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INTRODUCTION

In this paper we discuss methods for approximating a multivariate function whose values are known
in a finite set of measurement nodes. In other words, in some domain @ ¢ R% d € N, a non-regular
mesh of nodes is set in which the values of the function to approximate are known. The values can be
measured with an error, and, thus, the approximating function is not expected to accurately reproduce
(interpolate) the mesh data, i.e., methods of data smoothing are involved.

As a function approximation apparatus we will use splines constructed using some RBE. Under
certain conditions (see below), the RBF is a reproducing kernel of some (semi-)Hilbert space, called
a native space.! This fact provides a theoretical justification of convergence of RBF splines at con-
densation of meshes; having studied the properties of the RBF, one can draw conclusions about the
smoothness of the functions of the native space and obtain estimates for the convergence of the RBF
splines. Presence of native space also enables consideration of the smoothing problem and selection
of the smoothing parameter with a natural criterion, when the quadratic deviation of the values of the
smoothing spline at the mesh nodes from the measured values reaches a predetermined error threshold.

In this review, we confine ourselves to spline approximation algorithms the author has made some
contribution to. Other approximation algorithms, as well as a comprehensive analysis of the theoretical
aspects of approximation of multidimensional data, are given, for example, in[3].

1. RBF SPLINE

We will construct an approximation in the form of an RBF spline (see, for instance, [4, 5]):

N

o(z) = 3 Nig(w, i) + plo). (L1)

i=1

Here

"E-mail: rozhenko@oapmg . sscc.ru
'The term “native space” was apparently introduced in [1], and a way to build a native space was proposed in [2].

220



COMPARISON OF RADIAL BASIS FUNCTIONS 221

z; €RY i =1,..., N, are the datum nodes of the spline,

g(z,y) = ¢(Jx — y|) is the univariate radial basis function (¢ € C[0,0)),

|z — y| is the Euclidean distance between points x,y € R?,

e )\; € R are the spline coefficients, and

p € P, where P is a given finite-dimensional space of functions in R?, which is referred to as the
trend of the spline. Usually, P is a space of algebraic polynomials of some degree.

In the interpolation and smoothing methods, the mesh of datum nodes coincides with that of
measurement nodes, but in the general case these meshes are different. For example, in the spline
regression method [6] the mesh of datum nodes is not related to the mesh of measurement nodes,
whereas in the smoothing method with bilateral constraints [7, 8] the datum nodes of the spline are a
submesh of the measurement nodes.

To obtain a closed system of linear equations we require additionally that the coefficients A\; from (1.1)
annihilate the trend of the spline:

N
Z )\Zp(ZL‘Z) =0 VpeP. (1.2)
i=1
Then, having chosen some basisu; € P,i =1,..., K, K = dim P, and writing down the trend function

pirom(1.1)as

K
p(x) =Y paui(x),
=1

under the interpolation conditions o(z;) = z;, i = 1,..., N, we obtain the following system of linear
equations:
G U A
- 7). (1.3)
ulh o) \u 0

Here G is an N x N matrix with coefficients g;; = g(x;,x;), U is an N x K matrix with coefficients
wip = up(z:), A= (A, ..., An) " and g = (u1,...,px) " are the vectors of the unknown spline coeffi-
cients, and z = (z1,..., 2x) " is the vector of the values of the function at the measurement nodes.

We assume that all the nodes x; of the measurement mesh are different, which is necessary for

existence of a solution to problem (1.3).2 For problem (1.3) to be uniquely soluble, the conditions N > K
and rankU = K must also be fulfilled. These conditions are also sufficient if the function g(z, y) satisfies
the conditions set out below.

?More precisely, if there are coinciding nodes, the measured values in them must also coincide. Otherwise, system (1.3)
would not have solutions. However, in this situation coincident measurement nodes can simply be omitted.
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222 ROZHENKO

2. CONDITIONAL POSITIVE DEFINITENESS

The function g : R? x R4 — R is referred to as conditionally positively definite in  C R¢ with
respect to P if for any finite mesh of distinct points y; € Q,i=1,..., M, M € N,

M M
> 6t >0, 1

where {§; € R, i = 1,..., M} are all nontrivial sets of values satisiying the conditions
M
> &p(y) =0 VpeP. (2.2)
i=1

The function g(z,y) is not necessarily symmetric with respect to z and y. For example, with d = 1
the function g(z,y) = (—1)™(z — y)3" " is conditionally positively definite with respect to polynomials
of degree m — 1, but it is not symmetric. Here and below (¢)+ = max(t, 0).

In the absence of symmetry, we can talk about conditional symmetry of the function g in  with

respect to P:

ZZ&@Q (vi, ;) ZZ&@Q (), i) (2.3)

=1 j=1 =1 j=1

under conditions (2.2).

In the case of conditional positive definiteness and conditional symmetry, it can be asserted that the
function g(x,y) is a reproducing kernel of some semi-Hilbert space [9, 10], which is called a native
space for the triple (g, Q, P) and denoted as N(Q, P) when g(z,y) = ¢(|z — y|).

The idea of constructing a native space is very simple. In the subspace of all splines of form (1.1),

(1.2) that satisfy the condition p(z) = 0 and are constructed on all sorts of finite meshes of datum nodes
from €, a bilinear form

1

UlaaQG—Zi)‘ )‘(2 517 52))

=1 j=1

will be positively definite and symmetric by virtue of conditions (2.1)—(2.3). Performing completion of the
linear space of such splines in the norm ||o||g¢ = (o, a)gz, we obtain a Hilbert space, which we denote
by Gg4(€, P). Then Ny(Q2,P) = G4(2, P) + P is the required native hali-Hilbert space, and || - || is a
seminorm in it with the kernel P.*

[t follows that the matrix G from (1.3) will be symmetric and positively definite on the subspace
of vectors \ satisfying the condition UTA = 0. This idea forms the basis of the algorithm for spline
construction via converting system of equations (1.3) into a system with a symmetric positively definite
matrix, also known as the Anselone—Laurent algorithm [11, 13].

Since g is a reproducing kernel of the function space Ny (€2, P) in the seminorm || - ||, spline (1.1),
(1.2) with coefficients satisfying system of equations (1.3) minimizes the seminorm || - || on the set
of all functions f € N, (€, P) that satisfy the interpolation conditions f(z;) = 2,7 =1,..., N (see, for
instance, [9, 10]).

3In [3] and other sources, a simplified notation NV () is used, in which the second parameter is omitted.

411 we represent this seminorm as || f||¢ = ||T'f||y, where T is a linear operator acting into some Hilbert space Y (7" can
be, for example, a quotient map from NV, (Q2, P) into G4 (€2, P) with a kernel of P), then g(z, y) will be the Green function
of the operator T*T (see, forinstance, [11, 12]).
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Due to the minimization condition for the seminorm || - || on splines, we can also formulate the
problem of constructing the smoothing spline:

N

B : (f (@) = 2i)?
0o = arg min )<a||f||é + Z D > (2.4)

JENG(Q,P i1

Here p; > 0 are some specified weight parameters proportional to the square of the measurement error
for z; values at the mesh nodes, and « > 0 is the smoothing parameter, which can be varied. If we
assume that system (1.3) has a single solution (N > K and rankU = K), then problem (2.4) has a
unique solution, the coefficients of which satisfy the following system of equations:

) 0)-6)

Here P = diag(p1,...,pn) is the diagonal matrix of weights from (2.4). It is obvious that when a — 0,
the smoothing spline o, tends to the interpolation one, and when o — oo, in the limit we have the

N

function from the trend P that minimizes the functional (f(xi;__zi)Q . This brings up the question how
i=1 ‘

we should choose the smoothing parameter o?

Let

N 1/2
(f(l’i) - Zi)2
(f) = (2.6)

denote the weighted quadratic deviation of the function f € Ny (2, P) from measurements at the mesh
nodes. We will select the parameter o basing on the residual principle, solving the nonlinear equation
p(0a) = €, where € > 0 is the required weighted error threshold.

An algorithm for solving such an equation can be reduced to an iterative process, at each step of
which problem (2.5) is solved with & = av,, n =0, 1,.... Here o is the initial approximation, and a,
a, ...are approximations at subsequent steps of the iteration process. An algorithm for solving this
problem, which can be reduced to iterations of the Newton method of the second order of convergence,
was proposed in [14]; the optimal iteration method was justified in [15]; a combined algorithm using
iterations of the Newton method and a fractional-rational approximation was proposed in [16, 17].
Finally, an algorithm with a higher (predetermined) degree of convergence was justified in [18] and
brought to practical implementation in [19].

3. SELECTING THE SMOOTHING PARAMETER

We will describe the algorithm for choosing the smoothing parameter from the residual principle
in accordance with [17, 19]. We introduce the residual operator R,, which relates the vector of
measurements z to the residual vector ¢ = R,z by the formula (; = z; — 04(z;), i =1,..., N, where
o, is smoothing problem solution (2.4). We also introduce a weighted scalar product in Z = RY:

N
(u,v)z = > """ Then the residual equation can be represented as follows:
i=1 "

poa) = [|Raz|z = €. (3.1)

From the first group of equations in (2.5) we derive that GA + Up = z — aPA. The leit-hand side is the
vector of the values of the smoothing spline at the mesh nodes. Therefore, Ryz = aPA.

[t is obvious that the function p(o,) increases monotonically, the monotonicity being strict if A # 0,
i.e., if the equation Up = z has no solutions (the measurement vector cannot be interpolated by a
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224 ROZHENKO

function from the trend). In other words, either p(o,) is a strictly monotonically increasing function
or p(o,) = 0. In what follows we assume that p(o,) # 0.

It is also obvious that Eq. (3.1) has a solution if £ < eyyax = || Roo2||z. We can obtain the ey,,x value
by solving the problem of weighted least squares on P or passing to the limit with & — oo in system of

equations (2.5) as follows: setting 3 = 1/a and XA = a\ and multiplying the second group of equations
by o, we obtain an equivalent system of equations:

(52 0)-)

Therefore, Rooz = P at solution to (3.2) with 3 = 0.

Let 0 < & < emax, ax be a solution to Eq. (3.1), and «ag be the initial approximation of the smoothing
parameter. According to [15], Eq. (3.1) should be converted to the form 1/p(cy/3) = 1/¢, with which
the rate of convergence of the Newton method is maximal. The function 1/p(cy/3) is strictly convex
upwards, and thus the iterations of the Newton method will converge if ap < au, i.e., [[Ray 2|z > €. If
this condition is not met, then, as the first step, we construct a fractional-rational approximation p(«) of
the residual function from the three values: p(o4, ), /(04 ), and p(0ac) = Emax, and choose oy by solving
the residual equation p(«) = e.

The formula for the step of the Newton method for p(c,,,) > € is as follows:

1—w(an)

(87 = Qp 5 3.3
T p(0a,) /2 — wlan) (3.3)

2 2

w(a) — (RaZ7 RaZ)Z _ (RaZ, Raz)z
(Raz, Raz)z p2(0q)
The formula for the step of the fractional-rational method with p(o,,,) < € is as follows:

Oni1 = O, (1 - p(aan)/gmax) - (1 - p(O'an)/E) d(ak)’ (34)

p(aan)/s - p(Uan)/Emax

_ p(0a)/Emax — w(a)
de)=""" )

At each step of the iterations by formulas (3.3) and (3.4), it is required to solve two systems of linear
equations of form (2.5) with the vectors z and R,z in the right-hand side. When direct methods of
solving system of equations (2.5) are used, the time complexity of factorization of the matrix is much
higher than the time complexity of solving the system with a factorized matrix. Therefore, we can win
in the number of operations if we achieve a higher rate of convergence of the method via increasing the
number of problems of form (2.5) solved at each iteration.

Such method is based on the expansion of the operator R, and its complementary operator Qg
[17, 18]

Razf—n;(aoa;a) R™(I = Rog) = ;(O‘O_a) RTH (3.5)
Riyp = i(ﬁoﬁ;ﬁ) @I = Qa) =1 = 'y (ﬁo_ ) Qg (3.6)
m=0 m:O
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Replacing in these formulas the upper summation limit with L — 1 at some finite L, we obtain two-sided
approximations with the order L of the residual function in neighborhood of the points ag and gy [18],
and hence the algorithm using these approximations will have the order of convergence L. A detailed
study of ways of approximation by this method was performed in [19]. The results are presented below.

If p(04,, ) > €, using the formula

and solving the equation ||R&L)z||z = &, we obtain a;,41.
I[f p(oa, ) < €, at thefirst step (n = 0) we select 3 by fractional-rational approximation method (3.4),
and with other n we calculate v, 1 = 1/3,,41 by solving the equation ||f2§%z||z = ¢, where

L—-1

#= (", ") - aa

[t is easy to see that in both cases at each step it is required to solve L systems like (2.5) with different
right-hand sides. It is clear that when calculating ||R&L)z||z (||R§%z||z) we can also calculate ||Rg)z||z

(||R§l/)ﬁz||z) for I < L. Based on this information, we can extrapolate approximations of the residual

function in L and refine its value for each « (), i.e., accelerate the convergence. This method was applied
in [20] and then improved in [19].

4. ALGORITHM FOR SOLVING THE SMOOTHING PROBLEM

[t is clear that the system of equations in interpolation problem (1.3) is a particular case of system
of smoothing equations (2.5). Therefore, it suffices to consider the general case. System (2.5) is not
symmetric if the function g(x, y) is not symmetric (the symmetry is obvious in the case of RBF splines).
Even if the matrix G is symmetric, the spectrum of this system is alternating (of course, with a nontrivial
trend P). Another shortcoming of this system is that the conditioning number of its matrix depends on
the choice of basis in P. Therefore, application of standard solution methods with a poor choice of basis
in P can make the solution less accurate by far.

Under the assumptions of Section 2, the matrix G is symmetric and positively definite on the subspace
of vectors such that UTX = 0. Therefore, we would like to take advantage of this fact and reduce
system (2.5) to an equivalent system of equations on the subspace with a symmetric and positively
definite matrix. Such a transformation was actually proposed in [13]: it was based on building a linear
operator H : RV — RN=K with rankH = N — K and HU = 0, i.e., this operator must be of full rank
and annihilate the image of the operator U. In the classical case of univariate polynomial splines of degree
2m — 1, the matrix of the operator H was collected from the coefficients of finite differences of the mth
order that annihilate polynomials of degree m — 1 on different submeshes. In the multivariate case, many
researchers used a similar approach, but the result was strongly dependent on the choice of submeshes
for constructing finite differences and did not guarantee that the conditioning of the initial system would
not worsen under such a transformation.

The author suggested in [21] an algorithm of purely algebraic construction of the operator H that
preserved the conditioning number of the matrix G (cond2G) on the subspace of vectors such that
UTX = 0. We perform upper triangularization of the matrix U by the method of rotations or reflections:

oU - (Z) | (41)
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226 ROZHENKO

Here @ is the transformation operator, consisting of a sequence of elementary operations of rotations or

reflections, U is a K x K nondegenerate upper triangular matrix, and O is a zero block of dimension
(N — K) x K. Itis clear that the image of the operator QU consists of vectors the nonzero elements of
which are in the first K positions, and to annihilate the image we should just omit the first K components
of the vector. Formally, we split the matrix of the identity operator I in R into two blocks:

J
=",
Jo

where J; : RV — R¥ is composed of the first K rows of the matrix of the operator I, and J, : RY —
RYN=K of the rest N — K rows. Then the sought-for operator H is H = J5Q.

From the identity UT A = 0 it follows that the vector A belongs to the kernel of the operator U ", and
thus it is easy to represent the vector A as H v, the vector v € RN ~K determined uniquely. Substituting

A= H"vinto (2.5) and applying the operator H to the first group of equations, we obtain an equivalent
system of equations with respect to v:

(A+aHPH " )v = Hz, (4.2)

where A= HGH". It is clear that (Av,v) = (GA,\) and U\ = 0 by virtue of the properties of the
operator H. So, we conclude that A is symmetric and positively definite. Its conditioning number is the

same as that of the matrix G on the subspace U " A = 0 because orthogonal transformations are applied.
Having solved this system of equations, we find A from the identity A = H v as follows: We add

K zeros to the beginning of the vector v, i.e., apply the transformation J;|, and then we execute the
sequence of transposed elementary operations composing the transformation @, but in the reverse order.
We easily found the vector p from the identity Uy = z — (G + aP) via pre-multiplying it by J;Q and
substituting \ = H " v:

Uv=JQz - J1Q(G +aP)H v. (4.3)

The matrix of this system is upper triangular, and the vector J;Qz and matrix J,Q(G + aP)H " are
found “for free” in the course of the transformation of system (2.5) into (4.2).

Remark. The substitution algorithm can also be applied to solving a general system of equations with a

EINE!

where B is an N x N matrix and U is a full-rank NV x K matrix, K < N. We again use the orthogonal
transformation @ to reduce the matrix U to upper triangular form (4.1) and perform the substitution
A = Q" v to split the vector v into two parts: v1, which includes the first K components of the vector
v, and vy, which includes the rest (N — K) components. Pre-multiplying the first group of equations in
(4.4) by Q and decomposing QBQ" into four blocks Cj;, i, j = 1,2, with the diagonal blocks Cy; and
Cy of the dimensions K x K and (N — K) x (N — K), respectively, we arrive at the following system
of equations:

saddle point of the following form:

Cn Ci2 U\ [ J1Qz
Cy1 Coyy 0 vy | = | 2Qz
vt o o) \u w
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From the last group of equations with the lower triangular matrix U " we find v; then from the second
group of equations with the square matrix Cyy we find vy; further, from the first group of equations with

the upper triangular matrix U we determine y; finally, we calculate A = QT w.

5. SPLINE REGRESSION ALGORITHM

Now we consider the case when the mesh of datum nodes of spline differs from the mesh in which
the values of the function to approximate are known. In the spline regression method, we will construct
a spline of form (1.1), (1.2), basing on the values z; given on the mesh y;,, i =1,..., M, M > N. It is
clear that the system of interpolation equations and Eq. (1.2) is most likely to be disjoint, and only an

M
approximate solution that minimizes the weighted residual functional > (f’(yi;_—zi)

i=1 ’
terms of matrices, we need to deduce a pseudo-solution to the following system of equations:

’ can be obtained. In

D(FA+Vpu) = Dz, (5.1)
where D = diag(pl_l/2, e ,p;/ll/z) is the diagonal matrix of weighting coefficients, F' is the M x N
matrix with the coefficients f;; = g(vs, z;), and V is the M x K matrix with the coefficients vy, = u(v;).
We will additionally require strict fulfillment of conditions (1.2), i.e., the vector A is to satisfy the linear
constraints U T\ = 0. As a result, we arrive at the linear-equality-constraint least-squares problem.

Performing the substitution A = H "v, we get rid of the linear constraints and obtain the following
system of equations:

D(FH v+ Vpu) = Dz,

the solution of which is found by the usual method of least squares.

The spline regression method is useful when the number of points with measurements is too large for
construction of a smoothing spline on the entire mesh of measurements or if the mesh of measurements
is very uneven or the measurements are contradictory. This brings up the question how we should choose
the datum nodes of the spline.

One way is to thin out the measurement mesh. We choose some radius of thinning 7o > 0 and
require absence of other nodes from the measurement mesh in the ry neighborhood of each node of
the thinned-out mesh. A decision on selection of the best node in the ¢ neighborhood will be taken from
the measurement quality criterion calculated at each node. The quality criterion will be the probability of
the event that the measured value of the function in a node is a data outlier. The probability is evaluated
using the Grubbs statistical test [22)].

Let &, i=1,...,n, be a sample of n values of normally distributed random value, and é be one of

the values in this sample. It is required to estimate the probability 7(£) of the event that this value is a

data outlier. We introduce Z = (€ — €)/s, where € and s are the average value and standard deviation
obtained on this sampling, respectively. Then Z will be a data outlier with a significance level a > 0 in
one-sided Grubbs test if

(n - 1)2 ZL/ic/n,n—2

n n—2+t2

a/nn—2

Z% > ,
where t, /5, ,—2 is a solution to the equation tn—2(x) =1—«a/n and t,_o(zx) is the Student distribution
function with (n — 2) degrees of freedom. In this formula, it is the calculation of the significance level «
with respect to Z and n that is of interest to us.

With notation Y = ( 22?)2 , we obtain that

n—
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1_ Z <ty (\/Yl(n_—lf))'

From this we deduce that the probability of data outlier is estimated as 1 — «, i.e., we set that

(&) = max{l —n (1 s <\/Y1("__Y2)>> : 0}.

In this formula it is assumed that n > 2 (for n = 2 we set that 7(£) = 0). It is easy to verify that Y =1
in an extreme case, when other & except for £ are equal one to another. Then 7(§) = 1. Otherwise,

0<Y <land7(§) < 1L

Formally, the Grubbs test cannot be applied to estimating the probability of outlier in data obtained
on a mesh of nodes in R?, but in this test, the exact value of the outlier probability is of no interest to us.
We want to compare the probabilities for different nodes in order to choose the best of them.

The Grubbs test can be applied to measurements the nodes of which are in the r; neighborhood of
each node y;, and from this sample we calculate the probability of outlier in the node y;. We choose
a rather large estimation radius r; > rg and vary the radius ro, which allows us to thin out the mesh
with different levels of detailing. Experiments the author carried out to approximate the universal
characteristic of hydroturbine (unpublished so far) allowed us to conclude that the behavior of a spline
constructed by the spline regression method with a thinned-out mesh following this algorithm is rather
close to the behavior of a smoothing spline with a similar level of weighted quadratic deviation, the
smoothing results being still somewhat better than the spline-regression ones.

Note that a spline constructed by the spline regression method contains fewer coefficients than a
smoothing spline. Therefore, such a solution is more reliable and its predictive ability is higher than that
of a smoothing spline.®

6. SPLINE APPROXIMATION WITH EXTERNAL DRIFT

Let us extend the vector space of the trend P by supplementing it with some linearly independent
basis functions. We denote the extended vector space with Q. It is clear that if the function g(x,y) is
conditionally positively definite and symmetric with respect to P, then it is also conditionally positively
definite and symmetric with respect to Q. That is, g(x,y) will be a reproducing kernel of the space
Ny(€, Q), and all kinds of spline with the trend Q can be constructed. It is also obvious that NV, (Q, P) =
Gy(Q,P)+ P and Ny(Q2, Q) = G4(22, Q) + Q are in the following relation:

Gy(2,P) D G4(22,9), P CQ,

i.e., the spline part of the native space narrows as the trend is extended.

Usually P consists of polynomials of a certain degree, and quite arbitrary functions can be added in its
extension Q. For example, if it is possible to construct a rough estimate of function to approximate using
some methods, a rough estimation function or a set of such functions can be added to the basis of the
trend. Functions that describe a data gap can also be added, i.e., we get an opportunity to approximate
a function with discontinuities using RBF splines with a special extension of the trend. Such splines are
called splines with external drift by analogy with the dual Kriging method with external drift (see, for
instance, [24]).

°In the methods of machine learning they try to use approximation with a minimum number of variable coefficients. Of
course, increasing the complexity of the approximator (the number of variable coefficients), one can better approximate the
function values on a training sample, but this can be tied with “the overfitting” effect, when the approximation accuracy
on a test sample deteriorates much. Therefore, if two approximators give results of similar accuracy, it is preferable to
use the approximator of less complexity. On the other hand, if there are several fundamentally different approximators,
their combination can result in a more reliable approximator. Namely this approach was used by the team that won the
prize of the Netflix company [23]. Two dominating teams combined their algorithms and achieved the necessary prediction
accuracy.
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7. CONDITIONAL COMPLETE MONOTONICITY

In what follows we assume that the boundary of the domain 2 of the function to approximate is not
essential for the approximation, an thus we set that Q = R?. Let P? denote a vector space of multivariate
algebraic polynomials in R? of degree n. We set that P4, = {0}. Atd = 1, we write simply P,.

Provided that conditions (2.1) are satisfied and P = P% |, m € Z, a function g(x,y) is called
conditionally positively definite of order m. From Section 6 it follows that conditional positive
definiteness will also hold for any integer n > m.

A function ¢ € C[0,00) is also called conditionally positively definite in R if its respective radial

basis function g(z,y) = ¢(|z — y|) is conditionally positively definite in R%. The symmetry of radial basis
function is obvious.

Let R4, denote the set of all functions ¢ € €0, 00) that are conditionally positively definite of order
min R Itis clear that R% C RY, at my < m, dy > d. We introduce the following notation:

RS = ﬁ R4
d=1

The nonemptiness of the set Ro° will follow from the reasoning below.

Functions from RSP can be used for construction of splines with any number of variables using a
polynomial trend of the same degree m — 1. For example, with m = 2 the trend will consist of linear
functions, and the dimensionality of the space P depends linearly on d. Thus, using such splines we can

avoid “the curse of dimensionality” when the complexity of approximating function grows exponentially
with d.

The support of functions from R is nonlocal [3, Corollary 9.3], and the spline value by formula (1.1)

has to be calculated via summation over all datum nodes. With a finite d, in R¢, there are functions with
local support, an effective algorithm for constructing which is described, for example, in [3].

A function f:R, — R is called completely monotone® of order m ii f e C*(0,00) and

(=1)k f*) > 0 for all k > m. We denote the set of such functions by M,,, m € Z,. The sets RS and
M., are closely tied:

o feEMpy\Ppand|f(0)] <oco = [(r?) e R
e pERY = ¢(v:) € Mp\ P

Sufficient conditions for belonging to the set RSP, as well as necessary conditions at m = 0, were
obtained in [25]. Later the necessary conditions were proved for all m (see details in [3]).

If f € My, then bf (a®(t + ¢?)) + pm_1(t) also belongs to M,, ata # 0,b > 0, pp,_1 € P,,_1. This
results in the following generation rule for a function ¢ € RS:

feEMU\P, = oé@)=bf(@*(*+c)+pmi(?) = ¢eRS, (7.1)

and ¢ # 0if the function f is unbounded at zero.

In approximation with RBF splines, the following functions are often used in the construction of
radial basis functions:

e multiquadric: ¢(r) = (=) (2 + ), v e Ry \ Zy;
e inverse multiquadric: ¢(r) = (r? + )", v < 0;

®We use the terms “completely monotone” and “complete monotonicity” as synonyms of the terms “completely continuous”
and “complete continuity”.
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e polyharmonic RBF [26, 27]: ¢(r) = (—=1)"*?"Inr,n € N;
e power RBF [26, 27]: ¢(r) = (—1)M+12 v e Ry \ Zy;

e RBF of DMM spline [28, 29]: ¢(r) = (=1)"" (2 + )" In(r? + ?),n € Z,..

All these RBFs are generated with the help of the following family of conditionally completely
monotonic functions:

I'(—v)t”, veR\Z,,
fu(t) = fv € M(Lu]+1)+- (7.2)
(-1 Int, veEZ,,

Here and below I'(a) is a gamma function. Recall that (k) = max(k,0). At v < 0 the function f, is
unbounded at zero, and, thus, the Hardy parameter ¢ in the generation of RBF must be non-nil in this
case.

8. COMBINING RADIAL BASIS FUNCTIONS

Let ¢; € R%Z_, i=1,...,n,and ¢ = > a;¢; at a; > 0. Then ¢ € R%,, where m = max; m;, d =
i=1
min; d;. Some linear combinations of the RBFs with nonpositive coefficients also lead to conditionally
positively definite RBFs. For example, radial basis functions of tension splines and regularized splines
[30, 31] can be obtained via subtraction of several RBFs.

A proof of conditional positive definiteness of radial basis functions of certain tension splines and
regularized splines from [30] was presented in [32] and generalized in [33]; the algorithm for obtaining
radial basis functions of completely regularized splines from [33] was generalized in [34].

The results of the generalization are given below in accordance with [34] and are stated in terms of
generators of conditionally completely continuous functions.

Kernels of Sobolev’s Spaces and Their Generalization

Let us consider a family of functions

hy(t) = t"?K,(Vt), veR, te(0,).

Here K, (z) is a modified Bessel function of the second kind of order v [35]. The function h, generates a
reproducing kernel of Sobolev’s space H*(R?) at v = k — d/2, which is known as the Whittle—Matérn
RBF [36].

Here the generalization consists in extending the representation h,, to any v, including negative ones.
The functions h, belong to My for all v € R and are bounded at zero when v > 0.

Generalization of Tension Splines and Regularized Splines

Let us consider an auxiliary family of functions

1) T vemiz,,
v(t) = v
(_1)zx+1t [ln(t/4) _V;pz(yl.;)_l_ ¢(V + 1)]’ Ve Z-i—r

n—1
where 9(n) = —y+ Y. k7! is the logarithmic derivative of the gamma function, and v is the Euler
k=1

constant. Comparing h, with f, from (7.2), we can note easily that they differ by a positive factor, and
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when v € Z, a constant is a~lso added, which d0e§ not affect the properties of the conditional complete
monotonicity. It is clear that h,, € M|, 41y, and h, are bounded at zero when v > 0.

We define a two-parameter family of functions h, ,,, v € R, n € Z, by the following formulas:

hmO(t) = ﬁu(t) - hu(t)§

hu,n (t) — ilu-i-n (t)

nlon —h,/m_l(t), n = 1,2,....

The functions hy, , belong to M|, |1n41), and are bounded at zero when v +n + 1 > 0. The functions
hi_g/2,0 with d = 1,2 generate a radial basis of the fension spline, and the functions hy_g/; with

d = 2,3 generate a radial basis of the regularized spline in R? that were suggested in [30].

Exponential Integral Kernels and Their Generalization

Let us consider a family of functions
g, (t) =t"T'(-v,t), veR.

Here T'(a,t) = [ e 2% !dz is an incomplete gamma function. With v € Z we obtain the following
t

known exponential integral functions [35, Sections 5.1.45, 5.1.46]:

gn(t) =

{“““)’ "I L =am =B =

En+1(t)7 n > _17

Again, the generalization here consists in extending this representation to arbitrary v € R. In
common with h,, the functions g, belong to M for all v € R and are bounded at zero with v > 0.

Generalization of Completely Regularized Splines

Let us consider an auxiliary family of functions

T(—v)t”, veR\Z,,

gll(t) = v
(_1)1/+1t [Int _j"(y + 1)]’ veZ,,

which is similar to the family f,, and set that
gu,O(t) = gu(t) — 9 (1);
glz,n(t) = gl/—i-lm—l(t) - gl/,n—l(t)a n = 17 27 R

The functions gy, belong to M(|,|4n+1), and are bounded at zero at any v € R and n € Z. The

functions g,_q/2 0 generate a radial basis of the completely regularized spline in R? with d = 2,3
suggested in[31].
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9. COMPARISON OF RADIAL BASIS FUNCTIONS

When one is choosing a suitable radial basis function and a basis of the trend of an RBF spline,
requirements to the smoothness of the solution play an essential role, and besides that, it is important
to know the properties of the variational functional || f||%, minimized by the RBF spline. The table shows
the form of variational functional for some known RBF splines with application of the following notation:

K
ID*FIS = > IDFIR ke Zs
laj=k

For example, a thin plate spline [37] that minimizes the norm of the second derivative in Ly(R?) is
obtained using the function f1(r?) (m = d = 2). A cubic spline in R" is matched by the function f3 5(r?)
(m =2, d=1). The Whittle—Matérn spline that minimizes a norm in Sobolev’s space is obtained
using the function h,. Tension splines and regularized splines are obtained using the function A, , and
minimize the weighted sum of the norms of two neighboring derivatives, and the contribution of each of
the derivatives can be regulated via the control parameter. There is a special case of the completely
regularized spline generated by the function g, . Its native space consists of infinitely differentiable
functions. Using a nonzero Hardy parameter ¢ in formula (7.1) also generates a native space of infinitely
differentiable functions.

The rate of convergence of splines when the mesh of nodes is condensed is determined by the order of
smoothness of the radial basis function at zero. We define a linear operator 7,,, which relates the function
f to the remainder term of its expansion at zero into a Taylor series of degree less than v:

(k)
nin=rm- > T 0w

k€Z+, k<v

Note that 7, f = fatv <0.

We use the notation u = v if }/in% Zég = C # 0and u ~ v if C = 1in this formula. According to [33],

N h _
T,hy ~ hy, %—i—n—i—lhzx,n ~ (TL _‘_V—li_)nl—gln—i-l v Tugu ~ G

Since f, ~ h, ~ §,, the functions h,, (r?), g, (%), f,(r?), and h,_,_1.,(r?) generate splines with close
convergence properties. Their differences show in the minimum required order m of the polynomial trend:

e m = 0forh, and g,,

o m=(lv|+1), for f,,

Table
Functional o(r) Restrictions Spline
|Dm 113, Fonaps(1?) m—d/2 >0 Spline in L' (RY)
D™ f1%,. fts—ap(r?)  m>m+s—d/2>0 Spline in D~ H*(R%) [37]
1£12, + 10" 7113, a2 (r?) m—d/2 >0 Spline in H™ ()
PIDUIZ, + IDI2,  hiapmol(@r)?)  2—d/2>0 Tension spline [37]
ID2fl17, + 2D I3, hi—ayea((r/7)?) 3—d/2>0 Regularized spline [30]
k§1 ﬂizﬁ%, G1—as2,0((¢r/2)?) — Completely regularized spline [31]
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o m=(|v])yforh,_p_1n,

as well as the behavior at infinity: h,(r2) ~ r*=1/2e", and g,(r?) ~ e /r2 while the other
functions do not decrease exponentially.

10. PREPARATION OF DATA FOR APPROXIMATION WITH RBF SPLINES

In conclusion, we present recommendations on preparation of data for approximation with RBF
splines. When preparing data, it is important to take into account the type of measurement error for
the function to approximate: the values can be measured with absolute error z 4+ € or relative error
z(1+e).

Virtually all approximation methods minimize the norm of the approximation absolute error vector,
and, thus, if the approximate values were measured with a relative error, then it is necessary to
set appropriately the weights in functional (2.6). We can also apply calibration of the function to
approximate, which converts the relative error into the absolute one, for example z — Z = In z. After
constructing the spline from the calibrated values, we calculated the values of the original function using
a reverse transformation, for example Z +— z = exp 2.

[ the values the function to approximate must lie in a certain range, then it is desirable to use a
calibration that eliminates the restrictions. For example, a physical process efficiency varying in the
range of [0, 100] can be subjected to the calibration z — 2z = tg 7(z/100 — 0.5).

Independent variables measured with relative error also have to be converted into a form with
absolute measurement error. For example, a dependence of the form S = aP? with the parameters
a and b unknown, in which S and P are given with relative error, can be converted to the form
InS =1Ina+ bln P, in which the variables In P and In .S are measured with absolute error.

Usually, then an affine transformation of the coordinate system is performed with the aim of bringing
the independent variables to a common scale and placing the origin within “the cloud” of the points of
the mesh. The need to reduce the variables to a common scale is due to the fact that “the influence” of
the basis function of RBF spline propagates radially, and the shiit of the origin into the cloud of the points
of the mesh can significantly affect the accuracy of calculating the basis functions of the spline trend. Of
course, the scaling is required only if the independent variables are of different nature.

Usually, geometric or statistical scaling is applied. When geometric scaling is used, a parallelepiped
surrounding the set of the mesh nodes is converted into a cube with the center at the origin. With
statistical scaling, independent variables are transformed so that the average value of each coordinate of
the nodes of the transformed mesh equals to zero, and the standard deviation is equal to unity. Due this
scaling, one can consciously choose parameters of radial basis function. For example, a Hardy parameter
c = 0.01 will mean 1% of the root-mean-square spread of mesh coordinates in the case of statistical
scaling.

[f the number of mesh nodes is rather large, then in experiments it would be useful to break them into
two parts: a learning sample and a test one. In this case, experiments on approximation of function are
carried out on the learning sample, and the test sample is used in analysis of the quality of approximation
(the cross-check method). For example, this approach may be useful for scaling a mesh: experimenting
with different scaling parameters, we choose them such that the deviation of the interpolating spline
constructed on the learning sample is minimal on the test sample.

In problems relating to statistical or medical information, the number of independent variables can
be very large and approximation with RBF splines constructed in consideration of all variables has
practically zero predictive potential, i.e., it approximates data only in a small neighborhood of the mesh
nodes, whereas outside the nodes the accuracy of the approximation tends to zero. In such problems,
they try to construct a simplest approximation, for example, using linear regression.

To reduce the complexity of RBF splines, one should first reduce the number of independent variables,
for example, via discarding variables that are in weak correlation with the target attribute. Correlation
analysis of independent variables, in which only one of several strongly correlated variables is left and the
rest are discarded, could also be of use. Finally, the principal component method [38] can be applied to
reducing the coordinate system of the transiormed mesh to the main directions and, secondary directions
discarded, decreasing the dimensionality of the space of independent variables. After the reduction in the
number of independent variables, it makes sense to use spline regression with selection of datum nodes
of spline, for example, using the algorithm described in Section 5.
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