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SUMMARY

This article is dedicated to the rapid computation of separable expansions for the approximation of random
fields. We consider approaches based on techniques from the approximation of non-local operators on the
one hand and based on the pivoted Cholesky decomposition on the other hand. Especially, we provide an a-
posteriori error estimate for the pivoted Cholesky decomposition in terms of the trace. Numerical examples
are provided to validate and quantify the presented methods. Copyright (© 0000 John Wiley & Sons, Ltd.

Received ...

1. INTRODUCTION

In this article, we present and compare two different approaches for the approximation of random
fields in L2 (Q, H p(D)) for a spatial domain D C R? and a separable, complete probability space
(Q, F,P). Stochastic fields appear for example in the modeling of diffusion problems with random
data, see e.g. [1], and in machine learning, see e.g. [2]. To make a stochastic field a(x,w)
feasible for numerical computations in a stochastic Galerkin or stochastic collocation method,
see e.g. [1, 3, 4, 5, 6, 7] and the references therein, one has to separate the spatial variable
x and the stochastic variable w. Since L2 (€2, H?(D)) = L2(Q) ® HP(D), see e.g. [8], this can
be accomplished by computing a basis representation of a in L(2) ® HP(D). A very common
approach to obtain such a representation is the Karhunen-Loéve expansion, cf. [1, 9], which can be
regarded as the linear operator analogue of the singular value decomposition of matrices.

The main task in the computation of a Karhunen-Lo¢ve expansion is the solution of a symmetric
and positive semidefinite eigen-problem. In this context, approaches to efficiently compute the
Karhunen-Loeve expansion have been made by means of the Fast Multipole Method (FMM) based
on interpolation, cf. [10], in [11] and with the aid of H-matrices, cf. [12], in [13]. The idea in
these articles is to provide a data-sparse representation of the covariance operator which is then
used to solve the related eigen-problem numerically by a Krylov subspace method, cf. [14]. Of
course, another algorithm for the efficient approximation of non-local operators, like the Adaptive
Cross Approximation (ACA), cf. [15, 16], or the Wavelet Galerkin Scheme (WGS), cf. [17, 18],
can be considered as well for the representation of the covariance operator. Nevertheless, the major
drawback of these approaches is that the number of eigenvalues to be computed has to be known in
advance which might be a strong assumption in practice.

To overcome this obstruction, we present here an alternative approach based on the Pivoted
Cholesky Decomposition (PCD). The PCD is an established tool in the simulation of Gaussian
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processes and and the computation of low-rank approximations to covariance matrices, see
e.g. [2, 19, 20]. It can be interpreted as a single-block ACA with applicable total pivoting, cf. [21].
Hence, only the main diagonal of the discretized operator has to be precomputed, which can
be performed in essentially, i.e. up to possible poly-logarithmic terms, linear complexity, if the
quadrature proposed in [22] is applied to discretize the operator. Then, in each step of the algorithm,
the quality of the approximation with respect to the stochastic field is controllable by means of
the trace. If the desired accuracy is achieved, the algorithm stops with an M-term approximation
to the operator. If M is substantially smaller than the dimension of the ansatz space, we end up
with a remarkable computational speed-up. The related Karhunen-Lo¢ve expansion might then be
computed in a post-processing step. In this case, the PCD yields a full but relatively small eigen-
problem if the operator under consideration exhibits a certain smoothness. This eigen-problem
might be solved numerically by e.g. the QR-algorithm, cf. [23].

Now the following question arises: which approach is more efficient? We will try to answer this
question numerically by comparing the PCD with methods lend from the approximation of non-
local operators. We employ here ACA for the data-sparse approximation of the covariance operator
which results in a fast matrix-vector product. Thus, a Krylov subspace method — we use the Implicit
Restarted Arnoldi Method (IRAM), cf. [24, 25, 26] — is feasible to compute the desired eigenvalues
of largest magnitude.

Finally, we would like to emphasize that, although we focus here on the application to random
fields, the presented methods are also applicable in the more general case of approximating bi-
variate functions in L2(D;) ® L?(Dy) for two domains D; C R% and Dy C R,

The rest of this article is structured as follows. Section 2 is devoted to the approximation of
random fields. We start by introducing the Karhunen-Loeve expansion. After this, we introduce error
bounds for the approximation of random fields in terms of operator traces. Especially, we discuss
here error estimates including discretization and truncation error. We also provide bounds for the
decay of the covariance operator’s eigenvalues. In Section 3, we provide the theoretical background
for the pivoted Cholesky decomposition. To that end, we consider separable representations of
random fields which are more general than the Karhunen-Loe¢ve expansion. After this, we establish
error estimates for the approximation of random fields by the pivoted Cholesky decomposition.
These estimates are essential for the a-posteriori control of the approximation error. Section 4
introduces a special class of covariance functions based on the Matérn kernel functions. We choose
this class of covariance functions for our numerical tests, since we a-priori know the decay rate of the
respective eigenvalues. In particular, we are also able to analytically compute the eigenfunctions and
eigenvalues in the case of the unit sphere S2. Thus, these kernels provide an excellent benchmark
to compare both approaches. Section 5 is dedicated to testing the numerical performance of the
methods under consideration. We start here by giving some information on the implementation
of the considered methods and especially introduce in brief the ACA. Then, we will solve the
eigenvalue problem for covariance operators related to some of the Matérn kernels from Section
4 on different geometries. Finally, we sum up the results presented within this article in Section 6.

In the following, in order to avoid the repeated use of generic but unspecified constants, by C < D
we mean that C' can be bounded by a multiple of D, independently of parameters which C' and D
may depend on. Obviously, C' 2 D is definedas D < C,andC <~ DasC < Dand C 2 D.

2. APPROXIMATION OF RANDOM FIELDS

Let (Q, F,P) be a complete probability space with o-field 7 C 2 and probability measure P. In
order to ensure that L]%)(Q) is separable, we also assume that €2 is a separable set. Furthermore, let
D c R for d = 2, 3 be a sufficiently smooth and bounded domain.

For p > 0, the Lebesgue-Bochner space L% (; HP(D)) consists of all maps a: Q — H?(D) that
satisfy

1/2
[vll 22 (@ () = (/Q [0(, ) ey dIP’(w)) < oo0. (1)
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In the sequel, it is convenient to identify L2 (Q; H p(D)) according to
L3(Q; H?(D)) = H?(D) ® L§(Q).
For further details on Lebesgue-Bochner spaces see e.g. [27].

2.1. Karhunen-Loeve expansion

Leta € L3(S2; HP(D)) be a random field. We define the related centered random field ao(x, w) via

o) = o) ) = alx) = [ ) P(w) @
and the corresponding Hilbert-Schmidt operators, i.e. S: L3(2) — HP(D) with
(Su)(x) = /Q ao(x,w)u(w) dP(w) for u € L2(%)
and its adjoint S*: H~?(D) — L3(Q) with
S0 = [ alywuly)dy forue F7(D),
Then, we especially find that SS*: H?(D) — HP(D) is given by

(55*u) / / a0(x, w)ao(y, w) dP(w)u(y) dy =: (Cu)(x) 3)

which is the covariance operator related to the stochastic field a.
Obviously, the Hilbert-Schmidt norms of S and S* correspond to the L3 (Q; LQ(D))—norm of a.
The products of Hilbert-Schmidt operators form the trace-class of operators, cf. [28].

Definition 2.1. A bounded linear operator A: L?*(D) — L?(D) is of trace-class if Tr A :=
S (A A) 2, @m)LQ(D) < 00 holds for an arbitrary orthonormal basis {pm, }, in L?(D).

For the positive and symmetric operator C, i.e. (Cu,u)r>(p)y = (S*u, S*u)r2(q) > 0, it holds
TeC =3 (Com,©m)r2(p)- Moreover, we derive

o0

* 2
TrC = Z(c@m,wm L2(D Z 15* emllF 20y = / Z a0(W)s Pm) ) APw

4)
/ lao )2 oy AB() = lla0lZa(c3.2(
Notice that for continuous correlation kernels, we have in particular
TrC :/ k(x,x)dx with k(x,y) := / ap(x,w)ap(y,w) dP(w) Q)
D Q

which is a consequence of Mercer’s theorem, cf. [29]. For more details on trace-class operators, we
refer the reader to [28, 30].

A very common representation of random fields in terms of the covariance operator’s eigen-pairs
{(Am, Pm) }m 18 given by the Karhunen-Loéve expansion.

Definition 2.2. Let a € LE(S); L?(D)) be a random field. The representation
a(x,w) =A%) + Y VA (%) Xpn (w) (6)
m=1
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is called Karhunen-Logve expansion with respect to a. Here, a(x) denotes the mean of a as defined
in (2). The random variables { X, } m, are given according to

1 1
Xnl) 1= = (S m)(w) = = [ an(x.w)om() dx
)\m )\m D
and satisfy (X, Xn)LHg(Q) = Opn as well as (X, 1)L§(Q) =0.

The Karhunen-Loeve expansion can be regarded as the continuous analogue to the singular value
decomposition of matrices. For numerical issues, we have to truncate the series in (6) appropriately
after M € N terms. The question how small M can actually be chosen in order to achieve a certain
precision is closely related to the decay of the eigenvalues of C, which depends on the smoothness
index p. Results on the decay of the eigenvalues have been established for periodic functions already
in [31]. Nevertheless, since we do not want to restrict ourselves to this situation, we refer here to the
more general results in [32, Theorem 3.3, Theorem 3.5].

Theorem 2.3. Let a € L3 (Q; H P(D)) with p > d/2. Then, the eigenvalues of the covariance
operator C: H=P(D) — HP(D) decay like )\, <m = 2"/®asm — oo and it holds e(M) =
Z::M—&-l Am S M3—4

2.2. Finite element approximation

For the approximation of spatial functions in L?(D), we employ piece-wise polynomial
(discontinuous) finite elements of order s. To that end, we introduce a family of quasi-uniform
triangulations 7;, for D with mesh width h and define the spaces

Vi# := {vp: D — R : v|r is a polynomial of order s for all T € T;,} C L*(D). (7

Then, given a function v € H(D) with 0 < ¢ < s, it holds due to the Bramble-Hilbert lemma the
approximation estimate

lv—QnvllL2(p) = ’ig‘f/s v —vnllz2py S A llvllaep) (8)
V&V

uniformly in h, see e.g. [33, 34]. For the spatial approximation of a(x, w), i.e.

an(x,@) = (Qua) (x,w) = (Qua) () + 3 VA (Qnpm) ()Xo (),

we obtain in terms of the trace the following approximation result in V;’. Even though this result has
already been derived in [11, Theorem 2.10], we shall present here a proof which employs another
technique required for our considerations later on.

Theorem 2.4. Let N = dim V), \y > Ay > ... > 0 be the eigenvalues of the covariance operator
Cand M p > Ao, > ... 2 An ., 2> 0 those of Cp, := QnCQy,. Then, it holds

||a0 - Qha’OH%%(Q;LZ(D)) =TrC — TI‘C}-L

and therefore

N o0
lao = @naolZz ooy = 2 Am = Ama) + D Am:
m=1 m=N+1

Proof
Let {¢., }m be an orthonormal basis of L?(D) such that either ¢, € Im Q}, or ¢, € Im(I — Qy,)
holds. Therefore, we obtain (S*(I — Qp,)m, S*Qh<pm)L§(Q) = 0. Thus, we infer by (4) that

o0
2
llao = Qnaollz2(0,2(py) = > (S m: S em) 20 — (S Qnpm, S* Qum) 120
m=1
=TrC — TrC,.
O
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For the rest of this article, we refer to {(A\, ©m)}m as the eigen-pairs of C (in decreasing
order) and t0 {(Am.n,9m.n)}N_; as the eigen-pairs of Cj. Moreover, it is convenient to set
ap(x) = (Qra)(x) and ag p, := ap, — Gp. By the application of the theorem and the approximation
estimate (8) it is straightforward to show the following

Corollary 2.5. The trace error satisfies 0 < TrC — TrC), S h?™n{sP} jf ¢ € L2(Q; HP(D)),
where the hidden constant involves the L% (Q; H?(D))-norm of a.

Theorem 2.4 remains valid if we introduce the additional orthogonal projection Pp,: V7 — U
onto an M -dimensional subspace U C V;°. The related projected stochastic field is given by

an, 2= ap, + Pragp = Qpa + Pr,Qpao
and its covariance according to Cy, pr := P,,Cp Pp. We arrive at the subsequent approximation result.

Theorem 2.6. Let C, = QCQp, Chovr = PrCr Py and ap nr = ap, + Phao, . Then, there holds
||CL - ahJ\/f”%}%(Q;Lz(D)) 5 h2 min{s,p} + (TI'Ch - TI'C}LJL[), (9)

where the hidden constant involves the L3 (Q; H p(D))-norm of a.

Proof
By Theorem 2.4 and Corollary 2.5, it holds

|\a—ah7M||iﬂg(Q;Lz(D)) <||(I - Qh)aHLQ(D)
+ [lao — GO,h”LDZ;(Q;L?(D)) +llaon — P’LaovhH%ﬁ(Q;LZ(D))
< p2midspl 4 (TrC — Tr Q) + (TrCp, — TrChoar)
< p2midsPY (T €, — TrChoag).

O

The theorem indicates that, after fixing the ansatz space V}’, the approximation error of the
stochastic field is controllable in terms of the discretized operators Cj, and Cj, ar. The optimal choice
of P}, in terms of minimizing the trace error is the orthogonal projection onto the dominant invariant
subspace of Cp,, i.e. Uns,p, := span{®i p, - - ., @arn t corresponding to the M dominant eigenvalues
of Cy,. The related Karhunen-Loe¢ve expansion then reads

ap, v (X, w) = ap(x) + Z A, h O, h (%) X (W), (10)

m=1

where the random variables are given according to

X (w) ==

\/}\17}/D(Pthao)(xw)(pm’h(x)dx. (11)

Notice that, in this setting, the discretization of the stochastic field implies a change of the stochastic
model induced by (11).

If, however, Uy 1, and thus P, are not known exactly, they have to be approximated appropriately.
This induces an additional error and we have to assume that Apry; 5 is distinct from Aps p,
cf. [35, 36]. Nevertheless, any subspace is feasible as long as the difference TrCp, — TrCp, as
becomes small for moderate sizes of M.

Copyright © 0000 John Wiley & Sons, Ltd. Numer. Linear Algebra Appl. (0000)
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2.3. Approximation of eigenvalues

In the remainder of this section, we will briefly consider how well the decay of the eigenvalues
{Am}m of C is reflected by Ritz-values A1 p,...,An,, related to Cj,. The approximation error
of the Ritz-values is measured in terms of the gap between the invariant subspace U,, =
span{g1, ..., ¢m} C L?(D) of C and the approximation space V}, i.e.

O(Un) = sup (I = @n)ullL2(D)-

WEUm,lull 2 (py=1
In order to control the gap, we have to take the eigenfunctions’ regularity into account. By [32,
Remark 3.8], it holds for a € H?(D) ® L}() that the eigenfunctions {¢,, },,, of the covariance

operator C satisfy [|¢m || (p)y S Am”™ for 0 <t < min{s,p} and A, # 0. Thus, the orthogonal
projection of ¢,, onto V}’ yields the error estimate

t

I(I = @u)¢emliL2) S hlomllmepy S Am™ hE. (12)
Now, we can estimate the gap as follows.

Lemma 2.7. Let U,, = span{p1, ..., om} C L?(D) be an invariant subspace of C. Then, it holds
for0 <t <min{s,p}and Ay, ..., \, # 0 that

O(Up) < \/%A;‘ﬁ ht. (13)

Proof
Letu =", a;p; with ||u||.2(py = 1. Thus, itholds )" ; o = 1. Then, with & = (a1, ..., o),
we have

Zal I— Qh

< sup Z|al|||l Qn)eill2(py S sup Z|al|)\ thf<f)\ 2Pht

lexll2=1 45 lexll2=1 45

OU) = sup (I — Qn)ullL2(py = sup

ueU‘me“”LQ(D):l lleell2=1 L2%(D)

where we used (12) in the second to last step. O

Remark 2.8. In order to achieve convergence for the m-th eigenvalue, we have to guarantee
0(U,,) < 1 which imposes a restriction to the mesh width h of the discretization. Moreover, we
have m < N = dim V}?.

From [37, Theorem 9.2.2.2] we obtain finally a convergence result, which relates the eigenvalues’
rate of approximation to the gap.

Theorem 2.9. Let U,,, = span{¢, ..., m} be an invariant subspace of C such that dim(QpU,,) =
m. Then, the approximation \; j, to the i-th eigenvalue by the Rayleigh-Ritz method, i.e. Crp; p =
i hPi.n, Satisfies the estimate

0< N —Ain < N(0(U))° foralll <i<m. (14)

Thus, we can approximate the eigenvalues in V}’ according to

0<XNi—XinS /\”th forall 1 <4 <mand0 <t < min{s, p}.

Especially for s < p, the eigenvalues of C;, exhibit a similar rate of decay as the eigenvalues of C
up to a relative error of 52,

Copyright © 0000 John Wiley & Sons, Ltd. Numer. Linear Algebra Appl. (0000)
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3. THE PIVOTED CHOLESKY DECOMPOSITION
Based on the observation in Theorem 2.6 and the subsequent discussion, we consider in this section

a more general approach for the representation of a random field. For this purpose, we rather refer
here to the separable decomposition

M
a'h,M(X7w) = ah(X) + Z w’m,h(x)y;n(w) (15)
m=1

than to the orthogonal decomposition (10). In the expansion (15), we assume that {1}, h}f‘,{:l cVy
with appropriately modified random variables {Y,,, }_, .

Algorithm 1: Pivoted Cholesky decomposition ([21])

Data: matrix A = [a; ;] € RV and error tolerance £ > 0
Result: low-rank approximation A ,; = Zfil 2,67 such that trace(A — Ap;) < ¢

begin
set M :=1;
set d := diag(A) and error := ||d||,;
initialize w :=[1,2,..., N|;

while error > ¢ do

setd:=argmax{d,, :j=M,M+1,...,N};
swap 7y and 7;;

Set Unf mas = \/renss

for M +1<i< Ndo
-1
compute gM,Tri = (aWM,TFz - £j7WA4€j77i>/€Jw77rM;
=1

update dr, := dr;, — Cprrp Cndymy s

i

[

n
compute error := g dr,s
i=M+1
increase M := M + 1;

One possibility to obtain a separable expansion (15) is to compute the pivoted Cholesky
decomposition of the coefficient matrix of C;, with respect to a basis in V;’. To that end, let
®(x) := [p1(x),...,dn(x)] denote an orthonormal basis of V;°. Then, the coefficient matrix of
Cy, with respect to ® is given by

C = [(Chodj, di)r2(pylry—1 € RV, (16)

For each finite dimensional ansatz space, the matrix C is symmetric and positive semidefinite. Thus,
C exhibits a (possibly pivoted) Cholesky decomposition. By pivoting the Cholesky decomposition
(see Algorithm 1), we achieve numerical stability on the one hand, cf. [38, 39], and, if the
eigenvalues of C decay sufficiently fast, a low-rank approximation on the other hand, cf. [21].
Especially, the approximation error of the (truncated) pivoted Cholesky decomposition is a-
posteriori controllable in terms of the (discrete) trace, i.e. trace(A) := Zf\;l (Ae;,e;) = vazl aq i,
where eq, ..., ey denotes the canonical basis in RY.

3.1. Separable expansions of random fields
In the following, we establish the connection between the approximation to the random field
obtained by the pivoted Cholesky decomposition and the Karhunen-Loéve expansion of Qra(x, w).

Copyright © 0000 John Wiley & Sons, Ltd. Numer. Linear Algebra Appl. (0000)
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We denote the spectral decompositions related to C by C = ZZIL Aiv;v] with \; € [0,00) and
v; € RN, Therefore, the Karhunen-Logve expansion of Qja(x,w) is given by

an(x,w) = ®(x)a, + Z VA®(x)viX;(w)

with respect to the orthonormal basis ® of V;¢ and aj, := [(@, ¢;)r2(p)]iL; € R™. Moreover, the
random variables {X;}¥ | are given by (11), where P, = I is chosen as the identity mapping on
V},. This representation can be rewritten in matrix notation as

ap(x,w) — ®(x)ay, =: B(x)VEX(w) (17)
with V:=[vy,...,vy], Z:=diag(vA1,...,vVAx) and X(w) = [X1(w),..., Xn(w)]T. The
matrix (VE)T € RV*Y from (17) exhibits a QR-decomposition: QLT = (VE)T or LQT = VX,
respectively. Here, Q denotes an orthogonal matrix, i.e. QTQ =1 € RV*Y, and L €¢ RV*V is a

lower triangular matrix. We shall next define the transformed random vector Y (w) := QTX(w).
Then, Y (w) also consists of N uncorrelated and centered random variables, since it holds

/ Y (w)YT(w)dP(w) = QT/ X(w)XTw)dP(w)Q =QTIQ =1
Q Q

That the random variables Y;(w) are also centered, follows from the fact that they are weighted sums
of centered random variables. Thus, we obtain a representation equivalent to (17) according to

P(x)VEX(w) = ®(x)LY (w)
where the change of basis Q only acts on the basis of L2(12). Moreover, we observe
C=VXE(VE)T=LQTQLT = LL".

Since L is a lower triangular matrix, we thus end up with the Cholesky decomposition of C. In
the following, without loss of generality, we will especially assume, that LLT corresponds to the
pivoted Cholesky decomposition of C.

Using the Cholesky decomposition of C, we obtain the separable representation

N
an(x,w) = ®(x)a, + Y _ B(x)€;Y;(w) (18)

i=1
for ap(x,w) with L = [£y, ..., £x]. Whereas, the related truncated Cholesky decomposition leads

to the truncated expansion

anas(%,0) = B(x)an + Y PHLYi(w).

Notice that this is exactly the representation (15) with ¥;(x) = ®(x)¥;.

Remark 3.1. The separable representation (18) of the stochastic field is based on the knowledge of
an appropriate matrix R € RN*N | a square root of the coefficient matrix, such that C = RRT. It is
known that for two different square roots, i.e. C = RRT = RRT, there exists an orthogonal matrix
Q € RY*N such that R = RQT. The change of the representation (17) due to the application of
Q is then performed by the change of the basis functions in L3(Q), i.e. Y (w) := QTX(w). Thus,
any square root of C yields a separable representation of ap(x,w). Nevertheless, we focus on the
pivoted Cholesky decomposition here.

Copyright © 0000 John Wiley & Sons, Ltd. Numer. Linear Algebra Appl. (0000)
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3.2. Approximation by the pivoted Cholesky decomposition

The approximation error of a given stochastic field induced by truncating of the pivoted Cholesky
decomposition is controllable in accordance with the following theorem.

Theorem 3.2. For the coefficient matrix C € RN*N given by (16), let Cpy = Ly L], € RV*N
denote its (truncated) pivoted Cholesky decomposition computed by Algorithm 1 such that
trace(C — Cyy) < € holds for some € > 0. Then, for the related stochastic fields, we have the error

estimate |la, — ah,MHL;(Q;B(D)) < Ve

Proof
Let C = LLT denote the pivoted Cholesky decomposition of C. We define

(Shu)(w) ::/D(<I>(X)LY(w))Tu(x)dx

and Py : V;? — span{¢i(x),..., ¢ (x)} the orthogonal projection onto the space spanned by the
first M basis functions. Then, it holds in complete analogy to the proof of Theorem 2.4 that
N
llan — ah,M”QL;(Q;p(D)) = Z(Sh¢l78h¢ L) — (ShPh¢Z7ShPh¢Z)L2
i=1
N M
= Z(LTei, LTe;) — Z(LTei, LTe;) = trace(C — Cypy) < €.
i=1 i=1

O

The theorem states that the choice ¢ =~ h™{P:5} in the pivoted Cholesky decomposition

guarantees, together with inequality (9), the (optimal) error estimate

la = anmllLz:2(py) S pmintpost,
The major advantage of this approach is, that at no time the coefficient matrix C has to be fully
assembled. It is sufficient to provide access to single entries of this matrix while processing the
pivoted Cholesky decomposition. The error in the approximation of the random field a is then a-
posteriori controllable by the trace.

Given that the pivoted Cholesky decomposition for C truncates with M < N terms and
Cuy = LyL], € RV*N where Ly, € RV*M | the computation of the related Karhunen-Logve
expansion is performed with complexity O(M?2N), cf. [21]. This can be achieved by computing
the eigenvalues of L] Ly, € R™*M which coincide with those of Cy;. Then, if vi,..., vy
denote the orthonormal vectors of the small eigen-problem, the eigenvectors of C,; are given by
Lvq,...,Lvy; and we have

(LVZ')T(LVJ') = VZ'LTLVJ' = )\iéi,j for all 27] = 1,...7M. (19)

Thus, the related Karhunen-Loeve decomposition is given by

anr (%,w) = ap(x) + Z ®(x)Lv; X; (w). (20)

If the laws of the random variables X;(w) are known, we obtain the relation
X(OJ) = [vlv s 7VJW]TY(W)

with v; from (20). Otherwise, the related random variables X;(w) can be determined by a maximum
likelihood estimate, cf. [11]. Notice that for the important Gaussian case X (w) ~ [N(0,1)]"
have for any orthogonal transform QX (w) ~ [A/(0,1)]"V and thus X has the same law as X.
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4. THE MATERN CLASS OF KERNELS

For our numerical tests, we consider a special subset of Hilbert-Schmidt kernels, namely the Matérn
class of kernel functions, cf. [40]. They are very often used as covariance kernels for the definition
of stochastic fields. In accordance with [2], they are defined as follows.

Definition 4.1. Let r := ||[x — y||2 and ¢ € (0,00). Then, the Matérn covariance function of order

v > 0 is given by
21—V 2vr\"” 2ur
= K . 21
) I'(v) < ¢ > ”( ¢ > @D

Here, T denotes the gamma function and K,, denotes the modified Bessel function of the second kind
of order v, cf. [41].

The expression (21) simplifies if v = p + 1/2 with p € N. In this case, [2] provides

o= () S ()

Especially, we have

1 r
V=3, k1/2(7’):eXp(_£>’
3 37’ \/gr
V=73, k3sa(r) = <1+ / )exp<€>a
2
u:§, ksjo(r) = {1+ 5r+5L <P - ’
5 ¢ 32 t (22)
7 Tro 1412 49V/Tr3 Vr
= - = 1 R
V=g, kz/2(r) ( + 1 T 502 + 15¢3 )eXp < ¢ >’
v=2 kep(r) = e e T e (Y
v 9/2\) = ; 702 765 " 3568 ) P L)

2
v = 00, k‘oo(r):exp(—%z).

A visualization of this kernels for different values of v is given in Figure 1. Obviously, the Sobolev
smoothness of the kernel k,, is controlled by the smoothness parameter v.

For increasing values of v, the respective kernel function k, exhibits successively more regularity.
Especially, the eigenvalues of the Matérn correlation kernels decay like

Am < Cm~(0+%) (23)

for some C' > 0, cf. [42]. Thus, since the decay of the covariance operator’s eigenvalues is known
in advance, they are very well suited for numerical examples.

Obviously, the Matérn kernels provide rotational symmetry, i.e. they are invariant under
isometries of D, since they are only dependent on the particular distance of the points x and y. Thus,
we obtain analytic expressions for the eigenvalues of the underlying Hilbert-Schmidt operators, if
we choose D = S?~! to be the unit sphere in R?. More precisely, we may apply the Funk-Hecke
formula, cf. [43], which reads as follows.

Theorem 4.2. Let x € S*! and f € C([-1,1]), then it holds

L, F6TYoaty) doy = AnYin(x)
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Figure 1. Different values for the smoothness parameter v.

with )
Am = [S472] / Po(d;t) () (1 — £2)F" dt.
-1
Here, Y, corresponds to a spherical harmonic of order m and P,,(d;t) denotes the polynomial

[m/2] i N,

d—1 —1 (1 _ t2)1tm 21
P, (d;t) :=m!T| —— E - '
(@)= m < 2 > (4>z‘!(m2i)!r(¢+6121)

=0

A proof of this theorem can be found in [43]. Especially, for the case d = 3, the polynomials
P,,(3;t), correspond to the Legendre polynomials, cf. [43].

Notice, that the Funk-Hecke formula applies to all kernel functions on S?~!, which depend
only on the Euclidean distance r(x,y) = ||x — y||2. This is easily seen due to 7(x,y) = r(xTy) =
V2 — 2xTy for all x,y € S?!. Figure 2 shows the distribution of the Matérn-kernels’ eigenvalues
for v =3/2,5/2,7/2,9/2 on S? up to an order of magnitude of 10~ for the correlation length
¢ = 1. The constant C is estimated by a least-square fit for the ratio of the rate given by formula
(23) for C' = 1 and the exact eigenvalues given by Theorem 4.2. The obtained values of C' for each
kernel under consideration are denoted in the legend of Figure 2. The plot indicates, that the fitted
rates perfectly match the asymptotic behavior of the eigenvalues.

5. NUMERICAL RESULTS

The numerical tests in this section are performed on parametric surfaces I' C R3. These surfaces
have recently been considered in the context of solving boundary integral equations, cf. [44] and the
references therein. The following subsection provides some details on the numerical implementation
of the considered methods.

5.1. Implementation
For the sake of completeness, we start by briefly recalling the idea of ACA. For more details, we
refer to [44] and the references therein.
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Figure 2. Decay of the eigenvalues with related fits.

For the application of ACA, we exploit that the correlation kernel k(x,y) of the covariance
operator C: H—?(D) — HP(D) is asymptotically smooth, i.e. the kernel is smooth away from the
diagonal {(x,y) € D x D :x =y}. Then, the coefficient matrix C from (16) can be partitioned
into admissible, i.e. compressible, matrix blocks corresponding to the far-field of C and non-
admissible, i.e. non-compressible, matrix blocks corresponding to the near-field of C. ACA provides
a means to compress the admissible matrix blocks of C. A visualization of the block partitioning
and the related ranks of C in case of the Matérn-9/2 kernel on S? is depicted for level 4 in Figure 3.
In each admissible matrix block, we approximate C by a truncated, partially pivoted Gaussian

Figure 3. Partition of the matrix C for the Matérn-9/2 kernel with inscribed ranks.

elimination, cf. [16]. To this end, we define the vectors £,,,u,, € R" by the following iterative
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scheme, where Caam = [ci 5]} ;—; is the admissible matrix block under consideration:

form =1,2,...set Wy, = Wy, /[0);,, With
m—1 m—1
. n (24)
W = i )7 = Y Loy and £, = [, 17y = > il 4.
j=1 i=1

A criterion to guarantee the convergence of the algorithm is to choose the pivot element located
in (4, jm)-position as the maximum element in modulus of the remainder Coam — Liyy—1 U1,
where we define the matrices L,,,—1 := [€1,...,£€,—1] and U, :=[uy ..., up,—1]T. This would
require the assembly of the whole matrix block C,q4,,, Which is not feasible in practice. Therefore,
we employ another pivoting strategy: We choose j,, such that [Q,,];,, is the largest element in
modulus of the row 10,,.

We finally stop the iteration if the criterion ||£,,+1]]2]|um+1ll2 < €||LmUm|| F is met for some
desired accuracy € > 0. Here and in the following, || - || » denotes the Frobenius norm. Notice that
the stopping criterion supposes a saturation assumption, i.e. the assumption that the error is reduced
in each step by a constant factor. Compressing each block with the prescribed accuracy ¢ yields the
overall error estimate ||C — C||r < ¢||C||, where C denotes the compressed matrix.

Obviously, the complexity for the computation of the rank-m-approximation L,,, U,, to the block
Cadm is O(2m?n) and the storage cost is O(2mn). The latter one can be further reduced by the
application of a singular value decomposition and neglecting non-relevant singular values.

Notice that (24) combined with total pivoting would result for symmetric matrix blocks in an
algorithm quite similar to the pivoted Cholesky decomposition. Nevertheless, for PCD, we do not
have to partition the system matrix into far- and near-field, but directly employ Algorithm 1 to C. In
this sense, we may think of PCD as a single-block ACA with total pivoting. Here, the total pivoting
is not prohibitive expansive since it is a-priori known that the pivots are located along the main
diagonal of C. Furthermore, we have in contrast to ACA a rigorous stopping criterion based on the
quantity trace(C — L,,,LT ).

The implementations of both ACA and PCD rely on the same single-scale code, which means,
they use the same quadrature routines for the assembly of the entries of the matrix C. In case of
ACA, we end up with a data-sparse representation C of C. Thus, to obtain a representation of the
approximate stochastic field ay, ys similar to (10), we have still to compute the dominant eigen-pairs
of C. The representation of C yields a fast matrix-vector product. Therefore, we employ ARPACK,
cf. [25], to solve the eigen-problem for the compressed matrix C. The size of the Krylov subspace
in ARPACK is chosen twice the number of desired eigenvalues, which is a reasonable choice
according to [25]. Both methods have been implemented in the C-programming language, cf. [45].
Furthermore, in the implementation of ACA, we have employed level 1 and 2 BLAS' routines in
the assembly of the matrix C and in the matrix-vector product, whenever possible. Additionally,
exploiting the symmetry of C, we only assembled the lower triangular part of the matrix C for
ACA. Notice that a LAPACKi-style implementation of the PCD, cf. [46], is not applicable since it
relies on the assembly of the entire matrix C, which is not feasible for large values of N*.

5.2. Numerical examples

All computations are carried out single threaded on a computing server with two Intel(R) Xeon(R)
X5550 CPUs with a clock rate of 2.67GHz and 48GB of main memory. Furthermore, we set the
correlation length of the Matérn kernels to £ = 1 in each example. For the spatial discretization we
choose piece-wise constant finite elements, i.e. the ansatz space is Vhl, cf. (7). For ACA, we set the
truncation error € ~ h2. Thus, we expect for both approaches a linear rate of convergence for the

Thttp://www.netlib.org/blas/
http://www.netlib.org/lapack/
§For example for N = 105, the storage of the matrix C would require about 80GB of memory in 8-Byte double precision.
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stochastic field in terms of the (continuous) traces, i.e.

||a7 ap, MHLQ(Q :L2(D)) N < h++/TrC, 7TI‘C}LM

Therefore, we will measure the error by the quantity \/ TrCp, — Tr Cp, ar/+/Tr Cy. Notice that we
consider here the relative error in order to make the error independent of the scaling of the
eigenvalues which depends on the size of the domain, cf. (5).

First example

Figure 4. The unit sphere s? represented by 6 patches.

As a benchmark, we consider the three-dimensional unit sphere S? C R? represented by 6
congruent patches, see Figure 4. Thus, with the knowledge from the preceding Section 4, we can
compute the exact eigenvalues and eigenfunctions of the Matérn covariance functions as reference.
Furthermore, we can estimate the truncation error due to (23). For the truncation error related to the
Matérn covariance with smoothness parameter v, it holds that

Z A <,/ Cay—1- ”dm—\/fCM v, (25)

Notice that the dimension is essentially d = 2 here, since we restrict the Matérn kernels to the unit
sphere S2. Thus, to bound the truncation error of the Karhunen-Logve expansion by h, we have to

ensure that
O oyt
fCM v<h = M> .
vh2

With the estimation of the constant C' at hand, cf. Figure 2, we could now compute the related
length of the Karhunen-Loeve expansion. Unfortunately, this approach yields very large numbers
of eigen-pairs to be approximated by ACA. Therefore, we choose another approach. We consider
for each respective kernel the sum of those eigenvalues with magnitude larger then 10710 as an
approximation to the actual trace of the kernel, i.e.

Max

k, ) dsy = )\m"’_a
/S2 (x,x)ds Z €

m=1

cf. (5), with My. = arg min,, {\,, > 10710}, The resulting truncation error is computable due to
the knowledge of the exact traces which are equal to 47 for every v. We have ¢ = 4.18 - 1076 for
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J u—3/ v=>5/2| v="7/2| v=9/2
1 6 (9) 4(4) 4 (4) 4 (4)
2 18(25) | 13(16) | 11(16) 9(9)
3 48 (49) 25 (25) 20 (25) 17 (25)
4| 120(121) | 45(49) | 33(36) | 26 (36)
5| 305(324) | 79(81) | 49 (49) | 40 (49)
6 768 (789) | 139 (144) 76 (81) 57 (64)
7 | 1928 (1936) | 243 (256) | 113 (121) | 78 (31)
8 | 4807 (4900) | 423 (441) | 166 (169) | 107 (121)

Table 1. Different values for the cut-off parameter M; on the unit sphere s2.

J V—3/ v=5/2| v="T/2| v=9/2
1 5 (6) 5 (6) 4(5) 4(5)
2 19(21) | 14(14) | 12(13)| 11(12)
3 19(56) | 29(32) | 23(24) | 21(22)
4 137(158) | 53(58) | 38(dl) | 32(35)
5| 359 (414) | 97 (107) | 58(62) | 46 (49)
6 | 035 (1082) | 167 (185) | 89 (96) | 64 (69)
7 ) ) )
3 ) )

2415 (2812) | 295 (327) | 132 (143
— (7158) | 513(569) | 197 (214) | 122 (130
Table II. Ranks determined by PCD on the unit sphere S2.

v=23/2,e=243-10""forv =5/2,e =4.93- 108 forv = 7/2,ande = 1.70 - 10~8 forv = 9/2.
The rank on each level j with mesh width h =~ 277 is then determined according to

max Mmax
%zmwm{ZA ZA<MZA} (26)

ke{l,....,Mmax}

that is the trace error relative to the scaling of the eigenvalues. The finest level j which we consider
here is 8, resulting in 393216 finite elements. For the levels j = 1,...,8 and v = 3/2,5/2,7/2,9/2,
the related cut-off parameters A/; are found in Table I. The number in the brackets denotes the size
necessary to resolve clusters of eigenvalues by approximating only complete subspaces related to
the multiplicity of the respective eigenvalue. This is proposed in [25] in order to achieve the optimal
performance of ARPACK.

Table II shows the ranks determined by PCD. The numbers in front of the brackets correspond to
the recompressed ranks, the numbers within the brackets denote the original rank. As it turns out,
the ranks computed by PCD are rather optimal in the sense that they reflect the estimated length of
the Karhunen-Loéve expansion determined by formula (23). Especially for increasing smoothness
of the kernel function, the determined rank gets successively better.

Remark 5.1. We end up with the spectral decomposition of the approximate covariance Cp, ny when
we solve the eigen-problem (19) for PCD. By truncating the obtained decomposition (20) with
the prescribed relative accuracy h?, we achieve an a-posteriori recompression of the PCD. This
procedure may at most double the approximation error but reduces the rank by up to 10% on average
in our computations for this article.

The error plots and related computational times for the numerical experiments on the unit sphere
are depicted in Figure 5 and in Figure 6, respectively. Unfortunately, the computations of ACA as
well as PCD with recompression for v = 3/2 and level 8, i.e. for 393216 finite elements, could not
be carried out since the available main memory has been insufficient.
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Figure 5. Numerical results (errors) on the unit sphere S2.

Figure 5 shows the trace error for each particular kernel. The expected rate h ~ 277 is indicated
in the plots by the dashed black line. The magenta colored line with boxes shows the error for
ACA with clusters of eigenvalues resolved (full subspaces), whereas the red line with circles shows
the error for ACA with the exact number of eigenvalues computed by (26). The error of the PCD is
indicated by the blue lines with squares and finally the error of PCD with recompression is indicated
by the cyan colored line with circles. It turns out that all four methods provide the expected rate of
convergence in this example. For overview purposes, we have chosen the same colors and markers
for each particular method in the subsequent visualizations.

Figure 6 shows the computational times for every method and each particular kernel. There seems
to be no significant difference in the times for ACA with clusters of eigenvalues resolved and ACA
with the exact number of eigenvalues from (26) for all kernels under consideration. Nevertheless,
we observe that PCD is about a factor of 10 times faster than ACA for the smoother kernels,
ie.v =15/2,7/2,9/2 and about a factor of 2 times faster for v = 3/2. Furthermore, we observe that
the computation time consumed by ACA for v = 5/2,7/2,9/2 is mostly caused by the assembly of
the matrix C, indicated by the green colored line with diamonds, whereas the computation time is
governed by the eigenvalue computation for v = 3/2.

Second example

In our second example, we consider the plate geometry shown in Figure 7. It is a rectangle with 30
inscribed, equi-spaced circular holes, which is represented by 120 patches and scaled to a size of
2 x 2.4. Here, the computations are carried out on levels j = 1,...,6, where level 6 corresponds
to 491520 finite elements. Figure 8 contains a visualization of the four orthonormal eigenfunctions
corresponding to the four largest eigenvalues of the Matérn kernel with v = 3/2.

In this example, we do not know the number of eigenvalues necessary to achieve the desired
precision with ACA and ARPACK. Therefore, we use here the ranks provided by PCD with
recompression as reference. The respective values are found in Table III. Again, the numbers in
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Figure 6. Numerical results (computational times) on the unit sphere S2.

Figure 7. Plate geometry represented by 120 patches.

front of the brackets correspond to the recompressed ranks of PCD and the numbers within the
brackets denote the original ranks.

The error plots and related computational times for the numerical experiments on the plate
geometry are presented in Figure 9 and in Figure 10, respectively.

The trace error for each particular kernel, i.e. v = 3/2,5/2,7/2,9/2, o0, and the different methods
is found in Figure 9. Again, PCD provides exactly the expected rate of convergence. The behavior
of ACA is not that monotone as in the previous example. In case of the smoother kernels,
ie. v ="7/2,9/2, 00, the rate of convergence deteriorates in the last step. For v = 3/2 we have
a contrary behavior. The rate of convergence is increased from level 2 to 3 and in the last step.
Finally, we observe for v = 5/2 an increased rate of convergence from level 4 to 5 on the one hand
and an increase of the error in the last step on the other hand. Possibly, these effects are caused by a
lack of resolution of the faster oscillating eigenfunctions which are involved in the deflation process
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Figure 8. First four orthonormal eigenfunctions on the plate geometry and Matérn kernel for v = 3/2.

J v=3/2| v=>5/2|v=T/2|v=9/2| v=0
1 13| 1an| 990 99| 7M
2| 34(36) | 19(20) | 15(15) | 14 (14) | 10 (10)
3 78 (86) 31(33) | 25(26) | 20(21) | 13(13)
4 1 178 (196) 52 (56) | 35(37) | 29(30) | 17 (17)
5| 416 (459) | 87 (93) | 49 (52) | 38 (39) | 21 (21)
6 | 983(1085) | 141 (151) | 71(75) | 53 (55) | 25 (26)

Table III. Ranks determined by PCD on the plate geometry.

of the implicit restarted Arnoldi method and the resulting impact on the computation of the sought
eigenvalues.

Figure 10 shows the computational times for every method and each particular kernel. Here,
the times for the recompression of PCD are rather moderate due to the low ranks. Nevertheless,
the benefit of the recompression is relatively small here, especially for the smoother kernels,
cf. Table III. Again, PCD outperforms ACA by about a factor of 10, even in the case of v = 3/2.
This is due to the coupling of the number of eigenvalues to be computed to the ranks provided by
PCD. Furthermore, as in the previous example, the computation time for ACA is governed by the
assembly of the matrix for v = 5/2,7/2,9/2, co and by the eigenvalue computation for v = 3/2.

6. CONCLUDING REMARKS

The present article is devoted to the efficient approximation of random fields for numerical
applications. It is state of the art to compute a separable representation of the random field under
consideration. A very common approach to determine such a representation is the (truncated)
Karhunen-Loeve expansion. Here, one has to solve the eigen-problem for the related covariance
operator. We have tackled this task by combining the Adaptive Cross Approximation and
ARPACK. Nevertheless, a major drawback of this approach is that the number of eigen-pairs to
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Figure 9. Numerical results (errors) on the plate geometry.

2 3
Level

be approximated has to be known in advance. This might be a problem in practice since the correct
number is not feasible in many applications. With the pivoted Cholesky decomposition, we provide
a method which overcomes this obstruction. Due to the knowledge of the discretized covariance
operator’s main diagonal, we are able to a-posteriori control the approximation error in terms of
the trace. If, for the application at hand, an orthogonal decomposition of the stochastic field is
required, this can be realized relatively cheap by the pivoted Cholesky decomposition in a post-
processing step. The numerical experiments suggest that both approaches provide the optimal rate
of convergence. In the comparison of the computational times, we observe however that the pivoted
Cholesky decomposition is the superior method.
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