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Abstract

The requirements on the universal interpolation method applicable for the space of any dimension and
geometry are formulated; the most important interpolation methods are shown to violate at least some
of these conditions. The proposed universal interpolation method is developed and shown to conform the
posed requirements. Its main advantage, besides its universality, is that it is numerically safe and efficient.
The simplest possible form of the interpolation formula is presented, but the method allows to construct
generalized formulae adapted to the particular additional requirements.
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1 Introduction

In several scientific disciplines we are often facing the problem that some quantity, whose values
depend on the position in some space, is known (measured) only at a discrete set of points of this
space, but we would like to know the (most probable) value of this quantity at any point within
some domain of this space. There are several methods for solving this problem and then we speak
about the interpolation, approximation and extrapolation.

For the spaces of dimension 1 the known interpolation methods are quite satisfiable, but for
spaces of dimension 2 or higher there arise several difficulties and unpleasant features and there
seems to be no widely accepted interpolation method.

Therefore it would be very desirable to have some universal method for both interpolation
and extrapolation that would be sufficiently flexible to master a wide range of possible particular
requirements on the interpolated values.

2 Requirements on the universal interpolation method

Let us describe the basic requirements on such a method of interpolation (and/or approximation)
and extrapolation of the given data that could be used in wide range of situations and spaces.

For convenience we first define for any natural number k the set I(k) as the set of all natural
numbers ¢ such that 1 <i < k, and, for any natural number ¢ the set I(k|é) as the set of all natural
numbers j such that 1 < j <k, j #1.

Let us have some metric space S of dimension n with positively definite metrics; in this space,
the distance d(X,Y") of points X and Y can be defined naturally as the minimum of the lengths of
geodesic lines connecting these points.

In the space S, let there be some points X; (i € I(IN)) at which we know the values f; of some
quantity which we aim to express by a function f(X) defined at every point of the space S. We
shall denote the points X; as the measurement points and the values f; as the measured values;



the positions of measurement points and the measured values will be called together the measured
data. The function f(X) will be called the interpolating function; we shall denote the point X as
the calculation point and the value of the interpolating function at this point as the interpolated
value. In some cases it is suitable to define the measurement domain as the smallest convex domain
containing all measurement points (it need not to exist for an arbitrary position of measurement
points).

The interpolating function f(X) should satisfy the following conditions:
C1: The interpolating function should represent the measured data as exactly as possible.

This can be formulated precisely as follows: the nonnegative quantity F defined as

should satisfy the inequality
E < Ey, (2)

where Ey (Ep > 0) is some given number (it will be called the approximation limit). This require-
ment includes the case Ey = 0 when we get the conditions

i€ I(N):  f(Xi)=fi (3)

Usually it is spoken about interpolation only in the case of the condition (3). As we prefer the
condition (2), we adopt the following terminology: if Ey > 0, we shall speak about the approximate
interpolation, and, if Ey = 0, about the exact interpolation. The term approximation will be used
only in the case that we represent the measured data by a function from some class and the actual
function from this class is obtained by requiring that the quantity £ should be as small as possible
(without defining any range for the value of E).

Note that our formulation of the condition does not mean that we aim to perform some smooth-
ing of measured values (although the method should also be able to do that) nor that the measured
values are considered in a statistical sense (what could be expected in the case we would have sev-
eral values of the measured quantity at each measurement point). Our formulation simply means
that (as we shall see later) the strict requirement (3) could contradict the other conditions on the
interpolating function which we shall regard as more important. Our primary goal is not to find an
analytic expression of a function f(X) satisfying conditions (3) exactly, but to develop a method
suitable for the case that the values f; are obtained by measurement and thus that they can be
expressed as integer multiples of some basic unit. In this case it should be allowed that the values
f(X;) differ from the measured values f; by an amount smaller than this basic unit.

C2: The interpolating function should be as smooth as possible.

This requirement is perhaps the most fundamental for the interpolation (and approximation):
the reason is that the smoother is a function, the less information is needed for its definition. As
the only available information for the function f(X) is represented by the measured data (thus the
position of the points X; and the values f;), the course of this function has to be determined by
the requirement that it should be maximally smooth.

This condition can be formulated more exactly as the requirement that the function f(X) should
belong to the class C; (thus it should have in the whole space S continuous partial derivatives of
order I) for some I > 0 and the value of I should be as large as possible. If we define the domain Sy
as the space S with exception of all points X;, i € I(N), we further require that the function f(X)
should belong in this domain to the class Co (thus it should have in the domain Sy continuous
partial derivatives of any order).

Note that this condition does not mean that some partial derivatives of the interpolating func-
tion would be actually calculated; it only assures that the approximation procedure is maximally
simple what would not be the case if the interpolating function would have a singularity at any



points other than the measurement points.

C3: The interpolating function should behave uniformly in the whole space.

This means that the behaviour of the function f(X) in the neighbourhood of any of the points
X; should not be different from its behaviour in the neighbourhood of any other point of the space
S. This represents the strenghtening of the condition C2 in the sense that the function f(X)
should belong in the whole space S to the class Co,. Moreover, this function should have no other
special anomalous properties as, for example, that all partial derivatives of the first order have to be
equal to zero at every measurement point (there will be later given examples of such interpolating
functions).

C4: The interpolating function should have a reasonable behaviour far from the measurement
points.

This condition enables to use the formula for the interpolating function also for extrapolation of
the measured data. Exact formulation of this condition depends on our requirements; for example,
we can require that the function f(X) should be bounded everywhere in S. If the space S contains
infinitely distant points (thus for any value of distance there are two points whose distance is
greater than this value), then we can require that the interpolating function should have the desired
asymptotic behaviour at infinity.

C5: The interpolating function should have a reasonable behaviour by any change of (mutual)
position of the measurement points.

This means that the function f(X) (which is also a function of all X;) should be at least
continuous with respect to the position of all points X;. Particularly, the formula for this function
should give some value also in the case that any two (or more of the) measurement points coincide.

Once again, this does not mean that the measurement points move in some way, but that the
interpolation formula should have no anomalous behaviour if any two measurement points are much
closer to each other than the other ones. Then the interpolation formula can be used also for highly
irregular nets of measurement points.

C6: The interpolating function should behave uniformly with respect to the number of measure-
ment points.

This condition assures that the calculation of the interpolated value does not change substan-
tially if some new measurement points are added.

C7: The values of the interpolating function should be independent on the chosen coordinate
System.

This is a clear requirement: the interpolated value should depend only on the position of the
calculation point and the measurement points, and, in the case of nonhomogeneous geometry of
the space S, also on the local geometry.

C8: The interpolating function should behave uniformly with respect to the global geometry of
the space.

This can be formulated more exactly as that the interpolation method should use for the
calculation of the interpolated value only such quantities that can be defined for any geometry of
the underlying space. If this condition is satisfied, the interpolation method can be easily adapted
from one space to another one.

C9: The interpolating function should behave uniformly with respect to the number of dimensions
of the space.

This is a strenghtening of the previous condition in the sense that the interpolation method
should not be substantially different for any dimension of the underlying space.

C10: The interpolating function should be as simple as possible.

This requirement means that the analytical formula for the interpolating function should be
maximally simple, what reduces the ambiguity of choice of this formula and also enables to perform



the numerical calculation efficiently.

C11: The interpolating function should be numerically well defined in the whole space.

This is a substantial requirement and it means that for any position of the calculation point and
any positions of the measurement points, the value of the interpolating function can be numerically
calculated without any chance of breaking of the numerical calculation (for example, if we obtain a
matrix whose determinant is zero although its exact value is nonzero). In particular, the numerical
calculation should be possible without problems for the case that the calculation point is identical
with some measurement point or that two (or more) measurement points coincide.

C12: The interpolating function should be as simple numerically as possible.

This is a strenghtening of the condition C10 and it means that the number of numerical oper-
ations needed for the calculation of the interpolated value should not increase with the number of
dimensions of the space and with the number of calculation points in a way that would make the
numerical calculation impossible.

The most important in this sense is the dependence on the number of the calculation points V.
Therefore, we divide the functions containing the variables X; according to their complexity with
respect to the parameter N into three classes:

Fi: functions containing N only in the summation of N terms such that the i-th term (i € I(N))
contains the variable X;.

Fy: functions containing N in the multiplication of N or N — 1 terms such that the i-th term
(i € I(N) or i € I(N|j) for some j) contains the variable X;.

F3: functions containing inverse matrix of some (N x N)-matrix such that the (i,7)-th matrix
element (i € I(N), j € I(N)) contains variables X; or X; or both.

Then we can require that the interpolating function is constructed in such a way that it contains
only functions of the first class (if it is possible). In this case the number of operations needed for
the calculation of the interpolated value would increase as a linear function of N.

Now we formulate the main principle for the determination of our interpolation method:

CO0: The interpolated value should depend on the measured values at all measurement points. The
dependence of the interpolated value on the measured value at some measurement point should
decrease with increasing distance between the calculation point and this measurement point.

Of course, we have not defined exactly what is the dependence of the interpolated value on the
measured value, but the sense of this principle is clear: the interpolated value should depend first
of all on the measured values at the nearby measurement points. The actual dependence on the
distance may be formulated differently according to our particular requirements and the nature
of the interpolated quantity; in this way the interpolation method should allow a wide range of
possibilities.

3 Formulation of the universal interpolation method

Before we start to develop our universal interpolation method, we first consider the main existing
interpolation methods with respect to their properties compared with our above requirements.
We can divide the interpolation methods into three broad categories:

M1: The methods that define the interpolating function by a single formula for the whole space
(or at least for the whole measurement domain).

These methods mostly construct the interpolating function from some number of simple(r) func-
tions of one or two variables (these variables are the position of points of the space S). According to
the way the interpolating function is constructed from these functions, this category can be further
divided into several subcategories:

M1a: The interpolating function is a polynomial of functions representing the coordinates.



There are chosen certain functions z,(X) (p € I(n)) such that any sufficiently smooth function
of X can be written as a series of monomials of these functions (in the case of euclidean space these
functions can be the euclidean coordinates of the point X'). The interpolating function is written
as a polynomial of these functions of some order; the coefficients of the polynomial are determined
according to the conditions (3).

The simplest example of such an interpolation method is the well known Lagrange interpolation
formula in the case of the one-dimensional space. Although this formula is the base for formulation
of several other interpolation methods, there arise problems by applying this method for spaces
of dimension n > 1. It can be easily shown that in an n-dimansional euclidean space, there are
(n +m — 1)!/(n — 1)!m! different monomials of coordinates of order m, and therefore, there are
(n + m)!/n!m! different monomials of coordinates of order at most m. For n = 1 we have m + 1
different monomials of order at most m, and therefore, for any number N, if there are N different
measurement points, we can construct for them an interpolating polynomial of order m putting
m = N — 1. On the contrary, for any dimension n > 1, the interpolating polynomial for N different
measurement points can exist only if there is such m that N = (n+m)!/n!m!. Even this condition
is not sufficient for an arbitrary position of the measurement points: if there exists a polynomial
of the order at most m acquiring the zero value at each measurement point, the interpolating
polynomial of the order m either does not exist or cannot be chosen uniquely.

In principle it is possible to express the measured data by a polynomial of the smallest order
m such that N < (n + m)!/n!m!, but then the redundant coefficients have to be determined by
some additional conditions. Further, the Lagrange formula can be generalized for the case n > 1
for certain quasi-regular nets of measurement points (for example, if the n-dimensional net is a
cartesian product of n one-dimensional nets); however, this is a very special case.

We see that any interpolation method of this subcategory violates several conditions from the
previous section (at least the conditions C5, C6, C11, C12); on the other hand, the conditions C2
and C3 are satified well. Such a method is suitable for extrapolation (condition C4) only for small
distances from the measurement domain; at infinity it cannot give bounded results.

M1b: The interpolating function is a linear combination of measured values such that the coefficient
of each measured value contains a product of components (which are functions of two position
variables) assuring that this coefficient is zero at all other measurement points.

More exactly, we write the interpolating function in the form

f(X) :Ziem\,) fiwi(X), (4)
where the coefficients w;(X) (weighting functions) satisfy the following conditions:
i€ I(N), jeI(Ni): wi(X;)=0, (5)

In analogy with the Lagrange interpolation formula, we choose some function ¢o(X,Y’) such that
qo(X, X) =0 and go(X,Y) is nonzero for X in some neighbourhood of Y, and, for each i we write
the function w;(X) in the form containing the factor z;(X) defined as

ie (V) w(X) =], vy (X5 X5). (7)

In this way we satisfy the conditions (5); in order to satisfy also the conditions (6), we have several
possibilities of choice of exact form of functions w;(X). We mention here the two most important:

M1ba: The weighting functions have the form
zi(X)
ZZ(XZ)

i€ I(N): wi(X)= (8)



This is an exact analogy of the Lagrange interpolation formula: in the case of one-dimensional
euclidean space we obtain this formula by choosing ¢o(X,Y) = z—y, where z, y are the coordinates
of points X, Y. However, for n > 1 the function ¢o(X,Y") cannot be a polynomial of coordinates of
the first order; the simplest possibility is go(X,Y) = d(X,Y)? (recall that d(X,Y) is the distance
of points X, Y). If we want to avoid the excessive growing of the interpolated value far from the
measurement domain, we can choose this function like go(X,Y) = d(X,Y)?/(d3+d(X,Y)?), where
dp is some suitable constant.

The interpolating function defined by formulae (4), (7) and (8) satisfies well the conditions C2
and C3, but it violates the conditions C5, C11 and C12 (the weights are functions of the class Fa)
and it can hardly satisfy the condition C4 (even if the function ¢o(X,Y) is chosen to be bounded).
Further, it can be shown that the weighting functions (8) (on the contrary to the case of the
one-dimensional polynomial Lagrange interpolation formula) do not satisfy the condition

D ierny WX = 1. ()

Therefore, in the case that all measured values are equal, the interpolating function is not a constant,
what can be considered as an anomaly.

M1bb: The weighting functions have the form
zi(X)
2(X)

i€ I(N): wi(X)=

where
2(X) = ZieI(N) zi(X). (11)

These functions satisfy the condition (9) and the interpolating function defined by formulae (4),
(7), (10) and (11) can be written in a very simple form

Yicrn) fia (X, X;)

) = 2iel(N) @ (X, X;) 12)
where
1
Q1(X, Y) = m- (13)

Here again the simplest choice is go(X,Y) = d(X,Y)?; if we choose this fuction as go(X,Y) =
d(X,Y)?* (where « is some positive constant), the interpolating function will have a singularity
at each measurement point if « is not a positive integer. However, even if « is a positive integer,
the interpolating function will violate the condition C3, as its first order partial derivatives with
respect to the coordinates of X will be equal to zero at each measurement point. On the other
hand, such an interpolating function is very simple (it contains only functions of the class F; and
thus it satisfies the condition C12) and it satisfies well the conditions C2, C5, C6, C8, C9 and
C10. Further, as the condition (9) is satisfied, the interpolated values are bounded everywhere
(condition C4 is satisfied), and, for equal measured values the interpolating function is constant.
However, there is another drawback that the interpolating function can acquire its maximum and
minimum only at some measurement point; this is a very unnatural phenomenon. Therefore the
interpolating functions of this kind are not suitable for the purpose they were constructed, contrary
to the meaning of the author in his earlier work [2].

Milc: The interpolating function is constructed as a sum of elementary contributions of all mea-
surement points with weights that are determined using the conditions (3); each contribution is
some chosen function of two variables: the positions of the calculation point and of the measurement
point.



More exactly, there is chosen some function ¢o(X,Y") (which is usually nonzero if X is in some
neighbourhood of V'), and the interpolating function is written in the form

f(X) :p(X)‘i‘ZiE[(N) w; g2(X, X;), (14)

where p(X) is some simple function (usually a constant or a linear combination of monomials of the
coordinates of the point X of some low order); this term is necessary as in the most cases the sum
on the rhs of (14) is not able to reproduce such simple function. The coefficients w; are determined
by the equations obtained by inserting the expression (14) in the conditions (3):

ieI(N): +Z Wi (X0 X5) = fii (15)

the unknown coefficients appearing in the function p(X) are determined from certain additional
conditions. This method requires that the function g2(X,Y") has the property that for any positions
of mutually different measurement points, the matrix of the resulting system of equations has
nonzero determinant.

This category contains several interpolation methods (see, for example, [1]). Perhaps the most
important and most widely used method is the interpolation using the thin-plate splines; in this
case the function f(X) is defined as a minimum of certain functional subject to the conditions (3),
what leads to the equation

A?‘Flf(X) = ZiEI(N) W; (5(X,XZ),

where Ax is the n-dimensional Laplacian in the space S (acting on the variable X), §(X,Y) is
the é-function in the same space, and m (m > 0) is the order of the spline (the usual thin-plate
spline has the order m = 1). The function ¢2(X,Y") is then chosen as some simple solution of the
equation

AT (X,Y) =6(X,Y)
and the function f(X) can be written in the form

f( +Z€I wquXX)

where h(X) is an arbitrary (m+1)-harmonic function (everywhere in the space S). For n > 1 there
is an infinite-dimensional base of (m+1)-harmonic functions (in the case of euclidean space this
base functions can be chosen as polynomials of coordinates) and thus the function h(X) contains
infinitely many free parameters. It would be natural to determine these additional parameters by
fitting the general trend of data, but the usual practice is to keep only a polynomial of coordinates
of some low order and to determine the unknown coefficients by imposing certain conditions on the
asymptotic behaviour of the sum on the rhs.

Contrary to the widespread opinion (expressed also in [1]), the usual (m = 1) thin-plate spline
(in the 2-dimensional case) cannot be considered as the correct continuous minimum curvature
surface; the reason is that the smoothness of the function f(X) is not assured by the form of
the minimalization functional alone, but it depends also on the form of the additional constraints.
For example, if these constraints would be some boundary conditions on the boundary of the
measurement domain, the function f(X) would be maximally smooth within this domain. However,
in the case of thin-plate splines the J-function terms cause that the function f(X) is (m+1)-harmonic
(and thus belonging to the class Cy) only in the domain Sy; at every point X; (or at almost every
such point, if it happens that some of the coefficients w; are zero), this function has a singularity.

It is instructive to compare the behaviour of usual thin-plate splines in spaces of different
dimension: the function f(X) is continuous only for n < 3; if n > 4 the function ¢2(X,Y) is
infinite for X = Y and therefore the conditions (15) can be satisfied only if all coefficients w; are



zero (thus in this case the function f(X) is reduced to the function h(X) and the spline approach
breaks down). Further, the function Ax f(X) is continuous only for n = 1: if n = 2 and n = 3,
this function is infinite at (almost) each point X;. Moreover, if n = 3, even the first order partial
derivatives of the function f(X) do not exist at (almost) each point X;. This behaviour is in
striking contrast to the requirement C3.

It has to be stressed that it is absolutely necessary that any function which is intended to
be used for interpolation should possess everywhere at least all second order partial derivatives.
This has the following ground: speaking freely, we can consider the interpolation as some kind of
extending the unknown function from the points X; (at which it is known) to all other points. This
extending can be hardly correct, if the partial derivatives of the function we want to construct have
incorrect values at the points X;. In this respect it is first of all necessary that the interpolating
function has acceptable values of all first and second order partial derivatives, as then it is possible
to approximate this function in the neighbourhood of any point X; as a second order polynomial of
the (relative) coordinates (only the polynomial of at least second order can describe local extrema
of the approximated function). With respect to the thin-plate splines this minimal requirement
means that we have to use the spline of order m > [n/2] + 1.

However, even then the thin-plate spline cannot be considered as an acceptable interpolating
function, as it gives the measurement points an exclusive status (what can be justified in the
case of an n-dimensional elastic object fixed at certain points). On the contrary, in the case of
interpolation the measuring of some quantity at some points does not mean that this quantity
is somehow influenced by the measurement: the actual course of this quantity in the space S is
absolutely independent on the positions of the measurement points and this fact has to be reflected
on the form of the interpolating function.

Several other interpolation methods leading to the expression (14) and conditions (15) have
smooth function ¢2(X,Y) (thus the condition C3 is satisfied), but they all have problems in sat-
isfying the conditions C5 and C11. Further, if the function ¢2(X,Y’) tends to zero with increas-
ing distance d(X,Y’), then it can hardly be universal: if we choose, for example, ¢2(X,Y) =
d3/(d%+d(X,Y)?), the constant dy has to be chosen in each case separately according to the mean
distance of the measurement points.

All interpolating methods of the category M1c violate the condition C12, as the corresponding
interpolating functions belong to the class F3, and thus the numerical calculation of the parameters
of the interpolating function can be difficult if the number of measurement points is too great. In
[1] there are presented techniques which allow to avoid this difficulty (the large system of equations
is solved approximately in an iterative way), but it is not clear whether this approach does not
improve the speed of the numerical calculation at the cost of the accuracy of the solution.

However, the most important drawback of the methods of the category Mlc is that they violate
the principle CO: the interpolated value depends on all measured values in a way which hides the
dependence of the former value on the distance between the calculation point and the particular
measurement point. This has the following consequence: as the interpolating function f(X) given
by the formula (14) is once for all tied to the actual position of the measurement points X; and
actual measured values f;, the whole calculation of this function has to be performed again if only a
single from these parameters would be changed (for example, if some of them prove to be erroneous
or we obtain a more accurate value).

Even more important is the following fact: as the measured data represent usually only a
part of the data from some larger data set, we should use for the calculation of the interpolating
function this larger set (which would yield a different interpolated values for a large number of the
calculation points). Speaking strictly, in the case of a quantity which has a global character, we
have to interpolate using the global set of data; but the huge number of data points represents for
all methods from the category M1c an insurmountable obstacle.

The second main category of interpolation methods is the following:



M2: The methods that divide the space (or only the measurement domain) into several smaller
subdomains, and define the interpolating function by a separate formula for each subdomain in
such a way that this function is at least continuous in the whole space (or in the measurement
domain).

The advantage of the dividing of the whole space S into smaller subdomains is that in each
subdomain, the particular local interpolating function can be substantially simpler that the function
defined by a single formula in the whole space (for example, it can be defined as some polynomial
of coordinates of some low order). However, for this advantage we pay with difficulties of defining
the suitable subdomains and assuring the continuity of the global interpolating function (and its
derivatives, if we require higher level of smoothness).

In the one-dimensional case everything is simple, as the subdomains can be defined naturally
as the (open) intervals between successive measurement points, and also the continuity conditions
at each measurement point can be easily formulated. In the case of cubic splines, the matrix of
this system of conditions is a band matrix and it can be easily inverted; in the case of splines using
polynomials of fifth or higher order, the parameters of the interpolating polynomial can be directly
calculated from the measured values at the ends of the interval and some neighbouring intervals.

However, if the number of dimensions is n > 1, things become more complicated: the particular
subdomains can be defined in several ways and it cannot be expected that they can be determined
uniquely (only by the position of the measurement points). These subdomains are defined usually
by the triangulation of the space S with vertices at the measurement points; thus the subdomains
are triangles in the case n = 2, tetrahedrons in the case n = 3, and so forth. The best result can
be obtained by the well known Delaunay triangulation, however, also in this case the triangulation
need not be unique and there may be present triangles with very small angles. In spite of the fact
that the boundaries of the subdomains obtained in this way are planar and relatively simple, they
are nevertheless artificial, as they have no counterpart in the course of the interpolated quantity.

Even if we consider these subdomains only as a tool for the calculation of the interpolating
function, it is by no means evident that this division of the space S is the most suitable in view
of the principle C0. With respect to this principle it would be more natural to divide the space S
into the Voronoi domains (for any measurement point, its Voronoi domain is defined as the domain
containing all points that are nearer to this measurement point than to any other measurement
point): the interpolated value at any calculation point within one such domain should depend first
of all on the measured value at the measurement point lying in this domain and in the neighbouring
domains. However, in any case we have to determine for each subdomain its neighbouring subdo-
mains (what need not to be simple in spaces of higher dimension), and then to define the partial
interpolating function in each subdomain in such a way that the global interpolating function be-
longs to the class Cy for some I > 0 (what may be very difficult if I > 1). Thus, these methods
can hardly satisfy the conditions C2, C3, C5, C6 and C10; they are not suitable for extrapolation
(condition C4).

In this category we can also include methods which do not define explicitly any subdomains
(but these arise as a by-product): for example, the interpolation methods using a formula similar to
(4), but with the sum restricted to some number of the measurement points which are the nearest
to the calculation point. These methods have the disadvantage that even the interpolating function
itself is not everywhere continuous.

We finally come to the third category of interpolation methods:

M3: The methods which define the interpolating function separately for each point of the space.

Such a definition of interpolating function may seem at first sight absurd, as there is nothing to
interpolate at a single point; it may also seem contraproductive to have a definition different for each
point of space for a function that should be maximally smooth in the whole space. Nevertheless,
we show that this is the simplest and most effective method for interpolation (to the knowledge of
the author, there does not exist any example of such a method).



We saw that the methods of the category M2 are numerically simpler than those of the category
M1, because the particular local interpolating function has to be used only in a restricted domain;
the disadvantage was that the subdomains divide the whole space S in an unnatural manner.
Therefore it may be more natural to introduce no subdomains, but to consider each point of the
space S as a separate entity for which we define a function describing the measured values at the
nearby measurement points as well as possible. Thus, instead of introducing a single interpolating
function f(X) from the beginning, we first try to construct a function f(X,Y’) of two variables
X and Y, which, as a function of Y, fits the measured values at the measurement points in
the neighbourhood of the point X as well as possible. After the function f(X,Y’) is determined
(separately for each point X), we use it to define the most probable value of the interpolated
quantity at the point X by the simple expression

f(X) = f(X, X). (16)

In view of our conditions, we require that the function f(X,Y) is, as a function of Y, as simple
as possible. Therefore it will be reasonable to write this function as a polynomial of functions
representing the coordinates of the point Y (see the discussion of the category Mla). It is well
known that in the metric space S we can introduce a very wide class of coordinate systems; the
coordinates of any such system can be expressed as some smooth functions of the coordinates of
any other system. However, the conditions C7 and C8 require that the interpolated value should
not depend on the particular choice of some coordinate system; moreover, it should depend only
on the quantities that can be defined for any geometry of the space S. In a general case of a space
S, there is usually no natural coordinate system like in the euclidean space; it can often happen
that there exists no coordinate system covering the whole space S. Therefore it is difficult (if not
impossible at all) to find the most suitable coordinate system within the space S.

The solution of this problem can be described as follows. We shall assume that the space S
can be isometrically embedded into some euclidean space; let S, be such euclidean space whose
dimension n, is minimal. Then n. > n; if the space S itself is euclidean, we have n, = n. Any
point X of the space S is a point of the space Se; the distance d.(X,Y’) of any two points X and
Y of the space S, is the usual distance in an euclidean space (thus, for any points X and Y of the
space S, do(X,Y) < d(X,Y)).

Although we could choose a single euclidean coordinate system that would be used in the whole
space Se, it will be more convenient to define for each point X of the space S its own coordinate
system. This will be done as follows: at any point X of the space S we choose n. mutually
orthogonal unit base vectors such that the first n of these vectors will be tangential to the space S;
the origin of the coordinate system will be at the point X. The coordinates of any point Y of the
space S, in this system will be denoted as z,(X,Y’), where p € I(n.); the coordinates with p € I(n)
then describe the position of a projection of the point Y to the hyperplane S(X) tangential to the
space S at the point X.

It is clear that for any point X there is a whole class of such coordinate systems: any such
system can be transformed to any other such system by suitable orthogonal transformations with
respect to the first n and to the remaining n, — n coordinates. We see that this definition of
coordinates is uniform in the whole space S and also uniform with respect to the global geometry
of this space. If the space S is euclidean, the coordinates defined in this way are the usual relative
coordinates of the euclidean space (thus there are some global coordinates z,(X), p € I(n), such
that z,(X,Y) = z,(Y) — 2,(X)).

Consider now some point X of the space S and some geodesic line (in the space S) beginning
at the point X; we define X (¢) as the point of this geodesic line whose distance d(X, X (t)) (thus
the length of the segment of the geodesic line between the points X and X (t)) is equal to ¢. If we
have chosen some base vectors at the point X, we can perform the parallel transport of these base
vectors along the geodesic line to the point X (¢). The base vectors then rotate by this transport as
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a whole in such a way that the first n of them are always tangential to the space S; thus we obtain
at the point X (t) certain vectors which are also allowed base vectors (at this point). Note that
the base vectors obtained by this parallel transport can be different from those chosen at the point
X(t): the difference can be always removed by suitable orthogonal transformations as described
above.

We shall then impose the following condition on the space S: for any point X of the space S,
any geodesic line (in the space S) beginning at the point X, any value of the parameter ¢ such
that ¢ > 0 and such that the point X (¢) exists, and any point Y of the space S, the coordinates
2p(X(t),Y) (p € I(ne)) defined by this parallel transport are functions of the class Cx of the
original coordinates x,(X,Y) (p € I(n.)) and of the parameter t.

Then we can conclude that irrespectively of the particular choice of the coordinates z,(X,Y)
(p € I(ne)) for each point X of the space S, any scalar quantity of the form

D ety (XY 2p(X,Y)
or of the form
D et T Y) 5p(X,Y)

(where Y, Y’ are arbitrary points of the space S.) will be a function of the point X belonging to
the class C (evidently, any such quantity will belong to the class C also as a function of points
Y and Y”’). In particular, the function d?(X,Y) (where X € S and Y € S,) will be such function,
as

de(XY) =30 iy T Y7 (17)

Now we express the function f(X,Y) in the form of a polynomial of coordinates z,(X,Y)
(p € I(n)) of the order M whose coefficients will be some functions of X:

FEY) = fo0)+3 g XY, (15)
where

f(XY) = Zpef(n) CP(X) xP(X7Y)7 (19)

BXY) = Y0 S ) 2K V) g (X, V), (20)

and so on for higher m. This expression of the functions f,,(X,Y) shows explicitly the trans-
formation properties of their coefficients by rotations of the coordinate system at the point X
(as the functions f,,(X,Y’) themselves should remain unchanged by these rotations). However,
because of the natural symmetry of certain coefficients of the functions f,,(X,Y") (for example,
cpg(X) = cgp(X)), we express the function f(X,Y) also in the form containing only independent
coefficients. Let Qr(X,Y) (k > 1) be the mutually different monomials of coordinates z,(X,Y)
(p € I(n)) ordered in some natural order; thus

Ql(va) =1, (21)

and then follow:

for 2 <k <n+1 the n monomials z,(X,Y) (p € I(n)),

for n +2 < k < 2n + 1 the n monomials z,(X,Y)? (p € I(n)),

for 2n+2 <k < (n+1)(n+2)/2 the n(n —1)/2 monomials z,(X,Y)z(X,Y) (p € I(n), q € I(n),
P <q);
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and so forth with increasing k. Then we can write

FCY) = 3y a4(X) Qu(X,Y), (22)
where ax(X) are some (mutually independent) coefficients and
_ (n+M)!
K= n!M! (23)

is their total number. From (18) and (22) we easily obtain
f(X, X)) = fo(X) = a1 (X); (24)

in view of (16) the only coefficient we need to calculate is a1 (X).

Note that the function f(X,Y") is defined for any X € S and any Y € S,, but it depends only
on the first n coordinates z,(X,Y") of the point Y in the coordinate system defined at the point
X. Thus, if we say that this function acquires (as a function of Y) some value at some point
X, € S, this should be understood as that the point X; is a point of the space S, and its last n, —n
coordinates x,(X, X;) are ignored. In other words, it should be understood as that this function
acquires this value at the point which is the projection of the point X; to the hyperplane S(X)
tangential to the space S at the point X.

Now we define the condition for determination of the coefficients ay(X): as we want the function
f(X,Y) to fit the measured values f; at the measurement points X; in the neighbourhood of the
point X as well as possible, we introduce the quantity

En(X) =37 w3 X0) (F(X,X0) = i), (25)

where w(X,Y) is some suitable nonnegative weighting function, and require that this quantity
acquires its minimal value. In order to satisfy the conditions C7 and C8, it is natural to write the
function w(X,Y) in the form

w(X,Y) = w(de(X,Y)), (26)

where w(d) is some nonnegative function of d. Note that in principle we could use in this formula
also the distance d(X,Y") defined within the space S; but this distance is for a general geometry of
the space S more complicated function than the distance d.(X,Y).

According to the conditions C2, C3 and C10, the function w(d) should be maximally smooth
and simple, and the condition CO requires that w(d) is a nonincreasing function of d for d > 0.
We shall in the next introduce further natural requirements on the form of function w(d), however,
in principle it is possible to use any function satisfying the mentioned requirements. From the
formulae (22), (25) and (26) we then obtain

En(X) =30 w(de(X, X)) (ZkEI(K) an(X) Qu(X, X;) — fi)Z. (27)

Before we proceed to the equations determining the coefficients ax (X ), we still introduce another
term in the quantity that will be minimalized. This regularization term should, first of all, assure
the existence of a solution in every possible situation, and it will improve the behaviour of the
solution according to our requirements. Such a term can have several different forms; we shall here
introduce this term in the form assuring a moderate behaviour of the interpolating function far
from the measurement points.

We define the quantity d; (which will be called the regularization distance) as such distance
(in the space S.) from the calculation point X beyond which the influence of the measured values
on the interpolated value should be negligible. Then, if there are no measurement points X; such
that d.(X, X;) < dy, it would be natural to require that the value of f(X, X) should be minimally
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different from the mean value of f(X,Y) at all points Y (of the space §) with d.(X,Y) = d;.
However, such a mean value would not be easily calculable; as the function f(X,Y) is a polynomial
of the coordinates z,(X,Y’) (p € I(n)), which are coordinates in the tangential space S(X), it will
be more convenient to take this mean value with respect to the points Y in the tangential space
S(X). Therefore we adopt the following convention: for any point X € S, any distance d > 0 and
any function ¢g(Y') defined in the whole space S, the mean value of this function with respect to
all points Y € S(X) such that de(X,Y) = d will be denoted as (g(*)) x 4-

Now we can easily obtain the mean values of every monomial of coordinates x,(X,Y): this
mean value is zero if the degree of monomial is odd, and for the even degrees we have (for p € I(n),
g€ I(n), rel(n),sel(n))

Dxa=1 (28)

d2
(p(X, %) 2¢(X, %)) x4 = — Opgy (29)
d4

(Tp(X, %) 2g (X, %) 27 (X, %) (X, %)) x g = n(n+2)

(Opg Ors + Opr 6gs + Ops Orq), (30)

and so on. Then we can write the regularization term as

Br(X) = w(d) (((X,%) = £(X, X))y o, (31)
using the formulae (22) and (24) we get

FOCY) = FO6X) = 3, () Qu(X,Y) (32)
and thus

Er(X) = w(dr) (e w0 QX 0) ) - (33)
We finally obtain the expression of the quantity to be minimalized as

B(X) = Ex(X) + Er(X). (34)

Performing a variation of the quantity F(X) with respect to all coefficients ax(X) (k € I(K))
we obtain a system of K equations

> era @) (Au(X) + Ri(X)) = Fi(X), (35)
where
AR(X) =Dy W(de(X, X0)) Qu(X, Xi) Qu(X, X5), (36)
Rig(X) = (1 = 61) (1 — o) wldr) (Qr(X, %) Qu(X, %)) x 45 5 (37)
and
Fi(X) = Zie[(]\,) w(de(X, X;)) Qr(X, Xi) fi- (38)
Now we show that the regularization term fulfils its purpose: we first construct the quantities
AX) =), (K)Zld (10 W (X) a(X) A (X)), (39)
R(X) = ZkeI(K)ZleI(K) ar(X) a;(X) R (X), (40)
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and we obtain
A = Yy @0 X0) (3 ey a8 () Qu(X, X)) (41)
R(X) = Er(X), (42)
thus it holds always A(X) > 0 and R(X) > 0. Let us assume that the weighting function w(d) is

positive for any value of d (d > 0); then the equation A(X) = 0 implies that the coefficients ay(X)
have to satisfy the conditions

i€ I(N): 10y (X)) Qu(X, Xi) = 0. (43)
On the other hand, the equation R(X) = 0 implies that they have to satisfy the condition
ZkEI(KH) ar(X) Qr(X,Y) =0 (44)

for almost every point Y € S(X) such that d.(X,Y) = di, and this is possible for d; > 0 only if
ke I(K|1): ar(X)=0. (45)
Thus, according to (21), (43) and (45) we can have A(X) =0 and R(X) = 0 only if
ke lI(K): ap(X)=0, (46)
what implies that for any coefficients ax(X) which are not identically zero for all k € I(K) we have
AX)+ R(X) > 0. (47)

According to (39) and (40) this means that the matrix of the system of equations (35) is positive
definite and thus this system has always a unique solution.

4 Properties of the universal interpolating function

In the previous section we have shown the way for determination of the interpolating function
f(X): we first construct according to the formulae (36) — (38) the functions Ag(X), Rg(X) and
Fi(X) (k€ I(K), l € I(K)), and, solving the linear system of equations (35) we find the function
a1(X); according to (16) and (24) this function is our interpolating function f(X). Now we show
that this function satisfies the conditions C1 — C12 and that it conforms to the principle CO.

From the definition of functions Ay (X) and Fj(X) we see that each of them is expressed as a
sum of contributions of all measurement points; each term contains the weighting factor depending
on the distance of the calculation point and the corresponding measurement point and this factor
is a nonincreasing function of this distance. Thus the principle CO is satisfied if the function w(d)
decreases sufficiently with increasing d (this will be discussed below).

In order to investigate whether our solution satisfies the condition C1, we decompose the system
of K equations (35) into one equation for ¥ = 1 and K — 1 equations for k € I(K|1) (note that
according to the formula (23), for M > 0 we have always K > 1). Using the fact that A (X)
and Ry (X) are symmetric matrices and that according to (37) Ry1(X) = 0 for any k € I(K), we
obtain for k = 1 the equation

a1(X) A1 (X +Zlel e @) Au(X) = Fi(X), (48)
and for k € I(K|1) the system of equations
a1 (X) Au(X) 32 ey (XD (Ak(X) + Ria(X)) = Fi(X). (49)
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For K = 1, this system of equations is empty; if K > 1, then it is evident that the matrix
Api(X)+ R (X) (k€ I(K|1), 1 € I(K|1)) is positive definite, as it is a diagonal block of a positive
definite matrix. Therefore this matrix has its inverse matrix which we denote as By (X): for
ke I(K|1), [l e I(K|1) it holds

ZTEI(KH) Byr (X) (ATZ(X) + er(X)> = O (50)
(note that By(X) is also symmetric). Then we obtain from (49) for k € I(K]|1)
ar(X) = 3" ey Bl X) (Fu(X) = a1(X) An (X)), (51)

and inserting in (48) we get
a1(X) B(X) = F(X), (52)
where we denoted

B(X)=Au(X)->_, (KH)ZM ey Ak (X) Bu(X) An (X), (53)

F(X)=F(X) - ZkeI(KH)ZleI(KH) A1x(X) Br(X) F(X). (54)

Note that according to (48) the formula (52) holds also for K = 1. It can be easily shown that the
(1,1)-th element of the matrix inverse to the matrix of the system (35) is equal to 1/B(X); using
the fact that the inverse matrix of a symmetric positive definite matrix is also a symmetric positive
definite matrix, and that any diagonal element of a symmetric positive definite matrix is positive,
we obtain that the quantity B(X) is always positive.

Now we can consider the case that the calculation point X is closer to some measurement
point X,, (m € I(N)) than to all other measurement points (we shall for a moment restrict
ourselves to the case that all measurement points are mutually different; the general case will be
discussed later). As the function w(d) is a nonincreasing function of d, according to the expression
of functions Ay (X) and Fi(X) ((36) and (38)) it is clear that the most important terms will be
those corresponding to the measurement points nearest to the calculation point X, first of all the
term with ¢ = m. If the function w(d) is bounded for d = 0, for X = X,,, we obtain from the
formulae (36) and (38) the expressions

A (Xom) = w(0) 0k1 611 + Apijms (55)

Fi(Xom) = w(0) 0x1 fin + Fljm, (56)
where

Akl|m - ZZEI(NM’L) w(de(va X’L)) Qk(X’m) Xl) Ql (XH’H X’L)7 (57)

Fk|m = ZieI(Nlm)w(de(XmaXi)) Qk(XmaXi) fh (58)

and we have used the formula

Qr(X, X) = dp1, (59)

following from the definition of functions Qx(X,Y). Using (55) and (56) we can write the formulae
(53) and (54) for X = X,,, in the form

B(Xm) = ’UJ(O) + A11|m - ZkeI(Kﬂ)ZlGI(KH) A1k|m Bkl\m Al1|ma (60)
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where By, is defined by the formula (holding for & € I(K|1), 1 € I(K][1))
ZTGI(K\I) Bkr|m (Arl\m + er(Xm>) = Okt (62)
Comparing the formulae (36) and (38) with (57) and (58), we see that the quantities Ay, and

Fyjm correspond to the quantities Ay (X) and Fy(X), where the term with i = m is removed from
the sum and X is replaced by X,,,. Then we obtain by the same argument as above that

and from the formula (52) we get
F(Xm)
Xm) = . 4

From the formulae (60), (61) and (64) we see that if the term containing w(0) in the quantities
B(X,,) and F(X,,) is dominant, the value of a;(X,,) is close to the value of f,. In order to
examine the dependence of quantities a1(X,,) and f,,, we choose some particular form of the
weighting function w(d). As this function should be maximally simple, we shall write it in the form

w(d) = (d +d*)™%, (65)

where dyp > 0 and « > 0 are some constants; the quantity dy will be called the smoothing distance.
If dg = 0, the condition C3 requires that « should be an integer; in order to satisfy also the condition
C10 we choose a to be always an integer and we shall denote it as L. Inserting this expression in
(57) and (58) we obtain

1

Akl|m - ZieI(N|m) (dg + de(Xm,X¢)2)L Qk(XmaXz) Ql(Xma Xi)a (66)
1

Frjm = ZieI(Nlm) (42 + de(Xom, X3)2)E Q1 (Xim, Xi) fis (67)

from the formula (37) we get for k € I(K|1), [ € I(K]1)
1

Ry (Xom) = W (Qr(Xom, ¥) Qu(Xom, *)>Xm,d17 (68)
and finally
1
w(0) = d(Z)—L. (69)

If dg — 0, the values of Ay, Fjy, and By, change slowly to their finite limit values, but
the value of w(0) grows to infinity and thus the value of a1(X,,) tends to f,,. However, it is not
reasonable to put dy = 0, although this choice would be attractive because then the interpolating
function would satisfy the conditions (3); this is because in this case the regularity of the system
of equations (35) breaks down and there may arise problems by the numerical evaluation of the
interpolating function (we shall touch on this problem once more later).

Therefore, we prefer the case dy > 0; although it is hardly possible to estimate easily the
difference of a;1(X,,) and f,, analytically, it is sufficient that this can be done numerically. As all
quantities appearing in the expression of the function a1(X,,) are continuous functions of dy for
do > 0, if the calculated value of a;(X,,) differs from f,, more than it is required, we can choose
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a sufficiently small value of the parameter dy to obtain the interpolated value which is sufficiently
close to fi,.

The smooth dependence of the interpolating function on the parameter dg implies that the
quantity E defined by the formula (1) is also a continuous function of dy. Thus, if for some value of
dp the condition (2) is not satisfied (for some given value of Ejy), it is always possible to find some
smaller value of dy which will satisfy this condition (if there are no identical measurement points).
Of course, the suitable value of dy has to be found by numerical evaluation of the quantity E.

From the above discussion it may seem that, in order to obtain a sufficiently satisfying approx-
imate interpolation, the smoothing distance dy has to be much smaller than some characteristic
minimal distance of the measurement points. The latter distance can be defined (for any position
of measurement points) as

d; = % Ziel(m minje (v de (Xi, X;)%, (70)
where d. > 0; we shall call it the rms-minimal distance (of the set of measurement points Xj,
i € I(N)). However, we shall present an indirect argument showing that the smoothing distance
dop need not to be much smaller than d..

We first introduce an useful notion concerning the expressibility of the measured data by the
monomials Qx(X,Y). Let J be some subset of I(/N); then we shall say that the set of measurement
points X;, i € J, is M-acceptable at the point X (see the formula (23) for the dependence of M
and K), just if there exists for any values of f; (i € J) such function, which is a linear combination
of monomials Qx(X,Y) (k € I(K)), and which acquires as a function of Y at each point X;
(i € J) the value f;. Note that in the case of euclidean space, if some set of measurement points is
M-acceptable at some point X, then it is M-acceptable at any point of the space.

Consider some given set of measurement points Xj, i € J, and let n(J) be the number of these
points. It is clear that this set cannot be M-acceptable (at the point X) if n(J) > K or if it contains
(at least) two points whose projections to the hyperplane S(X) are identical. On the other hand,
if n(J) < K and all points of this set have different projections to S(X), this set will be always
M-acceptable (at the point X) if n(J) < M + 1 (we omit the proof of this fact); in the case that
M +1 < n(J) < K, this set will be in general M-acceptable (at the point X); the contrary will be
true only for a special position of points X;.

Let the set of measurement points X;, ¢ € J, be M-acceptable at the point X; in accord with
the formula (27) we define the quantity

B (X) = 3, i) (X ey () @6 X0) = 1) (71)

where w;(X) are arbitrary positive weights. Then it is evident that the quantity En j(X) is
nonnegative and it acquires its minimal value equal to zero for at least one choice of the coefficients
ap(X) (k € I(K)). The most important fact is that Ey j(X) acquires this minimum irrespective
of the value of weights w;(X) (if all of them are positive).

Now we return to the case that all measurement points are mutually different and the calculation
point X is identical with the point X,,. Consider any (nonempty) set of measurement points
X;, @ € J, which is M-acceptable at the point X,,, and, for any 57 € I(N), j ¢ J, it holds
de(Xm, X;) > max;e de(Xm, X;). From the above considerations it follows that there exists at
least one such set (the set consisting of the single point X,,), and any such set contains the point
Xpm. Then we can choose from among these sets the set with the greatest number of points (there
can be more such sets, but we can choose any of them). Let the chosen set be that containing the
points X;, i € J; then 1 <n(J) < K, and the most probable case is that n(J) = K.

Now, the system of equations (35) represents the conditions for a minimum of the quantity
E(X); we shall consider the formulae (27), (34) — (36), and (71) for the case X = X,,. The
quantity F(X,,) can be written as a sum of three terms: the part of the sum (27) with ¢ € J (this
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is equal to the quantity En, j(X,,), where w;(Xy,) = w(de(Xom, X;))), the part of the sum (27) with
i ¢ J, and the quantity Er(X,,). Consequently, the matrix of the system (35) consists of three
parts: the part of Ag(X,,) with the sum restricted to i € J, the part of A (X,,) with the sum
restricted to ¢ ¢ J, and Ry (X,,). If the second and third part would be neglected, the system
(35) would have at least one solution that acquires at the point X,, the value f,, irrespectively
of the values of parameters of the weighting function w(d) (provided the weight remains bounded
everywhere). Thus, if the second and third part are much smaller than the first one, the value of the
solution will be at the point X, close to f,,. The third part (coming from the regularization term)
should be always very small in order not to disturb the solution at points within the measurement
domain; this is achieved by the suitable choice of the regularization distance d;. The second term
comes from the measurement points which are farther from X,, than those contributing to the
first term; thus the second term can be much smaller than the first one if the weighting function
w(d) decreases with the distance sufficiently fast. This means according to (65) that it is not so
important to have the smoothing distance dyp much smaller than the rms-minimal distance d., but
that the value of the exponent L should be sufficiently large.

The question is what is the suitable value of the exponent L in order to conform to the principle
C0. According to the previous paragraph we can estimate this value as follows: for any point X
within the measurement domain, the number of measurement points within the hypersphere (in
the space S.) with the centre X and the diameter A\d. is roughly of the order \". According to the
formula (23), the value of K is roughly equal to (M + 1)"; thus the number of measurement points
within the hypersphere with the diameter (M + 1) d. will be roughly of the same order as K. As
the nearest measurement point can be expected at the distance d./2 from the point X, from the
expression (65) we obtain the inequality

1 1

(@ + [/~ (@ + (M + Dde/2))E (72)
and for dy = d./2 we have
(1+ (M +1)3HL > 9k (73)

Another condition on the exponent L we obtain as follows. Consider the formulae (36) and
(38): both quantities Ay (X) and Fi(X) are expressed as a sum of contributions of all measurement
points. These points belong to the measurement domain which is, of course, bounded. However,
we can imagine that additional measurements will be performed in the future; let us assume that
these additional measurement points will all lie outside the present measurement domain and their
mean density will be the same as for the present measurement points (thus the value of the rms-
minimal distance d. will remain the same). Consider a calculation point X lying within the present
measurement domain in a distance from its boundary greater than (M + 1) d.; then all additional
measurement points will lie farther from X than some number of the present measurement points
(this number will be of the same order as K). We may require that the presence of the additional
measurement points will not change substantially the interpolated value at the point X. The
number of the additional measurement points will be in any case finite, but we may in principle
imagine that the whole space S will be filled with new measurement points (with the same constant
mean density); if the space S contains infinitely distant points, there will be an infinite number of
the new measurement points. Therefore we should require that the sums in (36) and (38) converge
if the number of measurement points grows to infinity (but the mean density of these points remains
the same) and the measured values remain bounded.

From the definition of functions Q(X,Y’) and coordinates z,(X,Y") we obtain that the function
Qr(X,Y) (k € I(K)) grows with the distance d.(X,Y) at most as d.(X,Y)"*), where h(k) is a
nondecreasing function of k: we have h(1) = 0 and the maximum of h(k) (for k € I(K)) is M
(see (18) — (23)). For the hyperspherical layer with the centre X, the inner radius d and thickness
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d., the number of the (additional) measurement points in this layer will be proportional to d"1.
Then the contribution of the measurement points in this layer to the quantity A (X) (Fj(X)) will
be proportional to @~ 1=2L+hE)+h{1) (gn—1-2L+h(k))  We put d = Ad,; then the sum in (36) and
(38) can be converted to the sum with respect to A from some fixed integer value to infinity or to
an integral with respect to A from some fixed value to infinity. In order that all these integrals
converge it is necessary that n —1 — 2L + 2M < —1; thus we obtain the condition

2L > n+ 2M. (74)

Up to now we have considered only the case that all measurement points are mutually different;
now we shall assume that the position of the measurement points is arbitrary (but that they are
fixed for a moment). Let NV be the number of different measurement points (thus N < N); we define
the function u(i) (i € I(N)) which acquires values from I(N) and for any i € I(N), j € I(N), the
equality u(i) = u(j) holds if and only if X; = X;. Further we define for each u € I(N): the set of
indices J(u) such that i € J(u) just if u(i) = u, the number of members of J(u) as m,, = n(J(u)),
the measurement point with the new index X,, as X,, = X; for any i such that u(i) = u, and finally,
the modified measured value f, as

- 1
Ju= D et o (75)

In other words, the points X, (u € I(N)) are mutually different; for each u € I(N), m, is the
number of measurement points identical with the point X, and f, is the mean value of the measured
values at the points identical with the point X,,.

Using the above definitions, we can rewrite the formulae (36) and (38) as follows:

Au(X) =), vy ™ w(de(X, X0)) Qu(X, Xi) Qu(X, X5), (76)

Fi(X) = ZieI(N) m;w(de(X, Xi)) Q(X, Xi) fi- (77)

We see that the only difference with respect to the original formulae is the presence of the multi-
plicity factors m;. Therefore the whole contents of the present section can be adapted for the case
that some measurement points are identical: we have only to multiply the weighting function by
the corresponding multiplicity factor and replace the measured values by the corresponding mean
values. Then we can conclude that the interpolated value at some point X,, (m € I(N)) will
be close to the mean measured value f,,. It is now clear why we have adopted the condition (2)
instead of the stricter condition (3): in the case that there are some identical measurement points,
the condition (2) cannot be satisfied at all.

It may be argued that the normal situation is such that the measurement points are mutually
different; however, if there are any two of them that are mutually much nearer than the rms-
minimal distance d., the condition (3) can be satisfied only at a cost of an enormous absolute value
of the gradient of the interpolating function in the domain between these two points. This may
be accepted if we are sure that the measured values at these two points are absolutely correct;
but otherwise it is better to assume that the absolute value of the gradient of the interpolating
function is not extremely high. If we adopt the restriction dy > 0, the interpolating function
f(X) is according to the formulae (36), (38) and (65) continuous with respect to all variables X
(i € I(N)). Therefore, if we move any two measurement points to some common position (without
changing the measured values at these two points), the interpolated value at any calculation point
will change continuously.

In view of the presented facts we adopt definitively the restriction dy > 0 and we can change
the definition (65) of the weighting function w(d) to satisfy the condition w(0) = 1:

w(d) = (d%i%ﬁ)? (78)
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We still have to consider the question what is the suitable value of the constant M, which is the
order of the polynomial of coordinates of the point Y expressing the function f(X,Y’). It is clear
that higher value of M means that the function f(X,Y) can better fit (as a function of Y') the
measured values at the measurement points in the neighbourhood of the calculation point X, but
the number of coefficients of this function (and thus also the number of equations of the system
(35)) is higher. On the other hand, if M = 0, we obtain according to the formulae (36) — (38) the
interpolating function f(X) in the form (12), which has been rejected as unsatisfactory. The reason
of this behaviour is now clear: the discussion in the present section shows that the interpolating
function f(X) is in some sufficiently small neighbourhood of any measurement point X,, very
close to the function f(X,,, X). If M = 0, the function f(X,Y) is (as a function of Y) constant;
therefore the interpolating function f(X) is in some small neighbourhood of the point X, almost
constant and its first derivatives are almost zero. The case M = 1 is slightly better, as then the
function f(X,Y) is a linear polynomial of coordinates of the point Y, and thus the interpolating
function f(X) is in some small neighbourhood of the point X,,, almost linear and its first derivatives
are almost constant. The lowest satisfactory value of M is M = 2: the function f(X,Y) is then a
quadratic polynomial of coordinates of the point Y, and thus it can have (as a function of Y') a local
extremum whose position can be arbitrary (it need not to lie in the vicinity of any measurement
point). Therefore the local extrema of the interpolating function f(X) are not forced to lie only
in the vicinity of some measurement point (what is the case for M = 0). Thus, if the simplicity
(both theoretical and numerical) has the priority, the most suitable value of the constant M is
M = 2; in this case the number K of equations of the system (35) is according to (23) equal to
(n+1)(n+2)/2. From the condition (74) we obtain the bound 2L > n + 4 and then the condition
(73) is also satisfied.

If M = 2, we can easily obtain the explicit formula for the regularization matrix Ry (X). For
brevity we first define the sets I1(n), Is(n), Is(n), as the sets of all natural numbers k such that
2<k<n+1,n+2<k<2n+1,2n+2 <k <(n+1)(n+2)/2, respectively. Using the definition
of the monomials Q¢ (X,Y") and the formulae (28) — (30), we get from (37) that the elements of the
matrix Ry (X) are nonzero only within three diagonal blocks: if k € I1(n), [ € I1(n),

d2
Ry (X) = w(dr) ;1 Okt (79)
if k e IQ(?”L), le IQ(TL),
Rig(X) = w(d1) n(ndillm (14 2651), (80)
and, if k € I3(n), | € I3(n),
Ri(X) = w(dy) 71(7;1?{_2) Ok (81)

Now we can recapitulate the properties of our interpolating function f(X). We have shown
that this function conforms to the principle CO and that it satisfies the condition C1 in the sense
of the approximate interpolation: if all measurement points are mutually different, the condition
(2) can be satisfied by a suitable choice of the smoothing distance dy. In the case that there are
some identical measurement points, the condition (2) can be satisfied if we replace in the formula
(1) the measured values by the modified measured values defined by the formula (75).

According to the formulae (17), (22) and (35) — (38) we can conclude that the coefficients ay(X)
(k € I(K)) (which are the unique solution of the system (35)) transform by any rotation of the
coordinate system at the point X in such a way that the function f(X,Y") is a scalar quantity (thus
it is unchanged by these rotations). If the weighting function w(d) belongs (as a function of d?)
for d > 0 to the class C (this is the case if this function is defined by the formula (78)), and the
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smoothness condition on the space S (see the paragraphs before the formula (17)) is satisfied, then
the function f(X,Y’) belongs as a function of X in the whole space S to the class C. Moreover,
it belongs to the same class as a function of Y (for any Y € S.) and as a function of each point X;
(i € I(N), X; € S). Thus, according to (16), the interpolating function f(X) belongs as a function
of X and all X; (i € I(N)) in the whole space S to the class Cr. Further, the behaviour of the
function f(X) in the neighbourhood of any measurement point has no anomalous properties (if we
have M > 2). Thus we can conclude that this function satisfies the conditions C2, C3 and also C5
(as the position of measurement points can be arbitrary).

The condition C4 is satisfied by the presence of the regularization term; the function f(X)
tends at points far from the measurement domain to the mean value of all measured values f;
(i € I(N)). The condition C6 is evidently satisfied: any new measurement point only increases the
value of N in the formulae (36) and (38). Also the conditions C7 and C8 are evidently satisfied,
as the interpolating function was constructed according to their requirements. If the number n of
dimensions of the space S grows, the only substantial change is the increase of the number K of
the monomials Qx(X,Y’), and thus also of the number of equations of the system (35). There are
also minor changes in the definition (17) of the distance d.(X,Y’) and in the regularization term
(see the formulae (28) — (30)). The basic formulae (22) and (35) — (38) remain unchanged, and
thus the condition C9 is satisfied.

The interpolating function f(X) was constructed to be maximally simple; the most complicated
step in the calculation of this function is the solving of the system (35) of K equations (note that
we need to calculate only the coefficient a;(X)). The choice (78) of the form of the weighting
function w(d) and the choice M = 2 (quadratic approximation by the function f(X,Y’)) make the
interpolating function f(X) still simpler. Therefore we can say that the condition C10 is satisfied.
The condition C11 is satisfied by the presence of the regularization term: the numerical calculation
of the solution of the system (35) can be performed for any positions of the calculation point X and
the measurement points X;; if we choose the regularization distance d; properly, it cannot happen
that the numerical calculation would be broken by the rounding errors. Finally, the interpolating
function f(X) belongs with respect to its dependence on the number N of the measurement points
to the class F1, and thus, the condition C12, which is the most important from the viewpoint of
the numerical calculation, is satisfied.

Moreover, as a consequence of satisfying the principle C0, the interpolating function f(X) has
an important additional property: as the weighting function w(d) decreases with the distance d,
the contribution of the measurement points that are sufficiently distant from the calculation point
X can be so small (with respect to the contribution of the nearby measurement points) that it can
be numerically negligible. Of course, we have to take into account that the particular functions
A (X) and F(X) (defined by the formulae (36) and (38)) behave in this respect differently (see
the discussion in the paragraph preceding the formula (74)). However, it is evident that in the case
M = 2, it suffices to consider the behaviour of quantities

CUX) = An(X), G(X) =Y, Aw(X), G =Y ST A(X), (32)

Ci(X)=R(X), C(X)=>, (my FE(X), (83)

(for the definitions of I1(n) and I3(n) see the paragraph preceding the formula (79)), which are
invariant with respect to the rotations of the coordinate system at the point X. Moreover, according
to the definition of functions Qx(X,Y) and the formula (36), each of the quantities C1(X) — C3(X)
can be expressed as sum of contributions of all measurement points and all these contributions are
nonnegative. From the previous discussion it is clear that the quantity C3(X) is the most sensitive
to the contribution of the distant measurement points.

Now, let € (¢ > 0) be the relative accuracy of the numerical calculation (for example, the
smallest real number which can be internally expressed by the given number of significant digits).
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Let us consider the quantity C3(X) at any given calculation point X: for any distance d > 0 we can
divide the measurement points X; (i € I(N)) into two groups, the first one containing points with
the distance de(X, X;) < d and the second one containing points with the distance d (X, X;) > d,
and we can calculate the contributions of both groups to the value of C3(X). It is evident that there
always exists the smallest distance d such that the ratio of the contribution of the second group to
the contribution of the first group is smaller than (or equal to) e. We denote this boundary distance
as dp(X); it depends on the position of the point X, as the largest contribution to the quantity
C3(X) comes from the measurement point which is the nearest to the point X. However, the most
important parameter governing the value of dy(X) is the value of the exponent L appearing in the
definition of the weighting function (78): the distance dp(X) decreases with the increasing value
of L.

We see that by the numerical calculation of the interpolated value at any point X only a limited
number of the measurement points will be actually used: these are the points X; satisfying the con-
dition d (X, X;) < dp(X). It is possible to develop algorithms which allow to determine efficiently
the value of the boundary distance in the course of the calculation of quantities Ag;(X) and F(X)
and thus to limit the calculation of contributions of measurement points lying beyond this distance
in a maximal manner. However, it seems to be more efficient (at least in the case that the set
of the measurement points is not very irregular) to estimate the contribution of all measurement
points lying beyond certain fixed distance dj, (independent on the position of the calculation point
X) for each quantity A (X) and Fj(X) (in fact, it is sufficient to estimate this contribution for
the quantities C1(X) — C5(X)). This can be done in a manner similar to the considerations in the
paragraph preceding the formula (74), if we assume that the measurement points, whose distance
from the point X is greater than dp, are distributed with a constant mean density and the measured
values at these points are equal to the mean value of all measured values. These assumptions can
be considered as acceptable because the contribution of the measurement points lying beyond a
suitably chosen distance d will be much more smaller than the contribution of the nearby measure-
ment points. Moreover, it can be shown that the contribution of the distant measurement points
obtained in this way has a similar (though not identical) effect as the regularization term and that
the boundary distance d; should satisfy the condition dp > di. The number of the measurement
points lying within this boundary distance can be estimated as §2,,(dp/d.)"™, where Q,, is the volume
of the n-dimensional unit ball.

5 Conclusion

The interpolation method developed in the previous sections is universal, as it can be used for
the spaces of any dimension and geometry and for the measured data for any configuration of the
measurement points. However, it is universal also in a broader sense: it can be used besides for
the approximate interpolation of the measured data (what is its primary purpose) also for the
smoothing of the measured data (if we adopt a value of the smoothing distance dy as some multiple
of the rms-minimal distance d.), and finally, it can be used for the approximation of the measured
data (if there are several measured values at each measurement point). Moreover, in a limited
sense this method allows to perform the extrapolation of the measured data (if the extrapolated
value should behave in general as some polynomial of coordinates of the order M). All this can be
accomplished with the single formula (only with the possible adjustment of the two free parameters
dp and dy).

The regularization term assures that the calculation always leads to a unique result; it can be
even shown that its presence has the following consequence: if the space S is not euclidean and
it is embedded in the euclidean space S., we need not to perform the interpolation as described
here (thus using at any point X only the coordinates in the tangential space S(X)), but we can
work directly in the space S, and use all n. coordinates (of course, then the regularization term
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also uses all n, coordinates). This has the advantage that we then work in an euclidean space and
the calculation can be simpler (at the cost of the increased number of parameters of the function
8%

The presented method has the property that the numerical calculation of the interpolated value
with the prescribed accuracy can be performed using only a limited number of measurement points
lying within certain distance from the calculation point. Therefore this method can be used to
perform the interpolation even for a huge data sets; the calculation time represents no problem, as
the calculation of the interpolated values is evidently parallelizable.

We can finally mention that the described method can be easily generalized in several ways
(if we drop the condition of the maximal simplicity). For example, we can define the function
f(X,Y) (see the formula (22)) as a linear combination of any basic functions (provided that the
independence on the coordinate system and sufficient smoothness of the solution is assured). There
is a straightforward generalization to a rational function of coordinates: the nominator will be the
same polynomial of coordinates as on the rhs of (22), while the denominator can be chosen as
some fixed rotationally invariant polynomial of these coordinates. This choice has the advantage
that for even values of M we can get the function f(X,Y’) that is bounded everywhere what may
further improve the properties of the interpolating function (it may reduce the number of data
points needed for the numerical calculation of this function).

At last, we can define the weighting function w(X,Y) (see the formula (26)) more generally; we
can also introduce in the sum in the formula (27) any positive multiplicity factor (depending on 7).
We can adopt any other form of the regularization term, provided that it assures the existence and
uniqueness of the solution of the system of equations (35). All this shows that the presented method
can be adapted to a very wide class of particular situations and requirements on the solution.
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