although in general a basis of H(I") is not easily constructed, the explicit direct sum decomposition of
Theorem 2.2 is always valid. Thus, we are interested in characterizing its dual decomposition in P(X).

Theorem 6.1. Let ' be an X-defining set. For § € ©(T') define
Po = {p € P(X)| pr\r, (z) divides p(z)}. (6.5)

Then
P(X) = Docor)Po,

and this decomposition is dual to that of Theorem 2.2.

Proof. Denote
Xo = Xr2 . (6.6)
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Fix 0° € ©(T) and let Y = {z | v € '\I'yo}. Then

Priry (z) € span{py (z)| V. C Y}, (6.7)

where, as before, py (z) = ey (y - z).

Let ¢(z) € PX\Y) = P(Xgo). Using (6.7) it is easily seen that p(z) := pnrr,(z)q(z)
€ P(X). Combining this observation together with Theorem 2.2 and Corollary 4.1 (when appliea to T'go
and Xgo respectively) we obtain

dimPyo > dimP(Xgo) = dimH(L'go).

On the other hand we know that pr\r,, (D) maps H(I') to H(I'\(T'\I'go)) = H(T'g0), so pr\r,, (D) annihilates
®ecom H(Iy). It follows therefore that for p € Pyo, p(D) annihilates @ oceor) H(Tg) and in particular Pyo is

0700 0700

orthogonal to that space. Application of Proposition 3.2 completes the proof. o

Corollary 6.3. Let I" be an X-defining set, 8 € @(I"), then

Py = {prir, @a(@)] a(z) € P (X5) }.

7. Related Interpolation Problems.

Given the polynomial space P(X) defined by the directions X in IR®, we describe here a class of
interpolation problems induced by all the X-defining sets I, and apply the duality between H(T") and P(X)
to show the solvability of these problems. The method of analysis provides an unified theory for a large class
of the interpolation problems considered in [GM].

Let {f;(z )}IJ )l be any basis of H(T'). Let {Bj}g-‘]:(f()l C C be arbitrary numbers. From the duality
between P(X) and H(T') we know that there exists a unique p(z) € P(X) such that

pp(fy) = [p(D)f5]1(0) = B5, 5 =1,....[J(X)]. (7.1)

To reveal the dual meaning of (7.1), assume that f; € H(Ip) for some § € O(T'). Then f;(z) = e?Zq(z),q € ,

and since

D= [eeys]| - {Qgﬁ(j—’@!, B<a
=0 0, otherwise,
one obtains
(f;) = p(D)[e*2q(2)]| ,_, = [a(D)p](©) (7.2)
In particular, if f;(z) = 2222 o € 7Z°, then
(f5) = (D=p)(8). (7.3)

We therefore obtain

Theorem 7.1. Let f: C® — C be a smooth function and let I' be an X-defining set. Then there exists a
unique py¢(z) € P(X) such that for every § € ©(T") and g € H(Xp)

[¢(D)ps](€) = [a(D) f1(0), (7.4)
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where, as before, Xy = Xr,-
Note that in (7.4) any interpolation point § € @(I') C € is the intersection of the hyperplanes

z—A =0 ,yeT(O). (7.5)

Tz

Corollary 7.1. Let f: C° — C and let I be an X-defining set which is simple. Then there exists a unique
pr(z) € P(X) solving the Lagrange interpolation problem

pr(0) = f(0), 0e€O). (7.6)

The special case of the above problem, when X is a general position (i.e., any s elements of X form a
basis for IR®) and T is simple has been studied in [CY].

The structure of the X-defining sets which induce solvable Hermite interpolation problems on P(X) is
“locally in general position”, which means that for each § € ©(I") the set Xy is in general position. (Of
course, all simple defining sets are locally in general position. Also, if X is in general position then IT' is
locally in general position regardless of the choices of A.) In this case H(I") admits a very simple structure.
In fact (as can be easily deduced from Theorems 2.1, 2.2 and Corollary 4.3) a basis of H(T") is

{ef2z¥| € (D), |v| < [Tg| — s} . (7.7)
Thus Theorem 7.1 implies

Corollary 7.2. Let f: C° — C be a smooth function and let T be an X-defining set locally in general
position. Then there exists a unique py(z) € P(X) solving the Hermite interpolation problem

[DEps](0) = [D=£1(0), 0€O(), [y <[Tgf —s. (7.8)

Remark 7.1. It should be emphasized that the interpolation problem induced by a set I' locally in general
position is significantly simpler than those induced by general sets I'. This is so since the solution of the
interpolation problem is crucially based on the dimension result of Theorem 2.1, which is rather trivial in
the case of defining sets locally in general position.

More information on the interpolant p(z) € P(X) can be deduced from the dual decompositions H(T") =
©gecomH(Ty), P(X) = @gcor)Ps (see Theorems 2.2. and 6.1). In fact we have
Lemma 7.1. Let §° € ©(T'), let f : C* — € be a smooth function and let py be the interpolant from P(X)
to f induced by I'. Then the following conditions are equivalent:

(@)  [aD)fI(O)=0 , VOeOM)\{8}, ¢ € H(Xo)

(b)  pr(z) =prre(@a(z) ,  q(z) € P(Xe) -

Proof. Assume that (a) holds. In this case, since ps interpolates f, we have
[¢(D)ps] (@) =0 q € H(Xp), V0 € ©(I)\{0°},

which, in view of (7.2), shows that p; is orthogonal to ©gcery\goH(I'g). Thus (b) is established by an
application of Theorem 6.1 and Corollary 6.3. Conversely, assume (b). Then, as in the proof of Theorem
6.1, py(D) annihilates each H(T'p), 8 # 0°, and again (7.2) implies the validity of (a). o
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Corollary 7.3. Let f : C° — C be a smooth function, and let py € P(X) be its interpolant obeying the
conditions induced by an X-defining set I'. Then

pr@ = > prr,@pelz) (7.9)
)

0co(

where py(z) € P(Xp) is determined by I' and the values

[g(D)f1(0) g€ H(Xp).

The representation (7.9) is of “Lagrange type”. For simple T it becomes

pr@) = Y prp, @prie, @F(O) (7.10)
sco(r)

since [I'g| = s and H(I'y) = {eQ-g}.

The polynomials in the sum (7.10) constitute the basis of P(X) introduced in (6.1) (see also Theorem
4.1). This basis depends on the values of the A’s in T".

Using Newton type interpolation formulae, as in [GM], for simple defining set I' = (X, A), and taking
A — 0, we are able to construct a basis of P(X) independent of the values A. (This basis corresponds to the
interpolation problem induced by I' = (X, 0).) Introducing such basis for each P(Xy) in Corollary 6.3 and
Theorem 6.1, we obtain a natural basis for P(X) corresponding to a given T

The construction of this basis is by recursion on s. First we treat the case s = 2.

Let {z',...,2"} C IR? be a set of nontrivial vectors satisfying (z!, z%) = IR?. Denote X* = {z!,...,2*}. For

the trivial cases k = 1,2, we choose our basis for P(X*) to be @), {1} respectively.
Theorem 7.2. For k = 2,..,n define
Zi={z€ R’| |z]| =1,(z,2") =R? F2",1<i<k—1,3 (2') = (2)}, (7.11)

and denote for z € Zy,
€ = |(z) N X

Then, for kK = 2,...,n, the polynomials

(z-z)” H (z'-x) j=2,.,k z€Z;, v=0,..,0, — 1, (7.12)
2ig(z)
1<i<j—1
form a basis for P(X*).
Proof. Denote the set of all polynomials in (7.12) by V. It is easy to see that

Vi € P(X*), k = 2,...,n. Moreover, for a fixed j the number of polynomials in (7.12) equals the num-
ber of bases in X7 that contain 27, hence

Vil = [ Uj= Vi\Vja| = | Ui JINI (X TH] = [3(X ).
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Thus, in view of Corollary 4.1, our claim will follow as soon as we show that the polynomials of Vj are
linearly independent. We prove this by induction on k¥ > 2. For k = 2 the linear independence is trivial.
Assume k > 2 and fix z € Zj. Choose 1 € IR? such that z - n =0 and let ¢(z) = (- )71 Tt is clear
that ¢(D) annihilates P(X*~!) and in particular all the polynomials in Vj_1. Furthermore, ¢(D) annihilates
each polynomial in (7.12) corresponding to j = k and Z # z, since such a polynomial contains no more than
k — ¢, — 2 a factor z* - z with 2’ ¢ (z). Finally

with ¢ # 0, and since (z-2)”, v =0, ..., £, —1 are linearly independent, one concludes that all the polynomials

in Vj, are linearly independent too. This completes the proof of the inductive step and therby the proof of
Theorem 7.2. o
We now discuss the extension of the construction of Theorem 7.2 to IR®, s > 2.
Let {z!,...,2"} C IR® be a set of non-trivial vectors, (z!,...,2%) = IR®. As before we choose V; = {1},
where V; is the basis for P(X7) := P({z!,...,27}). To construct the basis Vi to P(X*),k > s, we first
introduce the following set of hyperplanes in IR® :

Zp={H CR*| dimH =s—1, z* ¢ H (HNX") = H}. (7.13)

Each H € Z;, can be identified with IR®"!, and hence we assume the existence of a basis Vierr to P(XFNH),
constructed in the previous step.
Theorem 7.3. The polynomials

Il @2 |a@), j=2 ..k HeZ; qeV;n, (7.14)

¢ H
1<i<j—1

form a basis for P(X*).

The proof of Theorem 7.3 is obtained by a straightforward modification of the arguments used in the proof
of Theorem 7.2. Indeed, it is easy to see that, denoting the set of polynomials in (7.14) by Vj, we have
Vi C P(X*) and since |V; g| = |[J(HN X*)| (s < j < k,H € Z;) we conclude |Vi| = |J(X*)|. Thus, as
before, the proof is reduced to proving the linear independence of the elements of (7.14). This is established
by induction on k, where now, for H € Zj, the differential operator ¢(D) corresponds to the polynomial
q(z) = (n-z)**7~1 where n € H' and {y = |H N X*|.

The recursion in the construction of the basis for P(X) was mainly for the clarity of the presentation.
This basis can be described explicitly as follows: Let J = {z71,...,27:} be an element of J(X), where
j1 < ja2 < ... < js. With this J we associate a subset Y; of X defined as

Vy={z) € X| 2/ ¢ (X;n X"} (7.15)

and finally we set

0;(z) =[] (v o). (7.16)



The set {qs}jey(x) is identical with the basis introduced in (7.14).

The basis for P(X) described above may sometimes be valuable for the understanding of the structure
of H(X). This point of view is illustrated in the following example:
Example 7.1. Let X consists of the three bivariate vectors {(1,0), (1,1), (0,1)} with respective multiplicities
k1, ko, k3. ;From Corollary 4.3 we know that H(X) C mx|—2. We wish to find the dimension of the subspace
of H(X) consists of homogeneous polynomials of degree | X| — 2.
Now, the fact that both P(X) and H(X) are scale-invariant together with the duality between these two
spaces, ensures us that we can compute this number from the corresponding subspace of P(X). Since the
basis elements described in (7.16) (or (7.12)) are homogeneous we only need to count those of the appropriate
degree. Suppose that the order induced on the set X puts first all the (1,0)’s, then the (1,1)’s and then the
rest. To obtain a set Yy in (7.15) of maximal cardinality, one must choose the last element of X for the basis,
together with either the last (1,0) vector or the last (1,1) vector. This shows that the desired dimension is
always 2, regardless of the multiplicities of the three vectors.

The same argument shows that if X c IR? consists of k different vectors with arbitrary multiplicities,
the dimension of the largest homogeneous component of H(X) would be k — 1.
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