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Abstract

In this paper, we present a rational RBF interpolation method to approximate
multivariate functions with poles or other singularities on or near the domain of
approximation. The method is based on scattered point layouts and is flexible with
respect to the geometry of the problem’s domain. Despite the existing rational RBF-
based techniques, the new method allows the use of conditionally positive definite
kernels as basis functions. In particular, we use polyharmonic kernels and prove that
the rational polyharmonic interpolation is scalable. The scaling property results in a
stable algorithm provided that the method be implemented in a localized form. To this
aim, we combine the rational polyharmonic interpolation with the partition of unity
method. Sufficient number of numerical examples in one, two and three dimensions
are given to show the efficiency and the accuracy of the method.
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1 Introduction

Rational approximations are known to be much more effective than the standard (lin-
ear) ones for functions with poles or other singularities on or near the domain of
approximation, or on unbounded domains. Univariate rational approximations with
polynomials have a long history, but some new robust algorithms are recently being
developed [10, 17, 21]. However, not much research has been devoted to multivariate
rational approximations. In recent decades, the radial basis function (RBF) approx-
imation has evolved into an excellent tool for solving multidimensional problems
[4, 9, 23]. It is natural to ask for a multivariate rational RBF approximation for func-
tions with steep gradients and/or singularities. In this direction, the first RBF-based
rational interpolation algorithm was introduced in [14] with an application to approx-
imation of antenna data. Then, a combination of this rational method with partition of
unity (PU) approximation and a use of variably scaled kernels (VSK) [3] were done
in [8] to improve the performance of the method. In [19] an application to discontinu-
ous and steep gradient functions was provided, and in [5] the so-called eigen-rational
kernel-based scheme was proposed which consists of a fractional RBF expansion
with a denominator depending on the eigenvector associated to the largest eigenvalue
of the kernel matrix.

The poles and singularities may be well captured if polynomial terms are appended
to RBF expansions in numerator and denominator. Thus, conditionally positive defi-
nite kernels with respect to polynomial spaces, such as polyharmonic splines, should
play an important role to enrich the available rational RBF approximations. However,
the proposed rational RBF method in [14] (and then in [8, 19]) has some limitations
in using conditionally positive definite kernels, which will be addressed in Section 2
after a brief review of the method. In this paper, a reformulation of the rational
method for conditionally positive definite kernels is given which avoids those limita-
tions and allows to implement the rational polyharmonic-based algorithm on scaled
data to prevent the instability of the involved RBF systems. Following [8], the new
rational interpolation is combined with the PU method by introducing some new sim-
ple weight functions. However, the main difference between the work of [8] and the
present work addresses the rational part where the former uses the formulation of
[14] for (strictly) positive definite kernels in a VSK setting while the later (the present
work) focuses on conditionally positive definite kernels. Note that the rational inter-
polation of [5] allows the conditionally positive definite kernels as well, albeit in
another formulation.

Here, we review the standard RBF interpolation. Assume that a conditionally
positive definite function ¢ of order m + 1 (with respect to polynomial space IP’%)
is given. The RBF interpolation of a function f : £2 — R on a discrete set
X ={xq1,...,xnN} C £2 is given by

N 0
sEx() =Y ajp(x —xj) + Y anla(x) (1
j=1 n=1
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where {¢1,...,£p}is abasisfor}P’gl,andoc = (ay, .. .,ozN)T anda = (ay, ...,aQ)T

5 20 14]

K = (¢(x; — x¢) € RNV,
P = (ty(xj)) € RV*2,
f =@, ..., fan)’ eRY,

We also need to assume N > Q and X is Pgl-unisolvent to have a full rank matrix
P. On the other hand, since ¢ is conditionally positive definite of order m + 1, the
symmetric matrix K is positive definite on ker(P”) as a subspace of R". These all
guarantee that the interpolation system is uniquely solvable. The interpolant s s x can
also be written in the Lagrange form as

where

N
srx(x) =Y ui(x) fx)), ©)
Jj=1
where (u1 (x), ..., un ()T =: u(x) satisfies
K Pllux)|_|ékx) 3)
PT O [[v) | " |ex) |”

for ¢(x) = (p(x — x1),...,¢(x —xy))T and £(x) = [£1(x),...,Lo(x)]T. The
Lagrange functions possess the property u j (x;) = ;.

The above-mentioned RBF interpolation will be used to compute numerator and
denominator of the rational RBF interpolation of the next section.

2 Rational RBF interpolation

The rational RBF interpolation method of this section is an improvement of the
method given in [14] in order to enrich it for conditionally positive definite kernels.

Assume that a set of points X = {x1, x3,...,xy} C £2 andafunction f : 2 - R
are given, and we want to determine a rational interpolation

p() LI @e i —x) + XL anla(x)
orx(x) = ==y 0

q(x) ijl Bid(x —x;)+ D7 buln(x)
of f such that oy x(xx) = f(xx) for all x; € X. We assume that f, at least,
is defined on set X. This problem has 2(N + Q) unknowns while N interpola-
tion conditions, giving a flexibility to impose extra conditions on p and g. In [14]
a condition is imposed on the native space semi-norms of p and g to be as small
as possible relative to the size of their values at the data points to obtain sufficient
smooth numerator and denominator functions. To give a precise formulation, assume

that p = (p(x1),..., pxa)T, ¢ = (g(x1),....q(xn))7, and || p|l> denotes the
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2-norm of vector p in RY. Then, [14] suggests the following minimization problem
to determine the rational interpolation:

min {alpl};, +blaly, : pa € N () = fx0g ). clpl3 +dllql = 1},

“)
where a, b, ¢ and d are four positive constants, Ny is the native space corresponding
to the (conditionally) positive definite kernel ¢, and | - |z, is the usual (semi-) norm
defined on this space. Of course, in the case of positive definite kernels, the semi-
norm | - |y, is replaced by the norm || - [|»;,. The minimizers p and g of the above
problem determine the rational interpolant o, x = p/q of function f. In [14], by
assuming the existence of the inverse matrix K ~!, the solution of the minimization
problem (4) is recast to generalized eigenvalue problem Aq = A Bq where

A = aDSD + bS,
B = ¢D?*+dl,

in which D = diag{f(x1), ..., f(xn)}, I is the identity matrix, and
-1
S=K"! (1 - (PTK’IP) PTKI) .

Then the optimal vector p is given by p = Dgq, and the rational RBF interpolation
is obtained by computing the standard RBF interpolations of nodal vectors p and q.

This procedure works only for positive definite RBFs because the inverse of K
may not exist for a conditionally positive definite function ¢. Even if the inverse
matrix exists for a special distribution of data points, the minimization problem (4)
results in polynomial solutions p and ¢ and neglects the radial parts in both numerator
and denominator because the native space norm of a polynomial of degree at most m
is necessarily zero.

In this paper, we improve the argument to fix these problems, and in particular
we apply polyharmonic splines in order to benefit from their scalability property for
a stable implementation. Apart from the rational interpolation, some parts of this
section can be used to improve the exact expression of the standard RBF plus poly-
nomial interpolation of [1] which is depending in the same way on existence of K ~!.
First, we give some properties of the saddle point matrix

[§T§} 5)

where P has full rank and K is symmetric and positive definite on ker(PT). For
more details about saddle point matrices we refer the reader to [2] and the references
therein.

Lemma 1 If P € RV*Q has full rank, K € RN*N is symmetric and positive definite
on ker(PT) and Z € RN*WN=0) s any matrix whose columns form a basis for
ker(PT) then:

(1)  The matrix ZT K Z is positive definite on RN =2 and in particular it is invertible.
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(2) The matrix
Z(ZTkz) 'z = §
is positive semi-definite on RN and positive definite on ker(PT).
(3) The saddle point matrix (5) is invertible and its inverse is given by

B

where E = (I — SK)P(PTP)"'and G = —(PTP)"'PTKE.

Proof The proof of (1) follows immediately from the fact that K is positive definite
on ker(PT). The proof of (2) follows from the fact that the left null space of Z (the
null space of Z7) is the orthogonal complement to the column space of Z. Item (3)
can be verified by a direct computation, keeping in mind that P” P is invertible and
P(PTP)y-'PT =1 —-2722T. O

Item (2) of Lemma 5 shows that S has exactly Q zero and N — Q non-zero eigen-
values because the dimension of ker(PT) is N — Q. From here on, we assume that
Xisa ]P%-unisolvent set to have a full rank polynomial matrix PT.

Lemma 2 If sy x is the standard interpolant of f on set X using a conditionally
positive definite function ¢, then its native space norm is given by

|Sf,X|3\/¢ =frsf

where f = (f(x1), ..., fxn)T and S is defined in Lemma 1.

Proof Since sy x has the form (1), its semi-norm is given by |s, X|3\[¢ = a’Ka
and since sy, x interpolates f, using Lemma 1 the coefficient vector e satisfies & =
S f. This shows that |s, X|f\/-¢ = fTSKSf.Itis then straightforward to show that
SK S = § using the special representation of S. O

From Lemma 2 it is clear that if s is any function on the finite dimensional space
Hy(£2) P P4 where Hy (£2) is the span of ¢ (- — x ;) with coefficients «; that satisfy

m>
PTa =0, then |s|j2\/¢ = sT Ss where s is vector of s(x;) values.

In order to obtain a quadratic target function with a positive definite matrix, we
replace the native space norms in the minimization problem (4) by

1130 =1k, +71- % v >0, (6)

where | - |x is the discrete L, semi-norm on the IE% -unisolvent set X. The above norm
is induced by inner product

N
(f, 9Ny x == ([, 8N, +V Z fegtx),  f g €Ng.

k=1
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Indeed, (6) defines a norm on Ny because || f || Ny.x = O implies that | f|a;, =0
and | f|x = 0, where the former gives f € IP’fn which together with the later shows
f = 0 because X is assumed to be a unisolvent set for ]P’ffl. Later on, we shall use
some special y values to obtain an scalable numerical algorithm. Now, we define the
new minimization problem

min {allply, x + 014l x : P a € Np. p=Da, clpl} +dlgli =1}, @

for positive constants a, b, ¢ and d.

Theorem 1 The solution of the minimization problem (7) is the least eigenvalue and
the optimal solution q is the corresponding eigenvector to the generalized eigenvalue
problem

Aq = \Bq ®)
where

A:=aDS+y)D+b(S+yl),
B :=cD*>+dlI

in which D = diag{f (x1), ..., f(xn)}, I is the identity matrix, and S is defined in
Lemma 1. The optimal vector p is given by p = Dq. The rational RBF interpolation
is obtained by oy x = p/q where p and q are the standard RBF interpolants of
vectors p and ¢q, respectively.

Proof The proof of this theorem is the same as that of [14, Theorem 3.1]. According
to Lemma 2 and norm definition (6), ||q||j2v¢ v =¢q"(S+yDq and | p||j2v¢ v =

g"D(S 4+ yI)Dq because p = Dgq. Besides, it is clear that c||p||% + d||q||% =
q" (cD? + dI)q. Thus, the minimization problem (7) is identical with

min iqTAq : qTBq = 1}.

In this formulation, S + y I is positive definite because S is positive semi-definite.
Since we do not care about the f values, D(S + yI)D is (in general) positive semi-
definite, but A = aD(S+y1)D +b(S+ y 1) is necessarily positive definite, keeping
in mind that a, b and y are positive numbers. Moreover, B is a diagonal matrix with
positive on-diagonal elements. It is obvious that the solution is the least eigenvector
(corresponding to the least eigenvalue) of problem (8). O

In [19], the method of diagonal increments (MDI) is used to regularize the matrix
K (obtained from the inverse multiquadric (IMQ) kernel) to remain numerically pos-
itive definite and to avoid the ill-conditioning. Then the matrix K + u/ is inverted
instead of K where ;& > 0 is a small smoothing parameter. This regularization is dif-
ferent from our approach where y I is finally added to S, the counterpart of K ~! for
positive definite kernels. Besides, y may not be a small number, at all. To stabilize
the algorithm for matrix inversions we will apply an efficient scaling technique. See
Section 3.
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In [14], some choices for constants a, b, ¢ and d are discussed. In this paper we use
a=c=1/||fll2 and b = d = 1. This choice normalizes the two terms in definitions
of both matrices A and B, and results in a homogeneous rational interpolation, i.e.,
ouf,x = a0y x for all real values o. See [14] for more details and other choices.

3 Polyharmonic kernels and scaling

Although all (conditionally) positive definite RBFs in the market [4, 9, 23] can be
used, in this paper we employ the polyharmonic kernel

B
— (—_1)\LB/2]+1 rPlogr, B even
05(r) = (=1) y {r logr, even o

for real number B > 0 and assume ¢ (x) = @g(||x]2) for x € R?. The polyharmonic
kernel ¢ is conditionally positive definite of orderm + 1 = [8/2] + 1.

We are encouraged by the scalability property of polyharmonic kernels to use them
in the rational interpolation algorithm. This property allows avoiding the instability of
RBF systems. The rational interpolation of the previous section could be subdivided
into two phases (i) forming and solving the eigenvalue problem (8) for nodal vector ¢,
and (ii) solving the standard RBF system (3) and using (2) to obtain the denominator
g and the numerator p from nodal vectors ¢ and p = Dgq, respectively. The scaling
can be applied in both phases. Indeed, for the standard polyharmonic interpolation
(the second phase) the scaling idea is not new and can be traced back to [11]. See also
[7, 12, 13, 16] for applications to numerical solution of PDEs. After reviewing the
scaling property for the standard interpolation, we will show that the scaling works
in the first phase of the rational interpolation as well.

It is proved in [11] that the polyharmonic Lagrange functions u; from (3) are
invariant under the scaling. Let’s describe this in more detail. Assume that X, is
a set of points in £2 with maximum pairwise distance 4. Assume further that the
polyharmonic interpolation (2) on X, at a fixed evaluation point x;, € 2 is sought.
The kernel matrix K (as well as the interpolation matrix in (3)) becomes algebraically
ill-conditioned as & decreases [23, chap. 12]. To fix this problem, we can divide
(scale) the trial points X and the evaluation point xj; both by /4 to get a new blown-
up set X of average pairwise distance 1 and a new evaluation point x. Let’s denote the
Lagrange functions on X, by uy, ;. We can prove that Lagrange functions u ; obtained
by solving (3) are identical with Lagrange functions of the original situation, i.e.,
uj(x) = ujp(xp). See [11] for details. It is clear that in the blown-up situation the
conditioning of (3) behaves as O(1). This scaling approach works much better if the
RBF interpolation is implemented in a localized form. In this case, if the monomials
{x"}|u1<m are used as a basis for P, then it is highly recommended to shift the
points by the center of the local domain and then scale by 4 to benefit from the local
behavior of the monomial basis functions around the origin. Note that, on behalf of
the radial part, we are allowed to shift because our approximation space is shift (and
rotation) invariant.
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However, it is not the whole story and we can show further that the optimal
solution g of the minimization problem (7), which is obtained from the general-
ized eigenvalue problem (8), is invariant under the scaling. In doing so, we recall
[23, Proposition 8.4].

Proposition 1 Every polynomial p of degree at most 2m + 1 is conditionally positive
definite of order m + 1. More precisely, for all N, all sets X = {x1,...,xy} C R?
and all a € RN with PTa = 0, the quadratic form " Ka is identically zero. Here
K =(p(xx —xj)) fork,j=1,...,N.

Theorem 2 Let h > 0 be an arbitrary real number. The optimal solution q of the
generalized eigenvalue problem (8) is invariant under h-scaling provided that the
polyharmonic kernel (9) is used, and y = h=P in (6).

Proof Let X be a fixed set of points in §2 and K be the kernel interpolation matrix
on X. Assume Kj and Py are kernel and polynomial matrices on the scaled set
hX={hxy, ..., hxy} for h > 0. Using this notation, K; = K and P; = P. If the
monomial basis {x*},4|<m 18 used for polynomial space Pﬁl then P, = P H with

H:diag{l, h,...,h,hz,...,hz,...,hm,...,h’”}GRQXQ,
—_——— —.—.——— [N —
4 ) times (41 times d4m=1y times
(D) (™) =)

keeping in mind that #{x* : |a| = k} = (“}*]") fork =0, 1,...,m. As H is a full
rank diagonal matrix, we simply have Zj, := ker(PhT ) = ker(PT) = Z.

For power kernel g4 (r) = r it is clear that K, = h? K. Thus
-1 —1
Si=2i(ZiKnzs) 2] =Pz (2"KZ) 2" =n"Ps

and
Apn=aD(S, +yDD +bSh+yD) =hP@DS +DHD+bS+1)=hPA,.

The diagonal matrix B in (8) is independent of A. These show that ¢, = ¢ and
An=hPr.

For thin plate spline ¢g(r) = rP logr, B € 2N, we have gg(hr) = hﬁq)ﬂ r) +
hPloghrf =: hﬁtpﬂ (r) + p where p is a polynomial of degree at most 8. According
to Proposition 1, since @g(]| - ||2) is conditionally positive definite of order /2 + 1
and columns of Z form a basis for ker(PT) = ker(PhT) we have ZT' KZ = 0 where
K is the kernel matrix of polynomial p € Pg (R%). By a direct computation, we again
have S, = h™PS, A, =hPA,q, =qand A;, = h P 0O

According to Theorem 2, for a set of interpolation points with fill distance /& on a
local domain D, first we shift the points by the center of D and then divide them by
h to get a new blown-up set around the origin. Then we only need to form

A=aDS+1)D+bS+1), B=cD*+dl,
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where S is constructed on the blown-up situation. The least eigenvector ¢ of the
eigenvalue problem Aqg = ABq and p = Dgq give the nodal values of the denom-
inator and the numerator, respectively. Finally, according to the discussions before
Theorem 2, the standard RBF interpolants p and ¢ can be similarly computed via the
Lagrange functions on the blown-up situation.

It is important to note that the scaling strategy prevents the instability in two lines
of the rational algorithm: (i) in computing the matrix S where Z7 K ~!Z needs to
be formed, and (ii) in computing the numerator p and the denominator ¢ where the
saddle point matrix (5) needs to be inverted. However, the scaling is computationally
more efficient for local interpolation problems where % is decreased while the number
of points in each local domain is fixed. To this aim, in the next section, we implement
the rational RBF interpolation in a partition of unity setting.

4 Partition of unity rational interpolation

The global RBF approximations, standard or rational, suffer from the problem of
producing full and ill-conditioned matrices. This makes them restricted for applica-
tion on large scale problems, specially in multivariate cases. A possible solution to
this problem is to implement them in a localized form, such as in combination with a
partition of unity (PU) method [8, 22]. Here we use the rational polyharmonic inter-
polation of the preceding section in a PU setting to obtain a localized rational RBF
method. We also introduce a new constant-generated PU weight that simplifies the
computations regarded to the PU approximation. In local patches we use the scaled
polyharmonic interpolation (Section 3) to stabilize the local systems.

Let {.Q(}év;l be an open and bounded covering of £2 C R? that means all £2;
are open and bounded and £2 C UQ’;I £20. This grantees that every point x € £2
is necessarily covered by at least one patch £2;,. A family of nonnegative functions
{wg}?/:‘1 is called a partition of unity with respect to the covering {£2;} if

(1) supp(we) € £2¢,

Ne¢
) Zw/é(x) =1, Vx € 2.
=1

We start with an overlapping covering {Q[}é\il of 2. If oy are local rational RBF
interpolations of function u on discrete sets Xy, C 24, then it is clear that

Ne
o= Z weoy (10)
=1
is a global interpolation of # on X = U?’;l X¢ C £2. A possible choice for wy is the

Shepard’s weights [20]

Yo (x)
PIRTCN

where /¢ are nonnegative, nonvanishing and compactly supported functions on £2,.

we(x) = I <€< N, (11

@ Springer



74 Page 10 of 21 Adv Comput Math (2021) 47:74

The PU approach allows to compute small rational RBF interpolants on patches
£2¢, and then join them by PU weights to form a global rational approximation on
the whole £2. This leads to a computationally more efficient algorithm which avoids
handling a single but very large system in favor of solving several small systems.

A simple covering for §2 can be constructed via a set of overlapped balls £2, =
B(wg, p¢) where wy € RY are patch centers and p, are patch radii. We use the
following setup for points, parameters and domain sizes for the rational RBF-PU
interpolation algorithm. We assume that X = {x, ..., xy} is a set of interpolation
points in §2 with fill distance

h =hyx o = max min ||x — xg|l2.
xeNR xpeX
The fill distance indicates how well the points in the set X fill out the domain £2.
Geometrically, & is the radius of the largest possible empty ball that can be placed
among the data locations X inside §2. A grid point set {wq, ..., wy.} With space
distance

heoy = Ceovh,  Ceov > 1 (12)

is used for patch centers. The constant Coy controls the number of patches compared
with the number of interpolation points. If points in X are distributed quasi-uniformly
then N. = N/ Cgov because in this case & ~ N~1/4. The radii p¢ control the amount
of covering’s overlap. Although light overlaps result in a faster algorithm, these radii
should be large enough to guarantee the inclusion 2 C UB(wy, p¢) and to allow
enough trial points in each patch for a well-defined and accurate local interpolation.

Thus, we let
P = Covlphcow Covlp > “/3/21 (13)

and we assume the overlap constant Cyp is large enough to ensure the above require-
ments. We may use larger Coyp for one-sided patches whose centers are close to the
boundary of £2. The settings (12) and (13) for the space distance between covering
centers and radius of patches allow to have a local and regular covering {§2,} with
respect to set X. Note that for a given set X C 2 a covering {2} is called local
with respect to X if there exists a global constant C such that diam(§2;) < Chy .
And the covering is called regular if there exists a global constant L such that every
x € §2 is covered by at most L patches. The performance of a PU method is highly
increased if the underlying covering is both local and regular [23, chap. 15].

To define a Shepard weight on B(wy, p¢), we assume that ¢ : R>g — Ryq is
a compactly supported function with a support on [0, 1], and we define Yp(x) =
o(llx|l2/pe¢) in (11). As an example, the C? Wendland’s function or) = (1 —
r)i(4r + 1) can be used that leads to a set of smooth PU weights w; € C%(£2). Such
smooth weight functions are frequently used in PU approximations; see for example
[6, 15, 18, 22]. Some discontinuous PU weights are also suggested in [16] that highly
simplify the RBF-PU algorithms for solving partial differential equations. Of course,
they can be implemented for pure interpolation as well. The simplest one which is
introduced in the following is applied for numerical results of this paper. Let

Imin(x) = argmin |[|x — well2
el (x)
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and Ipin, 1 (x) be the first component of Imin(x), as Imin(x) may contain more than
one index £. The PU weight function is then defined by

1, £= Imin,l(x)

. (14)
0, otherwise.

we(x) 1=
With this definition, we give the total weight 1 to the closest patch to x and null
weights to other patches. In fact, a local set X; = £2y N X is a common trial set for
all evaluation points x with ||x —a¢|l2 < [|x —wjll2 for j =1,..., Noand j # £.
Following the analysis of PU methods for standard interpolation [23], if in each
region §£2, N §2, f is approximated by a rational function o, such that

If — oellLoo(2en2) < s

then the global rational interpolation o satisfies

f@) —o@)] < Y we)|f(x) = or(x)]

tel(x)

< Z we(X)Hf—W”LOC(QmQ)
el (x)

< Z we(x)eg
el (x)

S zlé]la(i) et
which means that the rational partition of unity interpolation is at least as good as its
worst local interpolation. We note that the only property that is used is the partition of
unity property. Thus, the above bound holds also true for discontinuous PU weights.
Unfortunately, a theoretical estimation for local errors &; is not straightforward and
is left for a future study. Instead, we report experimental orders in our numerical tests
in Section 5.

4.1 Computational cost

The computational complexity of the method includes the costs of solving local
eigenvalue problems and local standard RBF interpolations in all patches. To esti-
mate the number of points in each patch, we use a packing argument similar to that
given in [23, chap. 4]. First, we define the separation distance

1 .
= —minij|x; — X
qx 2j;tkllj ll2

of trial set X. The separation distance measures how well the points are disjoint from
each others. In fact, gy is the radius of the largest ball that can be placed around
every point in X such that no two balls overlap. A set X is said to be quasi-uniform
with respect to a constant cqy if

gx < hx .o < cqugx. (15)

The first inequality is obvious from definitions. Quasi-uniformity is not a property
of a single set X but a sequence of such sets that gradually fill out the domain 2.
Then, (15) should be satisfied by all sets in this sequence with the same constant cgy.
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We assume that the sequence of our node refinements satisfies the quasi-uniformity
property. Let ny = #X,, the number of points in 2y = B(wy, p¢). We simply have

ne x vol(B(0, gx)) < vol(B(wj, p¢ + gx))
which gives
nequSi( < calpe + fIx)d = ¢4(CovipCeovhx, 2 + fIx)d

where ¢4 is the volume of the unit ball in RY. The inequality hx o < cqugx then
gives
ne < (CovipCeovlqu + 1)d =:nr,

where n is a constant independent of the fill and separation distances (and thus inde-
pendent of N), showing that the number of points in each patch remains unchanged,
approximately, when the discretization is refined. Assume that the set of indices J,
of interpolation points in £2; is known in advance. The computational cost for form-
ing and solving the eigenvalue problem (8) for the least eigenvalue is at most of order
n% and for solving the standard RBF interpolation is of order (1, + Q)>. Since ng is
bounded by constant ny, the total cost for all patches is dominated by NCO(ni +0%),
where N, is the number of patches. Since N, ~ N/C¢ , the computational cost is
of order N where N is the number of interpolation points. This complexity analysis
ignores the costs of collecting the indices of points in §£2, among all N interpolation
points in X. But this can be done in a preprocessing step using a boxing strategy to
avoid collecting J; for each patch center separately. By dividing the domain §2 into
boxes of side length O(N~!/¢) and collecting for each box the points that it contains
the overall complexity would be O(N + N.). As a more relevant strategy we can
use a kd-tree algorithm that takes O(N log N) time for building the tree on X and
O(N'~1/4) time for range searchings. More details can be found in [23, chap. 14].
The complexity of evaluating the interpolant at a set X, is dominated by the cost of
building another data structure on X, to collect the indices of evaluation points in
each patch £2;.

5 Numerical results

In this section some 1D, 2D and 3D experiments are given. In all cases we assume
that h = O(N~'/?) is approximately the fill distance of interpolation points in X.
For a given function f and a set X, if f is not defined on a point x; € X, we simply
take this point out and work with X \ {x;} instead of X. We further assume that the
set of patch centers has vertical (horizontal) mesh distance /¢,y = 44 for 1D and 2D,
and hcoy = 3h for 3D examples. We also use Coyip = 1 to have p; = 4h (in 1D
and 2D) and p; = 3h (in 3D) for patch radii, but we increase the radius of patches
on or near the boundary of £2 by a factor of 1.5 (in 1D and 2D) and 1.3 (in 3D) to
have enough interpolation points in those one-sided patches. These local sizes allow
much more than Q interpolation points in local domains (= 9 in 1D, 45 in 2D, and
120 in 3D) to guarantee both unisolvency and high accuracy of local approximants.
In all experiments we use the constant-generated PU weight function (14). Regular
(grid) and Halton points are used in all numerical simulations. These settings are used
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for both standard and rational interpolations. In all examples, the relative errors are
measured in the discrete L, norm on a fine set of regular evaluation points which does
not contain the singularities of the underlying function. In the legend of some figures
by “Rational-Regular” we mean the rational RBF interpolation method on regular
interpolation points, by “Rational-Halton” we mean the rational RBF interpolation
on Halton points, and the same for “Standard-Regular” and “Standard-Halton.” All
convergence plots are on a log-log scale. Numerical convergence orders are obtained
by the linear least squares fitting to error values and are written alongside the figure
legends.

The algorithm is implemented in MATLAB and executed on a machine with an
Intel Core i7 processor, 2.4.00 GHz, and 8 GB RAM. We also provide the MATLAB
code, freely available at

https://github.com/ddmirzaei/Rational RBF

to facilitate the reproduction of the examples presented.

As a smooth 1D example we consider

1

F ) = s 1 1)’

X € [_]7 1]7

and as a function with singularities we consider

1
f(x) o)’ x € [0, 20],
where Jy is the order zero Bessel function of the first kind. The plots of these func-
tions are shown in Fig. 1. The second function has six singularity points in [0, 20]. In
Fig. 2 a comparison between the relative errors of the standard and the rational RBF
interpolations via ¢(r) = r3 with linear polynomials is shown for both functions.
For the smooth function, the theoretical order m + 1 = 2 is realized for the standard
method and better numerical orders are obtained for the rational method. However,
in this case the rational interpolation does not remarkably outperform the standard
one, while for the function with singularities the rational interpolation is substantially
more accurate, as expected. The rational algorithm works well with both regular and
scattered interpolation points.
As another 1D example, we consider the function

_ x
~ cos3(m2/3x)’

f(x) xe[_lvl]’

which has two singularities of order 3 in [—1, 1]. We again use the radial function r3

but we augment polynomials of higher degrees to examine the role of polynomials
to capture higher order poles. The results on regular and Halton points are shown
in Fig. 3. Although the convergence is observed for m = 1, 2 (at larger values of
N), an absolutely faster convergence is achieved when polynomials of degree 3 are
appended.

Up to here, we did our experiments on some 1D functions that could also be treated
by recent robust rational algorithms such as AAA [17], efficiently. However, it is
known that the RBF approximations are more efficient for handling multidimensional
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f(z) = (2+ cos(20z + 1)) 7!

T

1.2 T

0.2 L L L

30 T

210 F ]

220 F ]

-30 . .
0 5 10 15 20

Fig. 1 Plots of 1D functions: a smooth function on interval [—1, 1] (top) and a function with six
singularities on [0, 20] (bottom)

102 f(z) = (2 + cos(20z 4 1)) 7! f(z) =1/Jy(x)
order = 2.1/ —#— Standard-Regular
order = 2.6 —<— Rational-Regular 10° 1
100 [ q order = 2.2| — -EI— - Standard-Halton
“order = 2.7| — €|— - Rational-Halton
1024 ]
1072¢ ]
= = 1071} ]
= 10} ] =
~ ~
= ; = 1070 ]
o 1070 ] S
| |
= =
T 1081 ] = 1078} ]
10 10-10 —m— Standard-Regular |order = -0.5
10 E 1 F| —— Rational-Regular |order = 3.0 3
— -E1— - Standard-Halton |order = -0.6
— <]— - Rational-Halton |order = 2.8
1012 L L L L 1012 . . . N .
10! 102 10° 10* 10° 10 102 10% 10 10°
N N

Fig.2 Error plots for a smooth 1D function (left) and for a singular 1D function (right). Both standard and
rational methods with regular and Halton interpolation points are implemented. The polyharmonic spline
r3 with polynomials of degree 1 is used
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f(x) = z/ cos®(n?/3x)

10° 10°
1072
10724
2 107y ®
= = w0
~ BN
X 1076 | =
? R
= 108 =
Regular points Halton points
1078 ¢
10710} —<4—m=1] order = 1.2 —<4—m=1| order = 1.4
—@— m =2| order = 2.0 —@— m =2| order = 2.1
—&—m=3| order = 3.6 —®—m=3| order = 2.9
1012 s s s s 1010 s n n n
10! 10? 10° 10* 10° 10! 10? 10° 10* 10°
N N

Fig.3 Error plots for rational interpolation on regular and Halton points for a 1D function with high-order
poles. The polyharmonic spline r> with polynomials of degrees m = 1,2, 3 is used

problems where some available algorithms are not applicable. Here, some 2D and 3D
examples are given. As a smooth bivariate function with a steep gradient, we assume

f(x,y) = tan~! (125(\/(x — 1524 (y —025)2 — 0.92)) . (x,y) €10, 112,

(16)
which has a steep wave front located asymmetrically in the unit square [19]. See the
left panel of Fig. 4. We use 2D regular and Halton points as interpolation centers
and polyharmonic kernel 7* log r with polynomials of degree m = 2 as approxima-
tion space. The errors of standard and rational RBF interpolations are compared and
the results are plotted in Fig. 4. As we observe, both standard and rational methods
provide good approximations for this smooth function where the theoretical order
m + 1 = 3 for the standard interpolation is (approximately) achieved for the rational
interpolation as well. Since the function has a steep gradient, the obtained accuracy
was predictable for the rational method but not necessarily for the standard one.
The reason lies behind the localization through partition of unity which enriches the
standard method for functions with steep gradients.

As another 2D example, we consider the Runge-like function

fx,y) = (x,y) € [-1, 117, (17)

1+b(x2+y?)’
for a constant b > 25. This function has a rational form with constant and degree two
polynomials in its numerator and denominator, respectively. Thus, it should be recov-
ered exactly if the rational RBF method be implemented with appended polynomials
of degree at least 2. However, to see whether the Runge’s phenomenon influences
the rational RBF method, we plot on the left-hand side of Fig. 5 the errors when
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10° T T T T

Rational Interpolation 1014
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Fig.4 The rational interpolation of the 2D function (16) on N = 1681 Halton points (left), and error plots
for standard and rational RBF interpolations on different numbers of regular and Halton points (right). The
polyharmonic spline 7* log » with polynomials of degree m = 2 is used

@(r) = r3 and linear polynomials are employed. Halton points are used as interpola-
tion points and results are obtained for different values b = 25, 64 and 100. The same
results for the standard interpolation are given on the right-hand side of Fig. 5. As

f(a,) = 1/(1+ bla? +97)) fla.) = 1/(L+ bl +97)

107! v v 107! v T
order = 2.6/ —m—b =25 e order = 2.2|— m—-b=25
order = 2.9| —¢—0b =064 N order = 2.5 |— q—-b=064

10-2 order = 3.0 —@—0b =100 102 < % order = 2.7 |— @—-b=100

L ] L NN J
L N
N \
= = n \
= 08l 1 =2l D NN |
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~ = N
- < BNUREAN
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= = RN
N, e
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Fig. 5 Error plots for rational (left) and standard (right) RBF interpolations on Halton points for 2D
function (17) with different values of parameter b. The polyharmonic spline 73 with polynomials of degree
m = 11is used
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Fig.6 Error plots of standard 102
and rational RBF interpolations
on regular and Halton points for
2D function (18). The

. 1 100} 4
polyharmonic spline r* log r
with polynomials of degree
m = 2 is used 3
1072 .
=
~
X
=10 4
S
|
=
1076 1

—@— Standard-Regular | —0.6
—&— Rational-Regular | 5.1
1078 [/ — -m— - Standard-Halton —0.7 k!
— <]— - Rational-Halton 5.4

20 50 100 200 400

VN

similar to the previous example, both rational and standard methods produce accu-
rate approximations for this smooth function. The use of low-order polynomials and
localization via PU method avoid the Runge’s phenomenon in both interpolants of
this function.

For the last 2D example, we interpolate the function [§]

_tan(O(y —x)+1)

y) = , (,y) elo, 177, 18
fx,y) @0+ 1 (x,y) €[0,1] (18)
which has lots of singularities across six lines y = x 4+ ((k — 9/2)r — 1)/9, k =
1,...,6.In Fig. 6, error plots of the standard and rational interpolations on regular

and Halton points are illustrated. The rational interpolation approximates the function
from its nodal values, excellently, while the standard one fails to give accurate results,
as expected. This example again shows the superiority of the rational RBF method
for singular functions. The surface plot of the rational interpolation on N = 3314
Halton points is depicted in Fig. 7.

Three dimensional examples were not covered in previous studies on rational RBF
interpolation. In our last experiment, we consider the 3D singular function

f(xsy»Z)I

X
sin(exp(0.5yz + 1))’

where £2 is a bumpy sphere defined in spherical coordinates via

2 :={(r,0,p):r <R@O,¢p), 0 €[0,27), p €0, x]}, (20)

(x,y,2) € 82, (19)

where R = [1 + sin®(2 sin @cosb) sin®(2 sin @ sin6) sin?(2 cos go)] 12 We construct
Halton and grid points on a smallest possible circumscribed cube and use their
restrictions to £2 as interpolation points. Covering centers and evaluation points are
produced, similarly. The shape of §2 and a set of Halton points are shown in Fig. 8. In
Fig. 9 the relative errors on regular and Halton points for both rational and standard
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NN
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Fig.7 The rational interpolation of the 2D function (18) on N = 3314 Halton points

interpolations are plotted. As we observe, the standard method fails to interpolate this
singular function accurately while the rational method gives much more satisfactory
results.

To observe the effect of scaling on stability of RBF systems we plot in Fig. 10
the minimum eigenvalue of the positive definite matrix Z7 K Z in terms of 1// on
a patch with radius p = 4h in 2D domain [0, 1]? and a patch with radius p = 3h
in 3D domain (20). As we pointed out, this matrix should be inverted to form the
matrix S of generalized eigenvalue problem (8). In our situation, as & decreases the
patch becomes localized more and more but the number of points remains approx-
imately unchanged. However, [23, chap. 12] shows that the conditioning does not
depend on the number of points but on their fill distance. The results are reported
for the polyharmonic spline 7* log r appended by polynomials of degree 2 with and

(e,
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=

Fig.8 A bumpy sphere (left), and a set of Halton points as interpolation centers (right)
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Fig.9 Error plots for standard
and rational RBF interpolations
at different numbers of regular
and Halton points for 3D
function (19). The polyharmonic
spline 3 with polynomials of
degree m = 2 is used

f(z,y,2) = z/sin(exp(0.5yz + 1))
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without scaling. For comparison, the results of the multiquadric function /1 + (er)2
with shape parameter ¢ = 10 are also included. This function is conditionally posi-
tive definite of order 1. Approximation with multiquadric kernel is not scalable. As
we observe, the minimum eigenvalues remain approximately unchanged for the poly-
harmonic kernel when scaling is applied and approach zero otherwise. The worse
behavior is observed for the multiquadric function even with this rather large shape

2D case
1072 T T
0 ""'\._./\/kk./-—-
—m— PHS with scaling
10-6 [ —¢— PHS without scaling
—@— Multiquadric RBF
N 18
1 E
> 0
~
N
£10710¢
&
10—12 [
10—14 [
10716 : .
10! 10? 10°
1/h

100 3D case
1070 + :
N
g
~
N
E
10—10 L 4
—@— PHS with scaling
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—@— Multiquadric RBF
10" . .
10! 107
1/h

Fig. 10 The behavior of the minimum eigenvalue of matrix Z” K Z on a local patch with radius 44 in
2D (left) and a local patch with radius 3/ in 3D (right). The polyharmonic spline (PHS) * log r with and
without scaling, and the multiquadric function /1 + 1002 are used to construct the kernel matrix K
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Computational Times, 1D case
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Fig. 11 Computational times v.s. N, the number of interpolation points in 1D, 2D and 3D problems. In all
cases, a complexity near O(N) is observed

parameter. While not presented here, the conditioning of the saddle point matrix (5)
obeys a same line in all cases.

Instabilities are also observed for other well-known kernels such as Gaussians and
inverse multiquadrics which are not presented here. This is the main reason for us to
focus on polyharmonic kernels in this paper. In [8] the idea of variably scaled kernels
(VSK) [3] is used to avoid such instabilities for positive definite functions. More
details about the conditioning of RBF matrices can be found in [23, chap. 12].

Finally, in Fig. 11 the plots of computational times with respect to N, the num-
ber of interpolation points, are shown for 1D, 2D, and 3D examples. In all cases, a
complexity rate near O(N) is observed.

6 Conclusion

The rational RBF interpolation method was modified for conditionally positive defi-
nite kernels. A stable algorithm based on a scalable rational polyharmonic interpola-
tion and the partition of unity method was developed. Some numerical experiments
in one, two and three dimensions were given. Numerical results confirmed the
robustness and accuracy of the new method. We leave studies on approximation of
derivatives and other possible rational RBF techniques for a future work.
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