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Principal Shift-Invariant Spaces
Generated by a Radial Basis Function

Abstract. Approximations from the La-closure S of the finite linear com-
binations of the shifts of a radial basis function are considered, and a thor-
ough analysis of the least-squares approximation orders from such spaces
is provided. The results apply to polyharmonic splines, multiquadrics, the
Gaussian kernel and other functions, and include the derivation of spectral
orders. For stationary refinements it is shown that the saturation class is
trivial, i.e., no non-zero function in the underlying Sobolev space can be
approximated to a better rate. The approach makes an essential use of
recent results of de Boor DeVore and the author.

§1. Introduction

A substantial progress in the understanding the L .- and Lo- approxima-
tion orders of principal shift-invariant spaces was recently obtained in [4] and
[2] respectively. While [4] discusses the application of the methods there to
radial functions, no such discussion can be found in [2], and the present paper
is meant to fill in that gap. Thus, it is devoted to the analysis of the Lo-
approximation orders associated with principal spaces generated by a radial
function via the ideas, methods and results of [2].

It seems best to start our discussion with an explanation of the title.
First, all functions here are assumed to be either real or complex valued and
are defined on the real Euclidean space IRY, for some d > 1. A shift means
“an integer translate” or “an integer translation”, hence a shift-invariant
space S is a space which is invariant under the shift operation, i.e., satisfies

fesS «— f(-—a)es, acZ’ (1.1)
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We also assume that S is a closed subspace of Ly(IR?). For f € Ly(IR?), we
denote by S(f) the space generated by f, i.e., S(f) is the Lo-closure of
the finite linear combinations of the shifts of f:

S(f) := closure Sy(f),

with
So(f) :=H{ Z ao f(- — ) : almost all a, are zero},

=/l

i.e., S(f) is the smallest closed shift-invariant space that contains f. Certainly,
S(f) C S for every f € S. We say that S is principal if it is generated by a
single function, i.e., if there exists ¢ € S for which

5=5(¢).

We remark that Theorem 2.16 of [2] shows that in case ¢ € Ly(IR?) is com-
pactly supported, S(¢) contains all the infinite combinations of the shifts of
¢ (calculated pointwise) which happen to be Lo(IR%)-functions.

In order to read and understand the main results and applications in this
paper, no previous knowledge on radial basis functions is required. However,
some, or even a good, knowledge of the present state-of-art and the present
concepts in the area will help in understanding the novelty of the approach
here. By “present state-of-art” we mean the survey of Powell [17], with the
complement of some more recent results from [7], [6] and [15].

What do we mean here by a radial basis function? In [17], Powell lists
six functions as being the major examples of radial basis functions. These
are |z|, x|, |z|? log|z|, e~1l* and (|z|? + ¢)*1/2, where |z| stands for the
Euclidean 2-norm

2| := \/:c% + 234 ...+ 22

All these functions are, indeed, radially symmetric, some of them grow at
oo and some of them decay at co. For our purposes, the radial symmetry
of the basis function plays less than a role, and we use the terminology “a
radial basis” function more for convenience, (as a matter of fact, a few of our
examples are not radially symmetric). The two basic properties of the basis
function ¢ which we employ here are (1) its smoothness or, more precisely,
the decay at oo of its Fourier transform a, and (2) its “ellipticity”. By the
latter we mean that the (generalized) Fourier transform of 8 is a well-defined
smooth function in the complement IRd\O of the origin, and does not vanish
there.
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To pursue further the discussion, we want to introduce the notion of
approximation orders. For f € Ly(IR%), the distance E(f, S) of f from the
(shift-invariant) space S is defined as usual by

E(f,S) = min{[|f —g||: g €5}, (1.2)

where ||-|| is the Ly(IR?)-norm. Assume further that we hold in hand not one
principal shift-invariant space S(¢), but a collection of them {S}, := S(¢n)}n,
where h varies over either the interval (0,1] or some discrete subset of this
interval. A priori no connection between the generators {¢y} of the various
spaces is assumed. Each of the shift-invariant spaces S}, is then dilated to the
h-level as follows:

St = S"(gy) == {f(-/h) : €S} (1.3)

Note that the dilated space S"(¢y) is generated by the hZZ°%-shifts of the
dilated function ¢ (-/h). We say that {Si} (or {¢n}r) provides approxi-
mation order k£ > 0 (in the 2-norm), if

E(f,Sy) = O(h*), VfeW, (1.4)

where W is some smooth subspace of Lg(IRd) which depends on k, usually a
Sobolev space.

More than any other case, the literature studies the so-called stationary
case in which only one function ¢ is employed, i.e., ¢, = ¢, all h. In this case
Sp = S(¢), all h, and the scaled spaces in (1.3) are all dilates of one basic
space. The study of non-stationary settings was initiated in spline theory
(exponential box splines [18], [9]), but there are also very good reasons for
considering non-stationary refinements in radial basis function theory. This
point is so important, that we pause here momentarily to discuss the following
example.

Example 1.5. Let ¢ be the Gaussian kernel, i.e., ¢(x) = e~ l=l”, Despite
of the superior smoothness and decay properties of this function, it has been
conceived as a poor choice as far as approximation orders are concerned. The
heuristic reason for this is that the dilated function ¢(z/h) = e=h 12l con-
verges to the 6 functional faster than our linear refinement of the translates,
and the task of approximating from this space becomes hopeless. But, a
small change in the dilation process alters the picture dramatically: we ob-
tain approximation orders as large as are wished by choosing A(h) to be a
function that decays to 0 with h (e.g., A(h) = O(1/|loghl)), and defining
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on = e MM (Note that ¢, (-/h) = e W21 and so the A(h) parame-
ter slows the convergence of ¢(-/h) to the 0 functional.) Further, the choice
A(h) :== h¥, v > 0, results in spectral approximation orders, i.e., approxima-
tion orders that depend only on the smoothness of the approximand.

Before [4] and [2] were written, the standard approach for the analysis
of approximation orders went along the quasi-interpolation argument guide-
lines, which can roughly be divided into three steps. The first of which is
localization (referred to sometimes as “preconditioning”): since ¢ usually
grows at 0o, one applies to ¢ a (finite/infinite) difference operator to obtain
a function 1 with nice decay properties at oo. Then, one tries to reproduce
polynomials: if ¢/ decays fast enough at oo, then, for some k£ > 1, the sum

Y¥'pi= Y pla)y(- —a)

el

converges uniformly on compact sets for every p € IIx_1, with Il the space
of all polynomials of degree < k (in d variables). Under certain conditions on
¢ and by a careful choice of the difference scheme employed, it is possible to
prove that ¢+’'p = p, for all p € II;_;1. This gives rise to the approximation
scheme

frys'f, feW. (1.6)
The third step is the error analysis where the polynomial reproduction is
shown to imply that the scheme (1.6) provides approximation order k. In
case 1 is compactly supported, the conversion of polynomial reproduction to
approximation orders provides no difficulty (cf. e.g., [1]), and the same holds
in case it is known that ¢ decays at oo like O(|-|7*797¢) for some & > 0 (cf.
Proposition 1.1 and Corollary 1.2 of [8] and the arguments in [13]). However,
things become more involved if the above decay holds only with ¢ = 0, and
subtle information on ¢ and v is then required.

The focal point of our discussion here is that we do not employ any
step of the quasi-interpolation argument approach; specifically, we do not
reproduce polynomials (nor do we reproduce exponentials or any other “nice”
functions). This results in a tremendous relaxation of the localization step,
as the function 1 is no longer required to decay in a manner related to the
desired approximation order k, but merely to lie in Ly(IR?).

Example 1.7. Let ¢ be the univariate inverse multiquadric, i.e., d = 1 and
6= (L[ 2) 72,

In this case ¢ € Lo(IR), hence S := S(¢) is well-defined. We assume that S is
refined by dilation, i.e., that ¢, = ¢ for all h. It was conjectured by many (cf.
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e.g., [5]) that ¢ above provides no positive approximation orders; this, indeed,
will be proved here. On the positive side, we show that

E(f,8") =o0(1), Vfe Ly(R). (1.8)

In the terminology of [2] ¢ provides density order 0. We will even deter-
mine the rate of decay of E(f,S") for smooth f (e.g, for f in the Sobolev
space WZ(IR)). An L..-analogue of (1.8) has been recently established in [6].

We mentioned one drawback of the quasi-interpolation argument, i.e.
that it requires high decay rates from the basis function ¢). There is, however,
another significant deficiency in this argument: it provides only lower bounds
on the approximation order, in the sense that by quasi-interpolation one can
only conclude that the approximation order is at least some k. General meth-
ods for the derivation of upper bounds on the approximation order were known
only for the stationary case, and even there only for weaker versions of ap-
proximation orders (the so-called “controlled”, “local” and “controlled-local”
approximations), and only for basis functions which decay like O(]-|~*~4~¢)
at oo (cf. [20], [3], [14], [12], [10]). In contrast, [19], [4], [2] as well as this
paper employ methods that determine the exact approximation order.

It then becomes very interesting to compare the lower bounds on approx-
imation orders provided by quasi-interpolation with the exact orders that will
be described. For this purpose, we state (and prove in the next section) the
following theorem.

Theorem 1.9. Let ¢ be some function which grows no faster than polyno-
mially at oo, and let ¢ be its Fourier transform. Assume that v;, j = 1,2, are
two Lo (IR%)-functions which satisfy the equations

{p\j = uj$7 j = 1727

where u;, j = 1,2 are some 2m-periodic functions each vanishes only on a set
of measure 0. Then

S(1) = S(¢2).

How is this theorem connected to our discussion? As mentioned, when-
ever the basis function grows at oo, a localization process precedes the con-
struction of an approximation scheme. Whatever approach one chooses from
the present literature, the connection between the original ¢ and its localized
version ¢ is given on the Fourier transform domain by an equation of the
form w = ud), where u is some 27-periodic function (the product u<b should
be interpreted in a distributional sense). The above theorem then says that
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the type of localization process used is immaterial to the approximation or-
ders provided by the localized function. In particular, the decay rates at oo
of the localized function v, as well as the zero that 1 might or might not
have at the origin, are irrelevant to approximation orders. This is in stark
contrast with the lower bounds on approximation order suggested by quasi-
interpolation, which are improved together with the decay rates at co of the
localized function.

At a first look, the above remarks might seem surprising, since several
authors (including myself, cf. [11], [5], [8]) proved that (for some specific basis
functions) the approximation orders are improved together with the better
decay rates of the function, and even proved that the approximation orders
stated in their theorems are the exact (i.e., best possible) ones. This does not
contradict the present statements: what is established in the above citations
and other references is that for the given localization 1 the approximation
scheme (1.6) approximates to a certain (exact) order. The right conclusion is
that the approximation scheme (1.6) fails to provide optimal approximation
orders whenever 1 decays at oo too slowly. As a matter of fact, for functions
which decay slowly at oo, optimal approximation schemes (i.e., these that
realize the approximation order) are not local. For example, in case f happens
to be compactly supported, (1.6) employs only finitely many shifts of f, and
these shifts are determined by supp f. In contrast, the approximation schemes
used here employ infinitely many shifts even in case f is compactly supported,
and the coefficients associated with these shifts decay sometimes at oo in a
slow rate determined by the decay rate of the basis function .

Notations: The symbol “const” stands for a generic positive constant,
hence constants appearing in the same display need not to be the same. The
notation “f ~ g on 27 means that supp f N €2 differs from suppg N Q2 by a
null-set, and f/g,9/f € Loo(Q).

§2. Approximation Orders in the L;-Norm

The paper [2] provides a complete analysis of approximation orders from
closed shift-invariant spaces of Lg(]Rd). We could have applied those general
results to the radial functions considered here, but prefer to derive our results
more or less directly, since in this way we obtain finer statements and tighter
bounds.

Given ¢ € Lo(IRY), the space S(v) is defined as in the introduction.
Throughout the paper, we assume that the generator Q/b\ is non-zero a.e. This
assumption is not essential, but is satisfied by all examples in radial basis
function theory.
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Given the spaces {S, = S(¥n)}n, ¥n € Lo(IRY), our goal is to pro-
vide a realistic estimate for {E(f,SM)}n, f € La(R?). Since E(f,S") =
h¥/2E(f(h-),S), as can be easily verified by scaling, we might study the iden-
tical quantities

W2 E(f(h-), Sh),

as we occasionally do here. To make the analysis more concrete, we briefly
discuss some of the possible choices for the sequence {1y, }.

Example 2.10. (a) The basis function ¢ is chosen to be a fundamental solu-
tion of a homogeneous elliptic differential operator (with constant coefficients)
P(D) of order m > d/2. In case P(D) is the m/2-fold iterated Laplacian, (i.e.,
if P(z) = |z|™), ¢(x) can be chosen to be c|z|™ ¢ or c|z|™ % log |z|, depend-
ing on the parity of d. The Fourier transform $ coincides with the reciprocal
of P(i-) on IR\0. Since ¢ grows at oo, we need to localize it before entering
the discussion of approximation orders, and thus we assume that 1 is a local-
ization of ¢, which means that 1) € Ly(IR?) and 1) = u¢ for some 27-periodic
function (even a trigonometric polynomial may do, and recall from Theorem
1.9 that S(¢) is independent of the periodic u chosen). In the present example
we consider only the stationary case, i.e., defining S := S(¢), we study the
decay rates of

h'2E(f(h),S),

for a smooth f. Since the localization ¢ plays a dummy role, it is desirable
to analyse the problem in terms of the basis function ¢, or, if possible, in
terms of the underlying polynomial P. We mention that in case P(D) is the
iterated Laplacian, the space S above is intimately related to the space of
polyharmonic splines studied e.g., in [16].

(b) ¢(x,c) = (|z[> +¢)™?, (m > —d, m & 27L.), or ¢(z,c) = (|z[* +
)™/ 2 1og(|x|? + ¢2) (m € 272). This contains the multiquadrics and inverse
multiquadrics which correspond to the values m = +1, —1 respectively. The
present example has the following important advantage over the previous one:
since ¢ here is infinitely smooth, its Fourier transform decays rapidly (as a
matter of fact, exponentially) at oo, and further this transform is known to
vanish nowhere on IRd\O. Because of these two properties, we will show that
an appropriate change of the parameter ¢ from one h-level to another results in
an improvement of the approximation properties of the corresponding spaces.
Thus, we have two alternatives to choose from:

(b1) The stationary case: as before, we might localize ¢ to get 1, define
S := S(v), and do not change ¢ with h. This case becomes very similar in
its analysis to the one considered in (a). In both of them the approximation
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orders are determined by the rate of growth of ¢ at oo, or, more precisely, by
the singularity order of ¢ at the origin.

(b2) The non-stationary case: here we change the parameter ¢ with h,
i.e., define ¢y, := ¢(-, cp). Each ¢y, is then localized to obtain a sequence {1, }1,
of Ly(IR%)-functions (again the type of localization used is insignificant, but
it can be shown that the same periodic function v can be used for all ¢y).
By letting {cp, }n grow to oo, the fast decay of (}5 would provide approximation
orders that supersede the orders obtained in the stationary case (bl).

It should be observed that for the ¢ considered in (a), the trade-of be-
tween singularity order of 5 at 0 and its decay rate at oo provides no benefit.
Because of the homogeneity of ¢, the order of its pole at 0 is the same as its
decay rate at oo.

(c) Here we consider again a one-parametric family ¢(-, ¢) of very smooth
functions, which, further, are in Lo. For example, ¢(-,c) = e*c|'|2, or ¢ =
(|12 + ¢2)=(@+1D/2_ In such a case ¢ admits no singularity at 0, and the only
way to obtain positive approximation orders is as in (b2) above. In this regard,
examples of the present type are advantageous over the examples in (b) since
we do not need to localize our function.

In all the above examples, the Fourier transform 5 of the basis function
¢ could have been identified on IR"\0 with some smooth function. Since this
is typical of radial basis functions, we adopt such an assumption from now
on. In particular, in all subsequent analysis the notation ¢ stands also for
the function which is defined on IRd\O and coincides there with the Fourier
transform of ¢.

§2.1. The PSI space S(¢) and the function Ay

From the definition of S(#)) it is clear that S(¢)) contains any finite linear
combination of the shifts of ¢, and, furthermore, any function s € S(¢) can be
arbitrarily close approximated by these finite linear combinations. In terms
of ¢ (which is known to be in Ly(IR%) since v is assumed to be so0) we know
that S/(E) contains all functions of the form T{b\, where 7 is a trigonometric

polynomial. The following characterization of all elements of S(v), (¢ €
Ly(IR%)) has been obtained in [2]:

fes@) <« (feLy(RY, f=r¢, 7is 21 — periodic).  (2.11)

We want to emphasize that the 2m-periodic 7 in the above characterization
is not assumed to be integrable or square integrable or even measurable (al-
though it can be proved to be measurable). Further, as any Lo-function, the
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product 7';//1\ is defined almost everywhere, and consequently 7 might be defined
only a.e.

Proof of Theorem 1.9. To prove that S(¢1) = S(12) it suffices to show
that ;1 € S(12) and vice versa. Defining 7 := uj/u2, we know by the
assumption on uy that 7 is defined almost everywhere, and because the u;’s
are 2m-periodic, so is 7. On the other hand,

1;1 = 7—QZ%
and 11 € Ly(IR?) by assumption, and therefore, by (2.11), 11 € S(1)3), while
the converse holds by symmetry. H

The approximation properties of the space S(1) are determined by be-
haviour of the function

Ay = (1— @)1/2 (2.12)
P '{52 I .
where QZ is the following 2m-periodization of 12:
=y We+BIHY (2.13)
pe2an e

The convergence of the sum in the last definition can be taken in the L;-sense.
It is easy to see that, with
C := [-m, 7%,

v € Ly(C) if and only if ¢ € Ly(IR?). Note that A, is non-negative and
bounded by 1.

We already know, by Theorem 1.9, that, at least from a theoretical point
of view, the specific choice of the localization process is not important. This
choice lacks also any significance in the practical computation of approxi-
mation orders: the approximation orders depend on the behaviour of Ay, (see
below), but we observe that, because @Z = 7‘5 and 7 is 27-periodic, the function
A, is also well-defined and coincides a.e. with Ay, (subject to the assumption
that 7 is non-zero a.e.). Thus, to dispense entirely with 1, we define

5(6) = 5(¥),

with ¢ some (any) localization of ¢. Note that, because of (2.11), the Fourier

transform of every function f in S(¢) can be written in the form f =16, for
some 27-periodic 7.
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We could have defined S(¢) directly, without any recourse to localiza-
tion, by an appropriate distributional interpretation of the product T(}E, T
2m-periodic. There are two reasons for the indirect definition chosen above:
first, the approximation map and its error analysis require the use a local-
ization t; second, there is no real loss in the indirect definition, since by our
assumption on ¢, ¢ has an isolated singularity at the origin, hence of finite
order, and consequently this singularity can always be removed, e.g., by an
application to ¢ of a finite difference operator which annihilates polynomials
of sufficiently high degree.

§2.2. The stationary case

For the sake of clarity, we first consider the stationary case. Thus, the
space S := S(¢) is fixed and, for the given smooth f, we need to study the
quantities
The space of smooth functions is chosen as the potential space Wy (IRd):

W3 (RY) := {f € La(RY) : || fllwgmey == @)~ 210+ [)* Fll Lymey < 00}

In case k is an integer, WF(IR?) is the usual Sobolev space of the functions
whose derivatives up to order k are in Ly(IR?).

Since the Fourier transform is an isometry on Lo(IR?), we might alterna-
tively study the quantities h%/2FE( f/(fT), §), with S the range of S(¢) under
the Fourier transform. -

Our first step is truncation: instead of approximating f(h-), we approx-
imate only the p(ﬂ't\ion of it that is supported on some 0-neighborhood B, and

~

add the rest of f(h-) to the error bound. Since f(h-) = h=%f(-/h), it is easy
to prove (cf. Lemma 3.8 of [2]) that, for any fixed 0-neighborhood B,

W2\ F ()| yrevmy < B e (M f s rays (2.15)
for whatever k > 0 we choose, with €¢(h) < 1 and decays to 0 with h. Hence,
for f € WE(IRY),

[B(f,5") = 2m)~*h= P E(x , F(-/h), §)| = o()R* || fllwg ey

with the o(1) factor bounded independently of f, and where x B I8 the char-
acteristic function of any fixed neighborhood of the origin. Therefore, the
truncation process is harmless to the task of determining the approximation
orders.

The function Ay then enters the discussion because of the following result
of [2]:
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Result 2.16. Let f € Ly(IR?) and assume that suppfc B c C. Then

E(f,S) = fAsllL,me)y = | fAsllLo(B)-

From the last result we conclude that, if B C C, then
E(xgf(/h),S) = lf(-/h)AgllLo(m)-

Thus, since h_d/2]|f(-/h)A¢HL2(B) = ||A¢(h-)ﬂ|L2(B/h), we arrive at the fol-
lowing:

Corollary 2.17. Let B C C be a neighborhood of the origin, and let f €
WE(RY), k > 0. Then

E(f,5") = 2m) Ao (h) Lo /m) + o(ORF(f wg rey,

with the o(1) factor bounded independently of f.

We will make now specific assumptions on the basis function ¢ which will
allow us to replace A4 in the last corollary by a simpler expression. Through-
out the rest of this subsection we assume that ¢ satisfies the following condi-
tions:

(a) Smoothness condition: The function M, which is defined by

Mg = > (- +B) (2.18)

Be2wZ4\0

is (essentially) bounded on some neighborhood B of the origin.

Condition (a) is satisfied by all the functions ¢ we consider, since they
all enjoy the stronger property |q/b\(w)| = O(Jw|~(4/2%)) as w — oo. Without
loss, we assume that the set B appearing in the above condition is identical
with B in Corollary 2.17.
(b) “Ellipticity” condition: the function My is bounded below away of zero

around the origin, while the function |$| (which, by assumption, is defined

on IR“\0) converges to oo at 0.

In all the examples considered here the boundness below of M, follows
from the fact that gg is continuous on IR“\0 and does not vanish either there
or in some neighborhood of co.
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Corollary 2.19. Let f € W¥(IRY), k > 0. If ¢ satisfies condition (a) above,
then

E(f,8") < const|| £/(&(h-)) | o(5/n) + o(WRF || fllw s ey, (2.20)

with const independent of f and h, and with o(1) being bounded indepen-
dently of f. Furthermore, if ¢ also satisfies condition (b) above, then the
converse inequality holds as well (with, possibly, a different constant).

Proof: With M, as in (2.18), we observe that
2 2

A2 = — ~.
|62 +MZ — []?

U

Assuming (a), it thus follows that A¢|g/5| is bounded on B, and an application
of Corollary 2.17 yields (2.20).

If, further, we assume Condition (b), then, assuming also (without loss,
since we can change B if necessary) that 1/ |QA5| is bounded on B, we conclude
that R R

Mg + 6" < cl¢l®, on B.

Since we also know that 1/My is bounded on some 0-neighborhood, it follows
that around the origin

2
A2=—"2 > const|<$|_2.
¢ ~ -
M? + (4]
Again, an application of Corollary 2.17 proves that the converse inequality
holds as well. W

Example 2.21. We proceed with case (a) of Example 2.10, i.e., assume that
]&5\ = 1/P (on IR"\0) with P(D) an elliptic operator, deg P > d/2. It is then
easy to verify that conditions (a) and (b) that were required in Corollary 2.19
hold, and therefore we obtain the following result.

Theorem 2.22. Let ¢ be a fundamental solution of a constant coefficient
homogeneous elliptic operator P(D) of order m > d/2. Then ¢ provides
approximation order m in the Lo-norm for every function f € Wi(IRY).
Further, for any non-trivial such f, E(f,S") # o(h™).

Proof: By Corollary 2.19, the first statement of the theorem will be es-
tablished as soon as we show that [|f/é(h-)|r,B/m) = O(R™) for every
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f e Wi (R%). Since P = 1/5 ~ |-|™ on B (and, as a matter of fact ev-
erywhere), due to the ellipticity of P(D), we can replace | f/¢(h-)||L,(B/n)
by
1A FllLocesmy = BN Fll o my < O™ flwye areys
and the desired result follows.
If we assume that E(f,S") = o(h™), then, because of Corollary 2.19,

1F /SR Lo /m) = o(h™),

which implies, as above, that
WM™ fll o m) = ofA™).

Consequently, |||-]mf||L2(B/h) = o(1), which can happen only if Hm]? = 0.
Therefore, f is a polynomial, and hence null, since Ly(IR?) contains no non-
trivial polynomials. W

The reader should observe that the assumption m > d/2 is essential: if
m < d/2, ¢ is not locally in L.

An examination of the proof of Theorem 2.22 reveals that the actual
choice of ¢ there played only a minor role. The properties of ¢ used were the
satisfaction of conditions (a) and (b) and the fact that ¢ ~ |-|~™ near the
origin. Therefore, by arguments identical to those used in the last proof we
obtain the following:

Theorem 2.23. Assume that ¢ satisfies the conditions stated before Corol-
lary 2.19, and that ¢ ~ |-|=% on (say, the same) O-neighborhood B, for
some k > 0. Then ¢ provides approximation order k for all functions in
the potential space W§(IR?). Moreover, for every non-trivial f € W§(IR?),

E(f,8") # o(h").

Example 2.24. We now revisit case (b1) of Example 2.10, and since ¢ is fixed
here, we denote ¢ := ¢(-,¢). The common feature to all the basis functions
considered in (b) of Example 2.10 is their Fourier transform (on IR%\0):

d(w) = const(e, m, d)|ew| ="V K .4y (cho]),

with K, being the modified Bessel function of third kind and order v. The
Bessel function is positive on IRd\O and decays exponentially at co, and from
this we conclude that My is bounded on C' above and below by positive
constants. Further, for v > 0 K, is known to a have a pole of order v at
the origin, and therefore, in case m + d > 0, we conclude that ¢ ~ H‘<m+d)
around the origin. Thus, we can apply Theorem 2.23 to the present ¢ with
k :=m + d to obtain:
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Corollary 2.25. Let ¢ be as in Example 2.10 (b), and assume that m+d > 0.
Then the results of Theorem 2.23 hold for this ¢ with k = m + d.

Note that ¢ € Ly(IR?) whenever —d < m < —d/2, and hence for such a
choice of m the definition of S(¢) does not require localization.

We now want to consider in the present example the extreme case when
m+d = 0. Our analysis still applies to this case in the sense that conditions (a)
and (b) required in Corollary 2.19 still hold here, and therefore this corollary
reduces the study of E(f, $") to the study of || f/$(h-) |z, (B/n)- The difference
between this case and the case m +d > 0 is that the singularity of the Bessel
function is now of logarithmic type. i.e., |p(w)| ~ |log |w|| around the origin,
and thus the decay rates of E(f, S") require the examination of

~

1f (w)/ log [hlw|| | o (5/n)-

Our result with respect to basis functions whose Fourier transform has a
logarithmic singularity at the origin is as follows.

Theorem 2.26. Assume that ¢ satisfies the following two conditions:

(a) My is essentially bounded below and above by positive constants on some
0-neighborhood.

(b) ¢(w) ~ log |w| around the origin.
Then:

(i) ¢ provides no positive approximation order k for any f € WF(IRY) and

any k > 0.

(i) E(f,S") = o(1), for all f € Ly(R%).

(iii) For every k > 0, and every f € WF(IR?),

E(f,S") < const|log h| || fllwx ma).

for all h < hg, where const and hg depend on k but not on f.

Proof: Statement (ii) follows from Theorem 1.7 of [2]. That theorem says
that the property E(f,S") = o(1), Vf € LQ(IRd) (referred to as “the density
property”) is equivalent to Ai having a Lebesgue value 0 at the origin. The
result applies here since, by the assumption made on ¢, it is clear that Ay is
continuous at the origin and vanishes there.

Now fix £ > 0. To prove (i) and (iii), we follow the remarks preceding
this theorem and consider the quantities

1.f/ 1og || | Lo (B/R)-
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We already know that, up to a term of order o(h*), these numbers determine
the decay rates of E(f, S") (as h — 0). Without loss we assume that B is the
ball of radius 1/e. For simplicity, we also assume that h = e~ for some integer
[ (other values of h are treated as below with some obvious modifications).
We divide the ball B/h = €' B into annuli as follows:

Ry:=eB, Rj={w:e/ ' <|w| <€}, j=1,..,01—1. (2.27)

On R;, j > 0, we have the estimate (log(h|w|))™2 < (j — )2, and thus, for
f e WHRY),

1F /108 (RI-DNZ, (ry) <€ 270G =DM AT r, )

<conste 2F (j — l)_2||f||$/v2k(1Rd)'

Summing this last estimate for j =1,...,] — 1, we arrive at

-1

[ 7P ogh))? constl g e 3o e 0 - )
(B/h)\RO 7=1
-1
:constHfH%VQk(Rd)e_le Z e2Fm Im?,
m=1

Elementary integral tests show that the sum in the last expression is O(e?*!/1?)
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= O(h% /log? h), and therefore
/( o, P08 (8) 7 const 1y ey oI~
0
Also, on Ry we have

/ 0080 ) 7 < Qo8BI gy < const1om k)1 e
We conclude that for some f-independent hg and const, and for every h < hy,

1/ &(h)l o (B/my < const|[ fllywr ey /| log Al

Substituting this into Corollary 2.19, we obtain (iii).

We now prove (i): let f € WF(IR?). Upon assuming that ¢ provides
approximation order k to f, we conclude from Corollary 2.19 that

17/ 1og(hl-Dll Lo (s/my = O(R®). (2.28)
Let j € 7ZZ and let R; be the annulus in (2.27). For sufficiently small h, R; C
B/h, hence || f/log(h|-)||z,(r;) = O(h*) and since (log(h|-[))? < (log h—j+1)?
on R;, we conclude that
17/ Tog (Rl L. (r,) = [logh =+ 17 | flla(ry)-

Combining (2.28) with the last inequality, we arrive at
—k

lim sup

] fl ) < 00,
h—0 |10gh—j—|—1|||f|lL2(RJ)

which can happen only if f: 0 a.e. on R;. Since j was arbitrary, J/‘\: 0 a.e.
on IR™0, hence f =0. W

We have discussed cases (a) and (b) in Example 2.10. Let us briefly

review case (c) there. In the two examples considered in (c) ¢ is a continuous
positive function with exponential decay at co. Therefore, A4 is a continuous
positive function. If now f € Ly(IR?) = WQ(IR?) then, by Corollary 2.19,
(with S := S(¢)),

B(f,S") =const|Ap(h) Fl £o(cym) + 0(1)

>const|| flL,(c/n) + 0(1) — const|[ ]| L, wa)-
Therefore, unless f = 0,
E(f,5") # o(1),
i.e., ¢ does not provide even density order zero for any non-zero Lo-function.
Here, the only information used is the fact that A, is non-zero on C' (and
actually C' could have been replaced by any neighborhood of the origin).
Therefore, we have
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Corollary 2.29. Assume that Ay is bounded below by a positive constant
in some neighborhood of the origin. Then, for every non-trivial f € Ly(IR?),

E(f,8") # o(1).

In particular, this holds for ¢ = e=<I"l" and ¢ = (||2 + ¢?)~(4+1)/2,

§2.3. The non-stationary case

In the context of radial basis functions the notion of “non-stationary
case” is connected with “spectral approximation orders”. Here, we employ
a sequence {¢y, }p, of basis functions each of which is some dilate ¢p(A(h)-) of
one fixed function ¢. In the analysis of the stationary case the approxima-
tion orders provided by ¢ were determined by the behaviour of ¢ on small
neighborhoods of the lattice on7Z®. This is no longer the case here, and our
conditions on ¢ are of global nature.

Define Sy, := S(¢p,). The approximation order provided by {¢p}, to the
function f is determined by the rate of decay (as h — 0) of the numbers

E(f,S"), h>0. (2.30)

For f € W§(IR?), Corollary 2.17 shows that

E(f.8p) = 2m) 2| Ay, () Fllacmm) + 0(1)hk’|f||wzk(md)'

It is important to note that second term in the last equation, the truncation
error, is independent of {¢p, } 4.

The basic idea in the derivation of spectral orders is very simple: we
estimate

~

[Ags, (h) fll Lo /my SIFLomeyl[Ag, (Bl Lo (B/m)
=@2m) 2 f | Loy | Ao | o () -
We do not want to specify in advance the smoothness class from which f is
selected, and therefore we are unable to bound the truncation error in the

way we did in Corollary 2.17. Instead, we recall, (2.15), that this truncation
error has the form

W2\ f ()| Loy sy = I1F | Loy (5/m))-
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In summary, we obtain the following seemingly coarse estimate for E(f, S):

E(f.S1) < Il nomayll A, 1o () + constl| fll £, mar(/n)- (2.31)

Our objective is to make the first term above decaying to zero so fast that,
unless f is exceptionally smooth, the approximation rate provided by {¢p}n
to f will be determined by the second term, i.e., by the smoothness of f.

Recall that by (2.15) the second term here is o(h*) for every f € WE(IRY),
hence in particular we have the following:

Proposition 2.32. Assume that the sequence {¢y}, satisfies, for some 0-
neighborhood B,

1A, |2 (B) = O(h*), VkeR,.

Then, with Sy, := S(¢p),
E(f,S)) = o(h*)
for every f € WF(IR?).
In order to estimate ||Ag, ||z (B), we write again
3 = = M; < 114’21 :
|60 + M5 |¢n]?

with M3 := ZﬁG%Zd\O |§ZA5h( + 3)]2. In the stationary case we dispensed with
M, by assuming that in some small neighborhood of the origin M, is bounded
above; the desired properties of Ay, were then derived from the behaviour of

1/ qAﬁ at the origin. This is no longer the case: choosing

& = Ah)d(A(h)-),

we have R R
¢n = ¢(-/A(R)),

and therefore, if A(h) — 0 with h and ¢ decays fast at co, the values M,
assumes around the origin tend to zero, with their decay rates being controlled
by {\(h)}n. At the same time, ¢}, also tend to 0, and thus an estimate of the
form

|Ag, .. (B) < const||Mpz ()

is not valid.
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In order to focus our discussion and in view of the examples that initiate
this discussion, we assume that

[S(w)]” ~ o(|w]),

for some univariate positive function o which is non-increasing on [0, 00). Let
p < 2m; then for w in

B,i=f{w: [u| < p)

we have:

Mu()* = > [6((w+B)/AR)

Be2nZ4\0
<comst Y o((18] = p)/A(R))
Be2nZ4\0
<comst Y o ((2mj — p)/A(h))j* (2.33)
j=1
gconst/ o(t/A(R))t dt
2m—p
:const)\(h)d/ o)t L dt.
(2m—p)/A(h)

On the other hand, we can also estimate
[@(w/A(h)[* > const o (p/A(h)), w € B,

which, together with (2.33), yields the following bound for [[Ag, ||z (B,):

d f(C;OTF—p)/A(h) o(t)td=t dt
a(p/A(h))

In view of (2.31) and Proposition 2.32, we arrive at the following:

1A, |17 (5,) < constA(h)

Theorem 2.34. Assume that ¢(w)? ~ o(|w|) on RY, where o is a univariate
non-increasing positive function defined on [0,00). Let Sy := S(¢(A(h)-)),
A(h) > 0. Then, for 0 < p < 27 and f € Ly(IRY),

AR [y o)t dt V2
B 58 < epllfllaamn (—— 2220 RN Fi PR
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In particular, for f € W§(IR?),
E(f.S};) = o(h*)
if - i
i Jerppo SO
o(p/A(h))

The point in this theorem is to choose p < 7 and to rely on the decay
of o (equivalently, |¢|) at co. In order to capture Examples (b2) and (c) in

A(h)

Example 2.10, we assume ¢ to decay exponentially with order » > 0 and type
n > 0:
o(t) == e 2",

Assuming that A(h) < 1, we have for this o that

A(h)4 / o)t dt < consty, a4, AN(R) o ((2m — p)/A(R)).

(2m—p)/A(h)
Consequently
oo d—
o Jem—py gy oD dt
a(p/A(h))

with ¢ := (2m—p)" — p”. Therefore, Theorem 2.34 reads in this case as follows:

Corollary 2.35. If ¢(w) ~ e ™" on IR?, and S, := S(¢(A(Rh))), 0 <
A(h) < 1, then, for 0 < p < 7 and f € Lo(IR%),

< conste2"A (R ,

A(h)

E(f, S;}f) < COHSt(||f||L2(Rd)€7nCA(h)_T + ||f||L2(]Rd\Bp/h))’
where ¢ = (2m — p)" — p". In particular, for f € W¥(IR%),
E(f, 8y) = o(h*)

if )
efnc/\(h) - O(hk)
The last result indicates that the approximation properties of {S(¢n)}n

are improved with the acceleration of the decay of A(h) to 0. However, when
choosing {\(h)} it is good to keep in mind the effects this choice might
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have on the numerical stability of the approximation process: as A(h) be-
comes small, the function ¢, flattens, and approximation schemes from S(¢)
become less and less stable.

Corollary 2.35 covers the examples of the Gaussian kernel ¢ = eI
(r=2n=1/4),and ¢ = (|-|2+1)"@*+D (r =n = 1). Also, with some simple
modifications, it can be used to cover the examples considered in Example
2.10(b). However, for the case m + d > 0 there, an improved version of
Corollary 2.35 is available. This version takes a simultaneous account of the
positive effect of the singularity of ¢ at the origin and its decay at co. We
first state and prove a general result along these lines, and then apply it to
Example 2.10(b2). In the theorem below, we use the notation

( )._ 1, \w[ﬁl,
W= )ty Jw] > 1.

Theorem 2.36. Assume that ¢(w) ~ |w|=9e="1*I"q(w) on IR for some
positive j,n,r and real | < j. Let ¢y, := A(h)?¢(A\(h)-), Si := S(¢ér). Then,
for 0 < ¢ < (2r)" and for every f € W§(IR?), we have

anwg(md)hk, k<7,

EUA%)SOUﬁV+“m“Mh)Oﬂmendwrr{ﬂﬂwwmqm k>
2 >

~

Proof: For f € W}F(IRY), k < j, we estimate ||Ag, (h-) | Lo(B /1) as follows:

1Ag, () fllocB/m)
<B* 1 Fllrazym |15 Al Lo (B)

M _
<const h* ||f||W2k(1Rd) ||$;¢h|| k||Loo(B)'
h

To estimate Hl\gh 7%l L. (B), we use the fact that for 3 € 2n7Z%\0 and w

h
sufficiently small, since [ < j,

a((w+B)/Am) (5

jw+ Bl qi(w/A(h)) — |w+ 7

< const A(h) 7! 8177 < constA(h) L.

This together with the assumptions made in theorem imply that

~

on(w+ ) o((w+ B)/A(h))

= = < const|w]I A\(h)~0+D €

On(w) d(w/\(h))

—nw+B"A(h)T"
e—nlwl"A(h)="
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Thus a bound on l\gh requires a bound on 1\%’1, with ¥y, = ¥(A(h)-), and
h

h
v the inverse transform of e="I'". Such a bound has been computed in the
proofs of Theorem 2.34 and Corollary 2.35, where it was shown that

M —r
17 ) < constA(h) e

h
with ¢ = (2 — p)™ — p™. Thus our combined estimate is the following
M , : .
M\w[‘k < constA(h) U= |g|i=keneA)" 4y € B
on(w)

Since k < j, |w|’~* is bounded on B,, and our final estimate becomes
HA¢h(h")ﬂ|L2(B/h) < COHSthk)\(h)_(jH_r)e_th)ir||f||W2k(1Rd)-

Invoking Corollary 2.17, we obtain the desired result for k < j.
If £ > j, we alternatively use the bound

1Ay, (h) Fll Lo (/)

<P NP FllLacsm 1177 Mg, o a)
. M, .
<const b’ Hf”wg(]Rd) H%H N Lo(B):
h

and follow the proof of the first case. The only change is the disappearance
of the factor |w|*~7. M

We can now revisit case (b2) in Example 2.10, where we choose the
parameter ¢ to be 1. Recall that for ¢ there,

b= COI’lStl'|_(m+d)/2K(m+d)/2(|")7

with K, the modified Bessel function of order v. Since K, (w) ~ e "w

when w — o0, is positive on IRy, and, in case m + d > 0, has a pole of order

(m + d)/2 at the origin, we conclude that, for m +d > 0 and on IR,
w(m+d)/2K,,(w) ~ e Gmtd—1)/2(w).

This shows that ¢ here satisfies the conditions required in Theorem 2.36 for

the choice j =m+d, n=r =1, and [ = (m + d — 1)/2, thereby proving the

following;:

Corollary 2.37. Let ¢ be any of the functions considered in Example 2.10(b),

with m +d > 0. Define Sy, := S(¢(A\(h)-)), A(h) > 0. If f € WF(IR?) then,

for 0 < ¢ < 27 and with v := —=3(m +d —1)/2,

||f||W2k(]Rd)hk» k<m+d,

hmtd ke >m+d.

w,,,—1/2

E(f, SI) < o(h*) + constA(h) e=¢/A(h)
||f||W2m+d(IRd)
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