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INVERSE AND SATURATION THEOREMS
FOR RADIAL BASIS FUNCTION INTERPOLATION

ROBERT SCHABACK AND HOLGER WENDLAND

ABSTRACT. While direct theorems for interpolation with radial basis functions
are intensively investigated, little is known about inverse theorems so far. This
paper deals with both inverse and saturation theorems. For an inverse theorem
we especially show that a function that can be approximated sufficiently fast
must belong to the native space of the basis function in use. In case of thin
plate spline interpolation we also give certain saturation theorems.

1. INTRODUCTION

Direct and inverse theorems play an important role in classical approximation
theory. Examples can be found in [2, 10]. The main idea can be described as fol-
lows. Suppose the elements of a linear space (V]| - ||) should be approximated by
elements of finite dimensional subspaces Vj;, C V, where h serves as a discretiza-
tion index. Denote the approximation process by Sy : V' — Vj. Then the direct
theorems conclude error estimates from additional information on the elements to

be approximated: If f is an element of a subspace G C V, then the error can be
bounded by

(L1) 1f = Sufll < esht

On the other hand the inverse theorems try to conclude information on f from the
way f can be approximated: If f € V satisfies (1.1), then f must belong to a certain
subspace G C V. The situation is optimal if the subspaces and the approximation
orders coincide in both the direct and the inverse theorems. The subspace G consists
normally of smooth functions.

Finally, saturation theorems give upper bounds on the possible approximation
order: If f € G can be approximated by

If = Sufll < csh”,
where v is a certain number larger than u, then f must belong to a trivial subspace
NCV.
It is the aim of this paper to give both inverse and saturation theorems in the
context of radial basis function interpolation. In case of direct and inverse theorems

we shall take the native space Gq ¢, which we introduce in the third section, as the
space G of smoother functions. We will look for the approximation order we can
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achieve from this fact and for the order we need to show that a function belongs to
the native space.

Our main results in case of inverse theorems deal with basis functions that gener-
ate Sobolev spaces as their native spaces. Thus the native space is indeed a certain
smoothness class. But even in the case of Gaussians where the native space is rather
small, it contains at least all functions with a compactly supported Fourier trans-
form. Thus the native space for Gaussians contains at least the class of functions
for which Shannon’s sampling theorem holds.

In case of saturation theorems we restrict ourselves to thin plate spline inter-
polation and show that functions that can be approximated with a high order are
necessarily polyharmonic functions.

We also provide another kind of inverse theorem. Our corresponding result does
not concern the functions to be approximated, but the basis function itself. It allows
us to draw conclusions on the smoothness of the basis function from estimates on
the power function.

Finally, we provide a new characterization of the native space generated by
radial basis function interpolants. This gives us a numerical tool to test whether

an unknown function belongs to the native space (and thus in several cases to a
Sobolev space) or not.

2. RADIAL BASIS FUNCTION APPROXIMATION

The theory of interpolation by radial basis functions has become popular in
recent years for reconstructing multivariate functions from scattered data. The

starting point of the reconstruction process is the choice of a conditionally positive
definite function ® : R? — R.

Definition 2.1. A continuous and even function ® : R¢ — R is said to be condi-
tionally positive definite of order m € Ny, iff for all N € N, for all sets of pairwise
distinct centers X = {x1,... ,zx} C R? and for all « € RN \ {0} satisfying

N
Z a;p(z;) =0 for all p € P2,
j=1

the quadratic form

N
Z ajap®(z; — k)

k=1

is positive. Here, P4, denotes the set of all d-variate polynomials with a total degree
less then m. We will denote the set of all conditionally positive definite functions
of order m by cpd(m). A conditionally positive definite function of order m = 0 is
also called a positive definite function.

Having a ® € cpd(m), the interpolant s¢ x to a function f in X = {x1,... ,zn}
is given by

N

Q
(2.1) spx(@) =Y ;@@ —=;)+ Y Bpi(x),

j=1 j=1
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where p1,...,pg form a basis of P%. To cope with the additional degrees of
freedom, the interpolation conditions
(2.2) spx (i) = f(zj), 1<j<N,

are completed by the further conditions
N

(2.3) > ajpe(z) =0, 1<k<Q.
j=1

In this paper we are mainly interested in positive definite functions that possess

a Fourier transform & that decays only algebraically, i.e., there exist constants
0 <1 <y with

(24) {1+ wl)z 7= < Bw) < ea(L + fJw])z 7=

for ||w|]la — oco. The upper bound is important for the direct theorems, while
the lower bound is necessary for the inverse theorems. This decay condition is, for
instance, covered by Sobolev splines and compactly supported radial basis functions
of minimal degree (cf. [16]). In this situation the definition of the native space via
Fourier transform shows immediately that the global native space Gga ¢ coincides

with the classical global Sobolev space Ggi ¢ = Wg(d+s°°)/ 2(Rd). A more abstract
definition of native spaces and certain extension arguments also allow us to give
direct and inverse theorems for local native spaces which coincide with local Sobolev
spaces WQ(dJFS“’)/ 2 (©) under very mild conditions on the domain €.

But our methods do not work only for functions generating Sobolev spaces, they
work also for other basis functions. Thus we shall state the inverse theorems also

in the case of exponentially decaying Fourier transforms, which covers Gaussians
and inverse multiquadrics.

3. DIRECT THEOREMS

There are several papers dealing with direct theorems, but only a few have tried
to establish inverse theorems. We will briefly repeat direct theorems as far as we
need them for our further analysis.

To state error estimates two preliminary steps have to be done. On the one hand
the function space has to be introduced for which the error bounds shall apply. On
the other hand a measure of the data density has to be given. We start with the
function space. Almost every paper (cf. [7, 8, 9, 12, 16, 17]) that deals with direct
theorems for scattered data interpolation by radial basis functions uses the native
space as the space of smooth functions. Even in the case of “radial” functions on
the sphere the concept of native spaces is carried over ([5, 4]). The easiest way to
introduce native spaces on R? is by a Fourier transform. Suppose ® /1\s a positive
definite function with a nonnegative, nonvanishing Fourier transform ®. Then the
native space Gra ¢ consists of all functions f : R? — R which can be recovered via

fa)=n | Fwe e,

where f satisfies
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It follows immediately from this that the native space is a space of smooth
functlons since in general the Fourier transform of the basis functlon decreases and
thus f has to decrease as well. Furthermore, it is obvious that if D satisfies (2.4),
the native space coincides with a classical Sobolev space.

Another way to introduce native spaces which also takes a local domain 2 into
account is the following one. For the equivalence of both definitions see [8, 9, 13, 14]

Let Q C R? be given. Let us denote by

M
(PE)G = {ax =D 06, M €N, a; € R,z; € QAo x [P =0}
j=1
the set of all point evaluation functionals of finite support in Q vanishing on PZ,.

Every conditionally positive definite function ® of order m allows us to equip (P,‘fz)ég
with an inner product

N we = A p@(x —y),

where A* means the action of A\ with respect to the variable x.
Then we can introduce the function space

Gae = {f € C(Q) : INf)] < ¢rllMlle for all A € (Pr)g}-
We denote the smallest constant ¢y in the definition of Go ¢ by || fl|s, i.e.,

A
e T M

Then || - || is a semi-norm on Gg & with null space P%,. Thus

Fao = Gaas/Ph

is a normed linear space which turns out to be complete.

Not only is the space P2 a subspace of Gq ¢, but also all interpolating functions
(2.1) are contained in it.

Lemma 3.1. The map
F:(Ph)g — F((PL)s) CGoe
Aax = AL x2(—y)
is well defined and bijective. Furthermore, we have the relations
[Aa,xlle = [[F'(Aa,x)llo
and
Aax (F(Agy)) = (Aax, Mg y)e = Agy (F(Aax)):

The proof is straightforward and will be omitted.

The first step in bounding the interpolation error is to define the power function
as the norm of the pointwise error functional

PX@(.IZ) = M

sup
f€Ga,a\Pg ”f“@

)

which leads immediately to

1f(@) = sp,x(®)] < Pxe()||flle
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Then the power function has to be bounded in terms of the fill distance, defined by

h = hx = sup mi — T
x.0 =hx weg@&”ﬂv zjll2,

which was done in [17], for instance.
Theorem 3.2. Let ® € cpd(m) satisfy (2.4). Let 2 be a bounded and open domain

satisfying an interior cone condition. Then there exist constants hg, C, such that
for all sets of centers X with hx < hg and all x € Q the power function can be

bounded by
(3.1) Px.o(z) < Chie"?

yielding the error bound

(3.2) If = s xlze < ORI o
for f €Gas.
Actually, in [17] the theorem is stated in a more localized version, but the proof

holds true in this situation. There are several other papers giving error bounds of
this form; some of them are [1, 3, 7, 15].

Next, we need a stability result on the interpolation process. Therefore, we define
the separation distance

gx = 5 min fl; — il
and cite from [11]

Theorem 3.3. Let ® € cpd(m) satisfy the decay condition (2.4). For the set of
centers X = {x1,... ,an} C Q denote by Ax ¢ the matriz

Axe = (®(zj — Tk))1<j k<N

and by vx the smallest constant with o Ax s > vx||al|3 for « satisfying (2.3).
Then the following holds true:

1) (Stability) For all o € RN satisfying (2.3) we have
o Axpa > yx|all} > cagie el

and therefore
(Ax,0|Vx) " 22 < cagy™

with Vx := {a: Aa,x € (PL)§} and a constant ce depending only on ®.
2) (Uncertainty relation) For all z € Q\ X we have

(3.3) P% () = Yxua)-

4. INVERSE THEOREMS CONCERNING &

Principally, there are two possibilities for stating inverse theorems for interpola-
tion by radial basis functions. The first one is based only on the basis function ®
and draws conclusions on the basis function from the fact that the power function
can be bounded like (3.1). This will be done in this section. The second is to draw

conclusions on f from estimates like (3.2) which will be the subject of the sixth
section.
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Theorem 4.1. Let ® € cpd(m) satisfy (2.4). Let Q be bounded and open, satisfy-
ing an interior cone condition. If there exist constants B,c > 0 such that the power
function Px ¢ can be bounded by

(4.1) 1Px 0|z, ) < ch¥’

for all sets X C Q with sufficiently small hx, then
800 2 P

must be satisfied.

Proof. On account of the conditions on §2 there exists a 6 > 0 and quasi-uniform

sets X = {z1,...,zn} C Q with respect to this § > 0. Here, we call a set of
pairwise distinct centers X = {z1,...,zn} C Q quasi-uniform with respect to
6> 0, iff

1) X\ {z;} is P%-unisolvent for 1 < j < N, i.e., zero is the only polynomial
from P¢, that vanishes on X \ {z;},
2) gx > 0hx.

Then we have (cf. [11]) hx\(s,} < 2hx for hx sufficiently small. Therefore we
can use (2.4), (4.1) and the Uncertainty Relation (3.3) to derive

cQﬁhi > chi\{%} > P)Q(\{mj}(xj) > vx > caqy® > cad = he.

Choosing a sequence of such X where hx — 0 leads to < Seo- O

Theorem 4.1 shows that the decay (4.1) of the power function determines the
decay of the generalized Fourier transform of the basis function and therefore the
smoothness of the basis function itself. It also shows that there is no possibility

to improve error estimates of the form (3.2) based on upper bounds of the power
function.

5. CHARACTERIZATION OF THE NATIVE SPACE

Our next result characterizes the functions f from the native space Go o by

uniform boundedness of their interpolating functions with respect to the semi-norm
of the native space.

Theorem 5.1. Denote by s¢ x the interpolant (2.1) to a function f € C(Q) on X
using a basis function ® € cpd(m). Then f belongs to the native space Go o if and
only if there exists a constant cy such that ||sf x|le < cp for all X C Q.

Proof. Assume f € Gos. Then syx is the best approximation to f from

span{®(- — ) : = € X} + P with respect to the || - |¢-semi-norm. Thus we
have

If = ssxl + lsrxlle = 1 £1l3,

which gives the bound |[sf x|la < |/ f|le at once.
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Now, let us assume ||sf x|lo < cs for all X C Q. For an arbitrary

N

Aax 1= Y 005, € (PA)S,
j=1

we choose s¢ x to be the interpolant on X to f satisfying the interpolation condi-
tions (2.2) and (2.3). Then sf x belongs to Go o and we have

)\a,X(f — Sf,X) =0.
Thus we can estimate

Pax(Hl < o x(f —s5,.x)] + [Aa,x(s7,x)]
< faxle lIsyxlle
< cflraxlle.
As this holds for all A\ x we have f € Gqo ¢. O

Note that Theorem 5.1 can be used as a numerical test to assess whether a
function f belongs to the native space. It is based on function values only.

6. INVERSE THEOREMS CONCERNING f

Now we draw conclusions about a function from L..-convergence orders of its
interpolants. To be more precise, we show that a function f € C(Q) which can be
approximated sufficently fast by radial basis function interpolants in the L.,-norm
must belong to the native space of the basis function.

Theorem 6.1. Let Q C R? be a bounded and open domain satisfying an interior
cone condition. The positive definite basis function ® should satisfy the decay con-
dition (2.4). Suppose further that for some f € C(Q) there exist constants u > 0
and cg > 0 such that ||f — spx||p. () < cphly for all X € Q with hx sufficiently
small. If 2u > soo + d, then f must belong to the native space G o-

Proof. All sets of centers X that may appear in this proof shall be quasi-uniform
with respect to a fixed § > 0.
Every interpolant sy x defines a linear functional Ay x = Zj\;l a;0,,;. From
Theorem 3.3 and Lemma 3.1 we have
lsrxld = [haxl?

= aTAX@a

T -1
(6 AX,CDAX’@AX,QQ

IN

A% s l2,2 14x,00l%,x)
(6.1)

IAx pll22 s x1I7,x)-

If X C Y the difference sfy — sy x can be interpreted as the interpolating
function on Y to itself. This leads us to

lsry —sexle < IAvalea Ispy = spxli,w

< =2 1) - s

yeyY

IN

cg oy " |Y|eHhY.
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In what follows ¢ will denote a generic constant. Now we consider a special family
of quasi-uniform sets of centers. We assume X,, to satisfy |X,| < ¢2"? and

27" <gx, <hx, <c27™

Such a choice is always possible because of the assumption made on €. If we take
X=X, CY =X, withn > k we get

”Sf,Xn_Sf,XkH% < c9Ssontdn—2uk

02(d+sm)n—2uk

C22y(n—k)—20n,

where o > 0 is defined by d + s + 20 = 2. Thus we can estimate the ®-norm of
two succeeding interpolants by

1|Sfka+l - Sf,Xk”fb < 27k,

A telescoping sum argument leads to

K
“sf,XK”‘D < Z ”vaXk-(—l - sfka”@ + HSf,XOan
k=0
o0
< e) 277 4 sg xolle-
Jj=0

C
S 757t [EFS'E

Thus, the sequence [|sf x,|le is bounded. But for n > k the interpolant s x,
is also the interpolant to s¢ x, and therefore a best approximant to sf x, from
S(Xy) :=span{®(- — ) : x € Xz} +P%. This leads to

(6.2) lsgx, — sgxlld + 1s5.x: 13 = lsg.x. 15

which shows that the sequence ||sf x, ||s is also increasing and therefore convergent.
Furthermore, (6.2) implies that sy x,, is a Cauchy sequence in G o with a limit 3.

Finally, we have to show that f coincides on £ with 3. Since we work with a
positive definite function the point evaluation functional §,, = € €, is continuous
on the native space Go . This gives

10:(f =3 < 10a(f = sgx.)| +162(55,x, — 5]
< Nozllelld = spxalle +1(F = s5.x.)(2)]
< loelle 15— spx.lle +ch, .
Thus we can derive f(z) = §(z) for all z € Q. O

Note that there is a gap of d/2 between the necessary and sufficient approxi-
mation order for functions in the native space Go . A closer look shows that the
direct Theorem 3.2 implies for f € Go o:

(6.3) If = 55x Loy < Cob™"?|f = ssxlla.

The h%=/2 term comes from the estimate on the power function and is optimal in
the sense of Theorem 4.1. On the other hand

”f —S£X “Loo(Q) < thsoo/2 nd/2te
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is so far necessary for showing f € Gq ¢ via Theorem 6.1. Thus the gap could be
closed either by showing

If = sgxlle < Crh¥/2te,

or by improving our inverse theorem.

Before we come to inverse theorems for Gaussian and inverse multiquadrics, let
us remark that equation (6.1) can be rewritten as

—(S0ot+d)/2
Iss,xlle < chx="D2|ls; x|l @)

which can be seen as a kind of Bernstein inequality.
Now, let us assume for the rest of the section that the Fourier transform satisfies

(6.4) B(w) > ce~liwllz,
This leads to estimates of the form
(6.5) [ Ax'gll22 < cehx,

where c always denotes a generic constant. In case of multiquadrics and Gaussians
the constants «, ¢; and ¢; can be found in [11].

Theorem 6.2. Let Q C R? be a bounded and open domain satisfying an interior
cone condition. The positive definite basis function ® should satisfy the decay con-
dition (6.4). Suppose further that for some f € C(Q) there exist constants c; > c1
and ¢y > 0 such that || f—ss x|lL. () < cre”2h% for all X C Q with hx sufficiently
small. Then f must belong to the native space Go ®.

Proof. The proof of Theorem 6.1 applies completely if we show that the native
space norm of the difference of two interpolants can be bounded in such a way that

the telescoping sum argument still works. But this is the case: for X C Y we can
derive

lsrx —spylle < e " |f(y) = spx ()l
yey
< ey

with c3 := ca—c1 > 0. Taking the same sequence of sets of centers X, as in Theorem
6.1 we see that the cardinality of Y is only polynomial in hy, which means that we
can bound two succeeding interpolants by

_ga.9(k)/2
||Sf>Xk+1 - Sfan”‘I) <ce a2

This ensures the convergence of the telescoping sum. O

7. SATURATION FOR THIN PLATE SPLINE INTERPOLATION

In this section we concentrate on interpolation by thin plate or polyharmonic
splines. To be more precise we consider the functions ®4¢ = ¢g (| - [|2) with

20—d
[ caer for odd d,
(7.1) ¢d,€(T> - { €d.e rzé—d logfr for even d
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with d < 2¢, where the constants
=D)T(§-9)
22md/2D(0)
(_1)(d~2)/2
220-17d/2(¢ — 1)l (€ — 41

Cde =

€de =

are determined by the fact that these functions should be the fundamental solutions
of the iterated Laplacian (see Lemma 7.2).

The functions ®4, are conditionally positive definite of order m with m = £ —
[d/2] + 1 on R? and possess a generalized Fourier transform @4, which is || - [|; %

2
up to a constant factor. Thus interpolants come from the space
S(X) =span{®q (- —z):z € X} +PE

and Theorem 3.2 leads to the error bound

g
2

¢
(7.2) If = spxllza@ <chx * 1 fllaq.
For a restricted set of functions f, an improvement in [12] yields
(7.3) IF = stxlla) < cphi ™.
In [1] the following improved error estimate is given:

Theorem 7.1. Suppose Q is a cube in R and the set of centers X, are given by
the grid points hRZ¢ 0 ). If f € Lip(2¢ + 1,9), then the error can be bounded by

(7.4) 1f = 55,30 | L) < €7h*
for every compact subset K of the interior of Q as h — 0.

See [1] for the exact definition of the space Lip(2¢+1,€). Note that this estimate
is based on three additional assumptions:

e The function f is supposed to be smoother than f € Gg . This is a natural
assumption.

e The domain has to be a cube and the centers have to form a grid. This is a

consequence of the proof given in [1]. A generalization to arbitrary centers
would be useful.

o The estimates are restricted to compact subsets of the interior of the cube.
This means that boundary effects are neglected.

Nonetheless, the result gives a hint about the possible local convergence order
and we shall show that this order is also the saturation order. But before we can
do that, we need two auxiliary results:

Lemma 7.2. For every test function v € C*(R?) and every y € R? we have

| ®aste =) a" @)z =10,

A proof can be found in [6].
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Lemma 7.3. Suppose X = {z1,...,zn} C Q is given. Suppose further that v €
C§° () satisfies X Nsupp v = 0. Then for every s € S(X)

(A*s,9)1,) = 0.

Proof. Choose an arbitrary s(z) =

L 0®ap(w—;)+p(x) € S(X). As APP =
0 we can use Lemma 7.2 to obtain

N
A5 = Doy [ A@Pare—a,)do
=1 7R

N
= > aey)
j=1
= 0.
U

Now we can give our saturation result.
Theorem 7.4. Let ¢4, be any of the thin plate splines defined in (7.1). Suppose
Q C R? to be open and bounded, satisfying an interior cone condition. Suppose that
for f € C?(Q) the interpolating functions sg x on X satisfy
If = s7.x Loz = o(h%) as hx =0
for every compact subset K of Q and all X C Q. Then f satisfies
Aff=0 on S.

Proof. Fix zg € Q. Choose X C Q to be quasi-uniform with respect to a fixed
§ > 0, such that mingex ||z — @o|l2 = cohx with ¢y independent of hx. Choose
a test function vo € C§°(R?) with suppyo = B1(0) = {z € R? : [lz|z < 1} and
[ vo(z)dz = 1. Set h = cohx /2 and v, := h™ %y ((- — z)/h). Then the support of
vn is given by Bj (zo) and satisfies Bj,(zo) N X = (). Thus we can use Lemma 7.3
to get

(A f )@ = (AY(F=8)m)La@)
(f = 8, AW Lo

”f - S”Lz(B;}(zo)) ”Ag’yh“Lz(Bh(zo))

Il

IA

IN

7d
ch? ||f = s|lLo (B, (20)) 1A VR La(B; (z0))
with s = sf x. And because of

|8 W Lamrmoy = B [ 1A (@)l

= [ at(@)Pds
Rd
=: h_d_4ec(2)
we can conclude
(A fm) a)] < ch ™21 f = 8l 1 (B (z0))-
On account of the assumptions this leads to

. 0 _
h{{{&@ Fivn) s = 0.
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On the other hand we have

(A m) ooy = lim | (Af)(@o + ha)yo(e)de = A% f(xo)

which proves A’ f(zg) = 0. O

Note that our proof also applies to the situation of classical splines. As in the
latter case, functions in the saturation class are already determined by their values
on the boundary of the domain:

Corollary 7.5. Suppose in addition to the assumptions of the last theorem that
has a C* boundary OQ. Then f is already determined by the values of &7 f/0v,
0<j<{l—1, on the boundary 052. Here v denotes the outer unit normal vector.

This sheds some light on the influence of boundary conditions on the possibilities
to improve the approximation order £ — d/2 of (7.2) towards 2/.

Finally, we want to draw the reader’s attention to the d/2-gap arising not only
in the discussion around (6.3), but also in (7.3) when compared to (7.4). If (7.2)
could be improved by k%2, then (7.3) would by [12] improve to h%* and coincide
with (7.4). We consider closing the d/2-gap to be a challenging research task.
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