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Abstract

For readers working in applications, this paper serves as a basic primer for the
calculation of (pseudo-) random functions. Keeping probabilistic arguments at a
minimum in favour of computation, random functions are studied by randomiz-
ing coefficients of expansions. This reveals a natural connection to Reproducing
Kernel Hilbert spaces. Randomizing the coefficients of orthonormal Newton bases
of Reproducing Kernel Hilbert spaces allows a comprehensive, constructive, and
computational presentation, providing regularity results and error bounds in terms
of variances. The approach is unexpectedly general, because paths of most random
fields are shown to arise this way. A natural extension allows to use expansions
in Ly spaces, in particular wavelets and finite elements. Smoothing operators are
introduced for the transition from white noise to random functions in higher-order
Sobolev spaces, without solving stochastic partial differential equations. Numeri-
cal examples serve for illustration.

1 Introduction

It is well-known how to calculate (pseudo-) random numbers. All useful programming
languages have routines for this. But how to calculate (pseudo-) random functions?
These are useful for testing the behaviour of numerical algorithms to see how the re-
sults vary for varying inputs with specified properties [5, 22]. Therefore this paper
primarily addresses readers working on computational applications, and only a mini-
mum of probabilistic or stochastic background is assumed. The focus is on functions
as programmable mappings with prescribed smoothness properties, not finite sets of
random values. Because Sobolev spaces are central to numerical algorithms, a goal is
to calculate (pseudo-) random functions from Sobolev spaces.

For random functions, hardly any literature is on the market. Even random sequences
are widely avoided topics. In particular, “Axiomatic probability theory deliberately
avoids a definition of a random sequence” [2, p. 44] and “The Bourbaki school con-
sidered the statement "let us consider a random sequence" an abuse of language [36,
p-166], cited after the 2025 wikipedia entry for “Random Sequence”. We do not discuss
the reasons here. Nevertheless, Spatial Statistics consider random fields and use their



paths acting as random functions. This uses heavy probabilistic machinery to circum-
vent the aforementioned problem. We ignore most of the vast literature in this direc-
tion, taking a computational shortcut, being strongly influenced by [12-14, 19, 31, 34],
suggested for further reading.

The easiest way to generate random functions on a domain  is to start from finite
linear combinations

fwy () =Y wi(x)v, x€Q (1)
k=1

of given basis functions wy, 1 < k < n, using independently sampled random scalar
coefficients v; with mean zero and unit variance. Looking at the properties of such
random functions, Section 2.1 shows that kernels

Cw(x,y) = Y wi(xX)wi(y), x,y € Q 2)
k=1

now arise necessarily as covariance functions that connect the covariance of values at
different points. The pointwise values of such random functions are events of classical
random variables, and these define a random field. In contrast to the standard literature
on random fields, we start with random functions to obtain random fields, not the other
way round.

Section 2.2 turns to expansions into infinite series, and then summability of

Cw(x,x) =Y wi(x), x€Q

T

must be assumed and allows to define a kernel via (2) for n = c. It induces a Hilbert
space S (Cy) where the wy of W := {wy }ten are orthonormal, and all theoretical
and computational tools based on kernels are available [see 4, 10, 30, 38, with the
references therein].

The case n = oo requires special care: the pointwise values of such random functions
are values of random series. They are what Section 2.2 calls generalized random vari-
ables, ignoring the probability spaces for series of random variables. Then Theorem 2
in Section 2.3 states that the theory of random functions based on series with random
coefficients is equivalent to the theory of reproducing kernel Hilbert spaces where or-
thonormal expansions have uncorrelated random coefficients. The values of random
functions at points are generalized random variables, defining a generalized random
field.

Section 3.1 uses this to show in Theorem 3 that pointwise properties of random func-
tions based on orthonormal expansions into W = {wy }xcn are equivalent to pointwise
properties of deterministic functions in the Hilbert space .7°(Cy ). The connection is
by the admissible functionals in the dual space #(Cy )*, for instance pointwise deriva-
tives. They define generalized random variables whose variance equals the square of
their norm in J#(Cw)*.



Such a close connection between deterministic and stochastic regularity does not hold
in the global case, i.e. when norms of random functions are considered.

Since the random expansion coefficients of a random function in terms of an orthonor-
mal system W = {wy }ren are almost surely not square summable, the function does
almost surely not lie in the Hilbert space ##°(Cy ). But it may lie in larger spaces with
weaker norms almost surely, and such spaces are characterized by weighted expansions
in Section 3.3.

Then Section 4 uses the efficiently computable Newton basis of any kernel-based Hilbert
space .7 (C) for actual computation of (pseudo-) random functions. While the standard
calculation of values of random fields works on finite sets only, using the Cholesky
decomposition of kernel matrices, our use of the Newton basis provides a series of
computable random functions. The finite partial sums of the series are functions in the
Hilbert space ##°(Cw ), and their values are classical random variables, but the limit in
the Hilbert space norm does not exist. However, the variance of the truncation error
can be calculated pointwise and it converges to zero as fast as the deterministic kernel
expansion converges pointwise, see Theorem 7.

Section 5 is the only one that addresses readers with a full background in Probability
and Statistics. It compares the approach of this paper with the bottom-up construction
of random functions via their random values, i.e. as paths of random fields. The main
result in Theorem 8 is that all given second-order random fields coincide pointwise,
and up to random variables with mean and variance zero, i.e. almost surely, with a
generalized random field constructed by the approach of this paper. Our top-down ap-
proach from expansions to random functions to random fields does not lose generality
when compared to the bottom-up strategy starting from random fields to define random
functions.

The connection of expansions to kernels and Hilbert spaces is strong enough to allow a
generalization to the Hilbert space L, (Q) in Section 6, using the duality between func-
tions and functionals there. Going to weighted expansions, this leads to generalized
Sobolev spaces HP as subspaces of L,(Q), and Theorem 9 proves that orthonormal
systems in L, () lead to generalized random functionals that are in H P if B > 1/2,
but almost surely not if 8 < 1/2, in particular not in H° = L,. Haar wavelets are an
orthonormal basis in L, that serves as an example for generalized random functions in
Section 6.2.

The transition from a Sobolev space of lower order to a space of higher order is a
smoothing map, and in the scale of classical global Sobolev spaces on R?, it can be
realized as a convolution with a Matérn kernel [24]. When starting from cheaply com-
putable white noise, this yields another bottom-up technique for constructing random
functions. This is sketched in Section 6.3, including the case of smoothing a random-
ized finite element expansion. While the standard literature [15, 16] on random fields
implements smoothing maps via stochastic partial differential equations, this approach
avoids PDEs and smoothes the basis or uses weighted expansions.

Section 7 concludes the paper, providing numerical examples.



2 Randomized Expansions
The simplest way to construct random functions is to take a basis of a space of real-

valued functions on a domain Q and form linear combinations (1) with random coeffi-
cients.

2.1 Finitely many basis functions

For abasis wy, ..., w, of a space of real-valued functions on a domain Q, we form linear
combinations (1) with random coefficients vy, ..., v, that are realizations of random
variables Vi,...,V,. From here on, all random variables will be defined over R and

always assumed to be second-order, i.e. they have well-defined mean and variance.
With no loss of generality, the random variables V}, are assumed to have zero mean and
unit variance. Such random functions are easy to compute, if real-valued (pseudo-)
random number generators are available.

For fixed x€ Q, the random values fy y(x) are events (realizations) from a random
variable fi (x) having zero mean. If the random coefficients V; are uncorrelated, two
such random variables have covariance

cmmwmmw;www@,
=1
and the variance of fy (x) is

Var(fiw(x) = 3" we(@)?.

The numerical calculation of coefficients is easy if the random variables Vi,...,V, are
independent, but all other cases become computationally cumbersome, especially when
n becomes large.

If users want a specified covariance function C, they have to pick a basis wy,...,wy,
with

Clry) = Y wilwey) forall x,y € &, 3)
k=1

and all such bases do the job. However, if the user seeks for a specific covariance func-
tion in an algebraically closed form, they will often need to go to n = oo, see the next
section. For a given basis, the positive semidefinite finite-rank kernel (3) is a conse-
quence. Choosing different uncorrelated distributions for the V;. will change the distri-
butions of the random variables fy (x) while keeping zero mean and the above variance.
If all coefficient distributions are standardized normal (Gaussian) distributions, and if
all coefficients are uncorrelated, they are also independent and the distribution of fy (x)
is normal, and fully defined by the above variance.

This is independent of the choice of W and C. Prescribing a specific covariance func-
tion will ony rarely work with finitely many functions. Therefore we need to let n go
to infinity in the next section.



2.2 Going to Infinity

This section mimicks the previous one, with the additional requirement that the number
of elements in the considered linear combination is arbitrarily large (n — o). To avoid
pathological cases, we need to work under the additional assumption that

Y wi(x)? <o, )
k=1

which ensures convergence of the resulting expansion-based covariance, obtained through

s

C(x,y) = ) wr(x)wi(y) for all x,y € Q. )

k=1

For a fixed point x in the domain Q, we have real-valued random events

s

fwy(x) =Y wi(x)vg, x € Q. ©)

k=1

This is a series of second-order uncorrelated random variables, and the sum of vari-
ances is convergent by (4). The mean-square limit fjy (x) exists almost surely, and its
variance is given by (4). We ignore the peculiarities of the probability spaces for series
of random variables and call sums of such series generalized random variables.

More generally , if {a, }hen € €2 is a square summable sequence and if V,, are second-
order zero-mean random variables with variance one, the random series

Vo =Y anV,

neN

is a generalized random variable that has the variance

Var(Vg) = HOCH,2 Z Oc

neN

Furthermore, the covariance between two such variables is

COV(VOHVﬁ) - (a7ﬁ)éz = Z aﬁ'

neN

So far, we have

Theorem 1. Under the assumption (4), the pointwise random values fyy(x) of (6)
define a generalized random variable fy (x) with variance

Var(fw(x Z w

neN

which has finite values almost surely. The covariance between any pair of generalized
random variables at points x and y is then attained through

Cov(fw(x Z Wi (X)W ( (7

neN



and the function

C(x,y) ==Y, wa(x)wa(y) ®)

neN

is a positive semidefinite expansion kernel [8] that is a covariance function via (7). U

Such kernels are abundant in Machine Learning [6, 32, 33].

2.3 Connection to Hilbert Spaces

Defining (W, Wm) s (c) := Oum With the Kronecker symbol leads to a Hilbert space
2 (C) with reproducing kernel C in which the w, are orthonormal. The converse is
also true: If the w, are an orthonormal system in a Hilbert space .5#(C) where C is
reproducing, the above series representation follows. In statistics, it is customary to
seek for a process having a specified correlation function (which is by construction
positive semidefinite). A simple recipe is to consider the Hilbert space generated by
the desired correlation C, and then pick an orthonormal expansion W = {w,,} ,cn that
is defined therein.

We summarize:

Theorem 2. Random functions based on series (6) with (4) and uncorrelated random
coefficients lead to the Hilbert space 7€ (C) for a kernel C defined by (5), and the
expansion is orthonormal there. The values of such random functions at points are
generalized random variables. U

3 Properties of Random Functions

Section 3.3 will analyze the classical deterministic regularity of single random func-
tions calculated using expansions. But first we look at regularity statements that hold
for all samples. They can be seen as probabilistic properties of our algorithm for com-
puting random functions. We shall connect these properties to standard deterministic
properties of the covariance kernel.

3.1 Pointwise Regularity

By Theorem 1, pointwise values of random functions of the form (6) are generalized
random variables and have a finite value almost surely. They define a generalized ran-
dom field on Q. We shall clarify in Section 5 how the standard notion of random fields
fits in here, but note that we do not need to go into this at all under a computational
viewpoint.

However, we can deal with pointwise derivatives of random functions and show under
which conditions they exist and are generalized random variables. They can be defined
as limits of divided differences, and the latter are linear combinations

Ax.a(f) = Z a;jf(x;)

X(,’GX



of point evaluation functionals, for finite sets X C £ and vectors a € RIXI, They are in
the dual 7 (C)* of the native Hilbert space .7°(C) of C and have norm

1Axa(N3rcy = Y, ajaC(xjx) = A§ (Ax oC(u,v).

x,,erx

Here, the superscript denotes the variable the functional acts on. We can consider all
well-defined limits A of those in .#°(C)*, and they have norms

121 ¢y = A"A"Clu,v).

If pointwise functionals like f +— D% f(x) involving multivariate derivatives of order o
have finite norm in J#(C)*, i.e.

(D*)*(x)(D%)" (x)C(u,v) < oo,

they are continuous on #(C) and characterize the pointwise regularity of these func-
tions.

To move towards randomness, we apply those functionals to random functions based
on orthonormal expansions W = {wy, }nen, i.e.

Axa(fwy) =Y, ajfwv(xj) =Y, Y ajwa(x))v

x;eX neNx;€X

This is a generalized random variable if

)y (Z ajWn(Xj)>2

neN X_]'EX

is finite, and this is the squared norm of Ay , in s (C)*, independent of the chosen
expansion. This extends to the limits in 5#°(C)*, and we get that all continuous func-
tionals on 57 (C)* lead to generalized random variables when applied to the random
functions of (6). In a sloppy formulation:

Theorem 3. Pointwise regularity of functions in a Hilbert space generated by a ker-
nel C is the same as pointwise regularity in the mean-square sense of the generalized
random fields based on arbitrary orthonormal expansions of C. O

3.2 Mean-Square Continuity

If we specialize the previous section to functionals A, supported on a single point
x € Q, like point or derivative evaluations at x, we see that they define a zero-mean
generalized random variable A, w with events

A(fwy) =Y, Au(wn)v

neN

and variance

Var(Aaw) = |4l 0y = A“AYC(u,v)



independent of the expansion W. This defines a generalized random field with covari-
ance

Cov(Aew, Ayw) = LA C(u,v) =: Cy (x,y).

Theorem 4. [1]
Mean-square continuity of this field is equivalent to continuity of its covariance kernel
near the diagonal, i.e.

lim C; (x,x) = G (y,y) and li_IPC)L(xay) =Cy(»y) for all x,y € Q.
x—3y

x—=y

3.3 Norms of Random Functions

The random functions fiyy are almost surely not in the Hilbert space .7 (C), because
this would require square summability of the v,. In which spaces do they lie?

Assume that the pointwise convergence rate of the w,(x) is good enough to satisfy
Z w2 (x)n*P < oo ©)
neN

for some 3 > 1/2. This defines a scale of spaces with a parametric class of kernels

Cy(x,y) == Z Wn(x)wn()’)”zy

neN

for y € [0, B], and the elements w,n? are orthonormal in the correspondent Hilbert space
H(Cy) , leading to
(WYl»Wm)Cy = nmnizy, n, m,€ N.

This construction is well-known from trigonometric or other orthogonal series, and it
applies also to Sobolev spaces for certain decay rates and eigenfunction expansions.
Improved rates in the sense of (9) means more smoothness of the functions.

Under (9), we have that there exists a class of expansion fields { fw.v,y, ¥ € [0, B]}, such
that

fW,V,y(x) = Z Wy (X) P
n
with v, := v,n?, having a covariance function Cy.
The functions of the form (6) now lie in J#(Cy) if and only if

Z (wn,wn)c},V% = anzyv% <o,
neN n

and this is true for random functions almost surely if v > 1/2. Consequently,

Theorem 5. The above random functions lie almost surely in all spaces 7€ (Cy) for y >
1/2, but almost surely not in 7 (C\ ) and all smaller spaces like 7 (C) = 7 (Co).



In practice, one has to truncate the series, and then the random functions lie in
(C). They have an “asymptotic roughness” that forces the limit to a larger space.
This calls for an examination of the limit process.

To come closer to Sobolev spaces, one can turn the argument upside-down and work
with an orthonormal system U = {u, },cn in L»() on a bounded domain Q C R¢ for
a fixed dimension. Then a scale of spaces H" () norm-equivalent to classical Sobolev
spaces WJ"(Q) arises by defining w,, := u"n~"/? to be orthonormal in H™(Q). This
behaviour mimics what happens for Mercer/Karhunen-Log¢ve expansions of the Matérn
kernels .#,, /> in the notation of [24] of standard Sobolev spaces W{”(]Rd). By
[28], the eigenvalues decay like n~2"/¢, but we suppress further details. The kernel of
H™(Q) then is

Cn(x,y) := Z Wom (X)Wnm (¥) = Z 2y, (x)un(y)

neN neN

and the correspondent random functions are

fU,m,V (X) = Z Uy, (x)n—m/dvm

neN
Their norm in H*(Q) is given by
2 —2m/d, 2
”fUJ"vV”}ZLI#(Q) = Z H”nHHu(Q)” m/ Vi
neN
) p2h/dy=2m/d,2
neN

and this is finite almost surely if 4 < m—d/2.

Theorem 6. Random functions based on orthonormal expansions in H™ (Q) lie almost
surely in all spaces H* (Q) for p < m—d /2, but almost surely not in H"~%/*(Q) and
all smaller spaces. O

However, the above derivation has two shortcomings. First, it uses the asymptotics
of the Mercer expansion, which is computationally expensive. Second, the intermediate
Sobolev spaces are defined by changes of weights and have nonstandard expansion
kernels. They should be norm-equivalent to the classical Sobolev spaces, but this needs
proof.

4 Calculation of Random Functions via Newton Bases

It is well-known that kernels have two sorts of orthonormal bases. The Mercer theorem
[20] applied above yields eigenfunctions of the integral operator defined by the kernel,
and these lead to Karhunen-Loéve expansions under a probabilistic interpretation. The
other case uses the Newton basis [21, 23] and is computationally much cheaper. The
probabilistic literature uses it for their standard sampling algorithms, ignoring the un-
derlying orthonormal system of functions. Here, we focus on the deterministic Newton



basis expansion and randomize it along the lines of the previous sections. But recall
that pointwise regularity of random functions does not depend on the expansion chosen,
by Theorem 3.

The Newton basis for a sequence x1,x3, ..., of given points is recursively defined by
Nj(xj)2 = C(xj,xj)— Z N (x;) 2 ji>1,
(10)
Nj(x)Nj(xj) = C(x,xj)— ZNm Nu(xj), j>1,x€Q.

m=1

Then the generated functions have the properties

Nj(x) € Span{C(x,xl),...,C(x,xj)},
Nj(xk) = 0,1<k<,

where the second property is shared with the Newton basis polynmials
jfl
(x—x), j>1
1

k=

of order j for univariate interpolation. The basis is orthonormal in the Hilbert space
2 (C) and (8) takes the form

=Y Nj(x)N;(y) for all x,y € Q. (11)
jeN

The basis has uniformly bounded values due to

x) = Z Nj(x)* for all x € Q,
jeN

and it yields Cholesky decompositions of all kernel matrices with entries C(x;,x;), 1 <
i,k <nvia

min(i k
C(xi,xz) Z c1<ik<n. (12)

But here we focus on functions, not on matrices, and we can define generalized random
variables fy(x) with values

fyv(x) =Y Nj(x)v; forallx € Q
JEN

based on samples v; from uncorrelated standardized random variables V;. At points xi
the series is finite, namely

~

I (%) Z (xi)vj for all k € N,
=

10



and it defines a classical random variable fy (x;) that depends only on the first k samples
Vi,...,Vk. The partial sums

™-

fnva(x):=) Nj(x)v;forallx e Q

J

are in the Hilbert space .7°(C), defining classical random variables fy ,(x), and their
recursion is
INVar1(X) = fnva(X) + Nog1 (X)vip

for a new sample v, .

Theorem 7. The variance of the truncation error of the partial sums is

n oo
Var(fy(x) = fwn(x)) = Clex) = Y N (x) = ). N}(x) (13)
j=1 j=n+1
converging to zero at the same rate as (11). The decrease of the variance of the trun-
cation at x in step n is N>(x).

The deterministic function (13) is the square of the well-known Power Function
Py v (x) arising in error bounds for deterministic kernel-based interpolation and as
the variance of the Kriging error in Spatial Statistics.

It vanishes at xp,...,x,, and a good choice for x, is the maximum of it in Q. This
is the well-known P-greedy strategy dating back to [9], with asymptotically optimal
properties due to [27]. There is a matrix-free implementation [23] of the construction
of Newton bases, and it can easily be adapted to generate random functions by picking
random coefficients. It will be used for numerical examples in Section 7, and we shall
use

[Var(fn(x) = fvn(0))lleo < Var(fy(ni1) = fun(ns1)) = Nop1 (xag1)® (14)
to control the maximum of all pointwise variances in (13).

Corollary 1. If the P-greedy method is used for point selection, the variance of the
truncation error converges uniformly on the set of eligible points, and the rate is the
same as for (11). ]

Much more information on the truncation error can be found in [39] for the Gaus-
sian case, and in [34], both focusing on probability theory.

In Sobolev spaces Wy"(Q) for Q C R? and m > d/2, the Matérn kernel .#,, /2,1 in
the notation of [24] is reproducing, and one can use the Newton basis there. If the
P-greedy point selection is used, [27] shows that

Var(fy(x) = fyu(x)) < cn'=20/4 (15)

holds uniformly in €, but numerical evidence in [27] shows convergence at least like
n=2m/d_This implies that the partial sums of random expansions converge at a rate the
increases with m, but by Theorem 6, the limit is not in W}"(€2) though the partial sums

are. The “limiting” space is Wszd/ ?(Q). Figure 2 will show examples.
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5 Starting From Random Fields

For readers interested in computations, this section can be skipped. But for readers
with a background in Probability and Statistics, we explain the connection to the vast
literature on Random Fields here, but leave details to the references [14, 19, 31, 34]
close to this paper.

In the nondeterministic literature it is customary [1, 3] to start with a random field
that has a random variable R(x) at each point x of Q in such a way that hidden joint
distributions behind the scene allow to say that

Cov(R(x),R(y)) = C(x,y) for all x,y € Q

is a positive semidefinite covariance function, i.e. a positive semidefinite kernel. To
arrive bottom-up at a random function, called a path of the random field, is somewhat
problematic because it is unclear how to sample infinitely many correlated random
variables simultaneously, and how to work with joint distributions of infinitely many
random variables. Recall how Section 2 circumvents this problem, allowing to pro-
ceed top-down by constructing random functions first, using randomized expansions,
and taking their values at points afterwards to define a generalized random field. The
literature has randomized expansions as well, but mainly focusing on Karhunen-Loéve
expansions that are based on Mercer expansions [20]. Randomized expansions into
the Newton basis like in Section 4 are behind the curtains, when sampling is done via
Cholesky decompositions of kernel matrices along (12). This is the standard technique
for calculating finitely many values of paths of random fields, via a decorrelation.

Since the bottom-up approach is not restricted to expansions, it may be that it is much
more general. But we shall show that both approaches are equivalent under mild hy-
potheses.

We assume a second-order zero-mean random field x — R(x) on a bounded domain
Q c R that has a well-defined covariance function Cg. Then we define the Hilbert
space Vg as the closure of linear combinations of all R(x) under covariance as an inner
product, and modulo random variables of mean and variance zero. The map Cg(x,-) —
R(x) then is the Loéve isometry [18] between the reproducing kernel Hilbert space
' (Cg) and Vg. Since we have both Cg and 4 (Cg), we can take any orthonormal
system W = {w, },en in S€(Cg) and map it to an uncorrelated system {Rw , }nen of
generalized random variables in Vg. Then

Cov(R(x),Rw.n) = (CR(X,),Wn) s (cg) = Wa(x) foralln € N, x € Q.

The expansion
Cr(x,) =Y wa(x)wn(-) for all x € Q

neN

then maps to an expansion

R(x) = Z W (x)Rw , for all x € Q
neN

12



which is an identity in Vg, i.e. it holds modulo generalized random variables of mean
and variance zero.

Theorem 8. Up to pointwise modifications in the mean-square sense, all given zero-
mean second-order random fields with a well-defined covariance function coincide
pointwise with an expansion-based generalized random field with uncorrelated coef-

ficients. O

This holds for all expansions, but each expansion W has its correspondent uncor-
related generalized random variables Ry , for generating the coefficients. Paths of
random fields, like functions in L, (Q), admit certain modifications almost everywhere,
but the computation of random functions via expansions avoids such ambiguities.

If the Newton basis on a countable point set Xoo = {x, },en is used for the orthonor-
mal system, the coefficient distributions can be recursively characterized. The first
coefficient is determined by R(x;), and the (n+ 1)-st follows the joint distribution on
X1,...,X4+1 conditioned to the values y1,...,y, that fy v, has on x1,...,x, after deter-
mining vy,...,v,. The variance of that distribution is Pfl,._‘,xn (xn+1) using the Power
function, see (13). It is the Kriging variance for prediction at x,.; from values at
X1,...,%, for given values yi,...,y, there. In case of Gaussianity, it is clear how to
sample v,11, but in general the conditional distribution is hard to calculate except for
the known variance, and there is no guaranteed independence though there is uncorre-
latedness. This is a strong limitation for practical algorithms in the general case.

Conversely, if an expansion-based random function generator is working with inde-
pendent coefficients for computational simplicity, it will fail to be fully general when
there is no Gaussianity. However, the class of generalized random fields calculated via
expansions and independent coefficients without Gaussianity is interesting in itself and
deserves further study.

6 Expansions Related to L,

Expansions like (6) can make sense also in L,(Q), provided that convergence takes
place in L, (Q).

6.1 The Kernel of .,

The “kernel” now has no continuous function values, and (8) will not make sense.
But a kernel of L,(Q) is well-defined when replacing point evaluation functionals by
functionals A, € Ly (Q)* for g € L,(Q) with

Ag(f) = (f &)1y () forall f,g € Lr(Q).

The kernel then is

C(Ar,A¢) = (f:8)100) = (Af, Ag) 1, () forall f,g € Lr(Q),

13



generalizing the standard pointwise kernel property

C(x,y) = (8+,8y) s (c)« forall x,y € Q

based on point evaluation functionals 8, : f — f(x).
“Pointwise” generalized random variables fi , are now defined for any “point”
8 € Lr(Q) or A4 € Lr(2)* via sample values

=

Vi fivve =Y, W @) y@vk = Y AdWivi, g € La(Q), A € La(Q)7,
=l =1

and we have
Cov(fw,g, fwn) = (8:h),(q) for all g,h € Lr(Q).

Theorem 2 holds in that “pointwise” sense.

Global convergence results require a Sobolev-type scale of spaces

HB = {f CfI = Z(f,wn)iz(g)nzﬁ < oo} (16)

neN

like in (9), with duals

H B .= {/1 AR 5 = Y Alwa) P < oo}.

neN

We need to identify the above pointwise random values fi v as values of something
in a space as functions of g. Using the linearity in g, events

Awy : 8= Y (Wi 8) @)V = fwvg
k=1

define a generalized random linear functional Ay . Its events are in H -B , 1f

JhaslByp = E e = i <o

neN neN

and this holds almost surely if B > 1/2, but almost surely not if § < 1/2. The L,(2)
version of Theorem 5 then is

Theorem 9. Orthonormal systems in Ly(Q) lead to generalized random functionals
that are in H™P if B > 1/2, but almost surely not if B < 1/2. O

We can define operators DY on sequence spaces that map sequences {c }en to
sequences {c,n?}nen. Applied to expansions in the Sobolev scale (16), this maps HP
isometrically to HP=7_ and therefore the inverse D~ can be called a smoothing map
that takes HP isometrically to HP*Y. Applying the smoothing map D~ to any or-
thonormal expansion in L, (Q) therefore yields
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Corollary 2. Transforming random functions based on an orthonormal expansion in
Lr(Q) by D~ P leads to random functions based on an orthonormal expansions in H B,
and these are almost surely in HB~Y if y > 1/2. O

Simple examples of this are given by expansions into trigonometric series, where
D is differentiation and D(exp(in¢@) = inexp(in@), but we aim at a more general case
in the next section.

6.2 Random Functions From Haar Wavelets

Consider the well-known Haar mother wavelet

1 0<r<1/2
w(t) =4 -1 1/2<¢<1
0 otherwise,

and form the univariate L, orthonormal system

Vnk(t) =2"y(2"1 — k)

where n and k vary in Z for L, (R), while on L, [0, 1] the indices are in N with 0 < k < 2"
and the function 1 must be added. We treat both cases here, ignoring the range of n
and k. The transition to arbitrary space dimensions d is easy by using d-variate index
vectors.

This aims at L as a space where point evaluations are not continuous, and consequently
the formula

C(x, y) = Z Yk (x) Yk (Y)
nk
yields oo for x = y. Instead, the formula

(f,8), = Y (F k) 1o (Wi &)1, =: C(f, g) forall f,g € Ly
nk

generates the standard kernel in L, in function form. Recall the bra-ket notation in
Quantum Mechanics when it comes to orthonormal bases.

Using uncorrelated samples v, ; from mean-zero variance-one random variables V), x,
we can formally define functions

PSS,y ::Zvn,kWn,k (17
n.k

whose partial sums are in L, but convergence is a problem. The “pointwise’” approach
now takes arbitrary functionals A € L3 to define events

A(psy) = Y Vna (W)
n.k
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that are events of generalized random variables. As functions of A, they are events of
a random linear functional A,. The weights nP for defining H® must now be replaced
by functions f3(n,k), and the events are in HP almost surely, if ¥, B~ (n,k) < oo.
Sobolev spaces arise by special choices of weights [35], and smoothing operators like
in Section 6 based on coefficients can be applied to reach higher-order Sobolev spaces.

6.3 Random Functions From White Noise

Physics has the idea of whife noise as a deterministic signal with uniform spectrum. It
cannot be realized adequately in L,. In Spatial Statistics on sets €, a standard definition
is to sample at each point x independently from a fixed distribution Z. This can be
called Gaussian white noise for Z being .4 (0, 1), the standardized normal distribution,
and it simply is s(x) for the samples at x.

This is a purely bottom-up strategy like in Section 5, and it can easily be handled
using independence. After independent sampling, one has a function with well-defined
values, but any deterministic conclusion based on the values is unreliable, and the
function is not measurable. Furthermore, the spectrum is undefined.

To arrive at random functions starting from white noise, we can use [11] to convolve
white noise fi with sufficiently smooth functions K to get generalized random vari-
ables (fi * K)(x) with covariance

(K% K)(x—y) = Cov((fw *K)(x), (fiw *K)(y)) for all x,y € R?.

To arrive at a kernel C, one has to take the convolution C = K x K. This does not
imply that the convolution fiy x K is in 5#(C) as a function, but the random field has
correct covariance, and this paper applies. Functions in .##(C) have the form v/C * g
with L, functions g and the convolution square root of C, and this matches perfectly,
because fy ¢ L, almost surely. This is a classical way to generate random functions
and random fields [1, 13]. It falls into the scope of this paper via Theorem 8.

However, now the calculations are different, and one has to work with convolution
kernels. In case of global Sobolev spaces on R?, a smoothing operator is defined by
convolution with Matérn kernels. In particular, in the notation of [24], convolution in
R? with the Matérn kernel .#Z,_, /2,1 takes HY (R?) into H"*Y(R?). We can denote this
smoothing operator by A~? by Fourier transform arguments, and its action can be seen
as solving an equation A%y = f for a function f € H to get a function in HY*7. On
bounded domains, boundary conditions interfere, but we omit details. This observation
is used in various papers in Statistical Sciences starting from [16], solving the equation
as a stochastic partial differential equation.

6.4 Random Functions From Finite Elements

For illustration of the above arguments, we consider a convenient computational tech-
nique by coarsening the resolution of the noise, and it leads back to an expansion in
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L»(Q). Take a random function (1) where each wy is one on its support W, and all
supports are disjoint. This is an expansion into piecewise constant finite elements, and
it approximates white noise by coarsening the sample. The covariances are

Cov(fwy (x), fwy (y)) = ;wk(x)wk(y)

like in Section 2.1. This kernel is zero unless x and y are in a common W, and in that
case the covariance is one. We get an orthonormal expansion in L, if we change to

fwyyor(x) := Y ve(vol (We)) ™"/ 2wi(x)
%

because
(Wn, Wim)2 = Ounvol (Wy,).

Let us go on with the original approximation and see what happens after applying a
smoothing operator. We could take the operator DY based on expansion coefficients,
but since we already have global functions, we can convolve with a smooth function K.
The result is

(K fua)0) = [ Ko oy )y =T [, Klxw)dy = Fos (Ko 2,

which is an expansion into the K-convolved original basis. This approach works simi-
larly when starting from classical finite element bases, but the resulting kernel will not
be piecewise diagonal.

Convolutions of kernels with piecewise constant functions wy generating L, (R?) can
be calculated symbolically by MAPLE or other systems, and we shall use this in the
next section.

7 Numerical Examples

We start with the P-greedy Newton basis algorithm applied to Matérn kernels with
Gaussian coefficients. The domain is the unit circle with the lower left quadrant miss-
ing. The point selection for a case with m = 6 in 2D is in Figure 1 together with one
of the random functions. The P-greedy method selected 266 out of 963 points for a
residual variance tolerance of 1.e-12. Figure 2 shows the convergence behaviour for
increasing n, for m = 1.5, 2.5, 4, and 6. The observed convergence rates were 0.51,
1.54, 3.19 and 6.85 (green lines fitting the observations), while the red lines are for
m=1.5,2.5,4, and 6 to compare with the rates 2m/d — 1 = m — 1 mentioned in (15).
The agreement is good, but the high-order cases may not be carried out up to their final
asymptotics.

Haar wavelets were implemented in L,[0, 1], extended by zero to R and then convolved
with Matérn kernels generating W,"(R). These functions can be calculated explicitly as
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Selected Points Random function

Figure 1: Selected points and a single random function

Residual variances Residual variances
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Selected Points Selected Points

Figure 2: Convergence of residual variances for increasing numbers of selected points,
for 2D Matérn kernels with m = 1.5, 2.5, 3, and 5.

18



Random Haar Convolution Function for m=0 Random Haar Convolution Function for m=1
6000 T T T 17, T T

Figure 3: Random Functions based on Haar wavelets on [0, 1], smoothed for Sobolev
orderm=0,1,2,3.

splines consisting of exponentials and polynomials. Starting from “Haar white noise”

(17) in the top left of Figure 3, smoothings for m = 1,2,3 via

Mp—1/2,1*Ps,y = Zvn,k(%mfl/z.,l * Wok)
nk

follow in reading order, using the same random Gaussian coefficients. The final random
function is in red, the starting partial sum is in cyan, followed by partial sums for
n=1,2,...,9. The m =1 case illustrates the smoothness difference between partial
sums and the limit that has “asymptotic roughness”.

8 Conclusions and Open Problems

Calculating random functions can be done by randomizing coefficients of basis
functions. This can be analyzed without using advanced Probability and Statistics. It
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leads to kernels and their native Hilbert spaces, and the chosen bases will be orthonor-
mal there. Paths of random fields require much more probabilistic machinery, but turn
out not to be seriously more general. Choosing Newton bases recovers the standard
algorithm for sampling random fields on finite subsets via Cholesky decompositions of
kernel matrices. Partial sums of these randomized expansions are in the native Hilbert
space, but the limits are not. However, the variance of the truncation error can be ex-
pressed by the well-known Power Function and proven to be convergent to zero. If
points for the Newton basis are selected by the P-greedy method, the convergence rate
is close to optimal.

By certain modifications, the suggested randomized orthonormal expansions also work
in L, and Haar wavelet bases are an example. Smoothing operators take such ex-
pansions into Sobolev spaces, allowing scales of spaces defined via weighted expan-
sions. This is well-known for expansions into Mercer-Karhunen-Loéve bases and into
Haar wavelets, but it should be proven for Newton expansions based on the P-greedy
method.

The connection of smoothing operators to techniques based on Stochastic Partial Dif-
ferential Equations (SPDEs) should be further investigated. For instance: if an SPDE is
numerically solved via finite element bases, is this the same as using convolution, or at
least comparable? What is the effect of boundary conditions in both cases? Smoothing
operators via convolutions should be calculated explicitly, or good numerical approx-
imations thereof. If these are based on finitely many points, they will possibly be
connected to the SPDE methods.

The randomized expansions of this paper provide plenty of algorithms for the imple-
mentation of random function generators. But what are their properties? Given a mea-
surable set M C Q x R in graph space, what is the probability that a random function
has its graph in M? How does this vary with the expansion and the coefficient distri-
butions? This has a background connection to the statement of Probability Theory that
random functions are associated with measures u on sets A of function spaces via

U(A) = Prob{f € A, forall events f}.

These probabilities are a property of the random function generator rather than a prop-
erty of random functions, and it is interesting to see how random function generators
differ.

The standard algorithm using the Newton basis (or Cholesky decompositions, equiv-
alently) is computationally still quite expensive if the smoothness of the kernel C is
low and users want an extremely small variance of the truncation error. The probabilis-
tic literature [7, 16, 26, 37] has various algorithms for speed-up, mainly transitions to
a Markovian process or to sparse approximate inverses (precision matrices) of kernel
matrices. From the viewpoint of Numerical Analysis, this is a form of localization
that changes the kernel and deserves further investigations that will be useful also for
localized deterministic settings [29].

20



We omit techniques based on Random Fourier Features [17, 25]. These introduce ran-
domness in frequence space and deserve a comparison with the methods proposed here.
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