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1 Introduction

Parametric operator equations have gained significant attention in recent years. In par-
ticular, partial differential equations with random coefficients play an important role in
the study of uncertainty quantification, e.g., [5, (12, |13]. Therefore, the numerical solution
of these equations and how to compute them in an efficient and reliable way has become
more and more important.

In this work, we will consider partial differential equations with random coefficients of the
form

—Va - (a(x, &) Vau(x, €)) = f(x) xeD, e D, (1.1a)
u(x, &) =0 Vo € 0D, € € D, (1.1b)

describing the diffusion characteristics of inhomogeneous materials and therefore being
called diffusion equations with the random diffusion coefficients a. Here, x € D is the
spatial variable in a domain D C R?, where d = 1,2, or 3, and & = (§j);-li1 € D¢ is a high
dimensional random variable with Dg = X;lil [, B;]. The here considered model of the

random field in the PDE is then realized by the random coefficient a of the general form

a(2,€) = ar(a) + f:lfj b(x). (1.2

Often, the random variables {;,j = 1,...,d¢, are assumed to be independent and each
uniformly distributed on an interval. This model with a linear appearance of the ; has
been used in many recent papers, e.g., |1, 2, (6, |7, {8, |10, (17, 18, 21]. Further, |12} [13]
recently also considered the modeling with periodic random variables instead, which shows
also worth to be considered.

In each case, the random variable & is assumed to be high dimensional or even infinite
dimensional. Therefore, the most common approximation methods are subject to the
curse of dimensionality. Recent works commonly suggest to apply known solvers to the
differential equation for several fixed &. The quantities of interest are then computed
from this set of solutions. In [4], an approach using Fourier methods was presented, that
computes a complete approximate solution for one-dimensional diffusion equations with
random variables, i.e., d = 1. While the use of the sparse FFT approach as stated in
[16, 20] performs well even in high dimensions, the main advantage of this strategy can be
found in the detailed characteristics of the random variables. The proposed approach is
able to reveal information as the influence of each single variable £; on the solution as well
as the interaction between those random variables.

In this work, we present a non-intrusive approach, based on the main idea of the algorithm
developed in [4]. While in [4] the sFFT was used w.r.t. the spatial variable  and the
random variable &, we will not include the spatial variable @ in our Fourier approach this
time. In particular, we will use the sFFT approach to compute approximations of the
functions u(x,, ) w.r.t. the random variable & for several fixed points &, on a grid 7 C D.
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Unfortunately, applying the sFFT at each of these points x, separately will lead to an
unnecessary huge increase of the computation time, ruining one of the main advantages
of our approach. Therefore, we will develop a modification of the sFFT, that avoids this
problem. In particular, our so-called uniform sFFT combines the candidate sets between
each dimension-increment and therefore uses the same sampling nodes & for each grid
point x,. This strategy manages to keep the number of used samples in a reasonable size,
which is highly important, since each sample is one computation of the solution of the
differential equation.

The main advantage of this approach is the adaptive choice of the frequency set performed
by the underlying sSFFT. Most of the approaches in the aforementioned works are based
on tensorized polynomials or compressed sensing methods and assume the particular index
set needed to be known in advance. Especially when working with certain weights to
describe the index sets, slightly modified weights may result in tremendously large or
way too small index sets, that are computational unfeasible or not capable of yielding a
good approximation, respectively. In other words, reasonably estimating these weights is a
particular challenge, which might necessitate considerable additional effort. The uniform
sFFT only needs a candidate set and selects the important frequencies in this search domain
on its own. Also, the size of this candidate set is not as problematic as for other approaches,
since the number of used samples and the computation time suffer only mildly from larger
candidate sets.

Another main advantage of our algorithm is the non-intrusive and parallelizable behavior.
The uniform sFFT uses existing numerical solvers of the considered differential equation.
We can use suitable, reliable and efficient solvers with no need to re-implement them.
Hence, this approach works for ODEs as well as for PDEs. Further, the different samples
needed in each sampling step can be computed on multiple instances. This parallelization
allows to reduce the computation time even further and makes a higher number of used
samples less time consuming.

The work is organized as follows: In Section [2] we restrict ourself to a one-dimensional spa-
tial variable x and we explain the general approach in detail as well as the two ODE solvers
we use in the numerical tests later on. Section outlines the dimension-incremental
method and, most important, explains the modifications made to achieve the uniform
sFFT. Afterwards, we will explain how to compute quantities of interest as for example
the expectation value of the solution of the differential equation. Sections [2.6] and
include several numerical tests on our method and some discussion about the used param-
eters and sampling strategies. In Section |3| we apply our uniform sFFT on two specific
PDEs with a two-dimensional spatial variable & using a finite element PDE solver. Section
summarizes the findings of the numerical tests, so the advantages and disadvantages of
our method and open questions.



2 The one-dimensional case

2.1 The general approach

We consider the ordinary differential equation

0 0
— (a(w,ﬁ)axU(:U,E)> = f(x) z €, B, € € De (2.1a)

u(e,§) =u(B,§) =0 V¢ € D (2.1b)

with homogeneous boundary conditions, where & € R% contains the random variables and
x is the one-dimensional spatial variable. The diffusion coefficient a : o, §] X D¢ — R and
the right hand side f : [a, f] — R are continuous functions and assumed to be known.

Here, D¢ = inl laj, ;] describes the domain of the random variables. We further assume,
that
0<r<a(x§ <R<oo V(z,8) € |, f] x D¢ (22)

to guarantee the existence of a unique solution of for each fixed £&. We will now treat
this solution at a fixed point xg as a function w.r.t. the random variable & and want to use
a Fourier approach to derive a good approximation of this function u(zy, -). Unfortunately,
the function w.r.t. the random variable £ is in general not periodic. Therefore, we need to
apply a suitably chosen, 1-periodic transformation function

¢ : T% — Dy (2.3)
first, cf. Section 2.2l So we consider the periodization

(20, €) = u(xo, p(€)) = ulzo, £),

which is then a 1-periodic function in £ for each fixed o and can therefore be approximated
by a Fourier partial sum

Sh,, [a(zo, )](€) = kz cr(@(xo, ) RS, (2.4)

Using the dimension-incremental sparse FFT approach stated in [20], we can recover a
frequency set I,, and an approximation 4, of the corresponding Fourier coefficients
c((zo,-)) with k € L, cf. Section [2.4.1] Note, that the frequency set L, chosen by the
algorithm, also depends on zy. Hence, we gain an approximation

glzo [, )] (€) = S g o2k
kely,

of (2.4). Then we can get back to an approximation of the non-periodized signal via
Sty [u(0,)](€) = Sy, la(zo, (071 (€)) V€ € Dy, (2.5)

with ¢! being the inverse of the transformation function ¢ w.r.t. some interval as explained
in the next section.



2.2 Periodization

To simplify notifications, we will assume
dg
De=X[-L1]
j=1
for the domain of the random variables from now on. We need to apply a suitable trans-
formation ¢ : T% — [—1,1]% to periodize the function u(xo,&). Therefore, we assume,
that ¢ acts component-wise on &, i.e.,

901@1) &1
SO(E) _ 902(252) _ 5:2 _¢
(pdg(gdg) Sdﬁ

and the transformation ¢; in each component j = 1,...,d¢ is the same. Further, we will
assume for all j =1, ..., dg, that

e (; is continuous, so p € C(T%),

e ©;(0) =;(1) = —1 and ¢;(0.5) = 1, and thus ¢ is periodic with period one,
e ©;(0.5—x)=¢;(0.5+x) for x € [0,0.5],

e ; is strictly monotonously increasing in (0, 0.5),

With this restrictions we ensure, that ¢ is bijective on the interval [0, 0.5]%. Hence, we can
write o~ ! in ([2.5) to denote the corresponding inverse, mapping from [—1, 1]% — [0, 0.5]%.
In the following, we will see three examples of possible transformation functions, stated in

[4]. These periodizations are also illustrated in |[Figure 2.1}

Example 2.1
A simple periodization can be achieved by using the tent transformation, given by
@ T9% — [—1,1]% 26
pi(€) =112 - 4] Vi =1,...,de. '
O

Example 2.2
We can construct a two times continuously differentiable periodization by using a spline
of order four, given by

@ T% — [—1,1]%
~3 -2 ~
- —32¢,7 42467 — 1 0<E <05 , (2.7)
p; (&) = -3 o5 ~ 72 Vi =1,..,de.
326" — 726 +48,—9 05<§; <1
U
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(a) tent transform from (b) spline transform from (c) cosine transform from

inple 2.1 Examnple 27 Example 23

Figure 2.1: The transformation functions ¢ from the Examples 7 and for de = 1.

Example 2.3
The periodization

@ T — [—1,1]%
pi(&;) = — cos(27E)) Vi=1,..,de

is based on the cosine function and therefore infinitely differentiable. g

(2.8)

The tent transformation is a very simple transformation due to its linearity on the
interval [0, 0.5] and therefore ¢! is also of a linear structure. This also allows for certain
simplifications to be applied when used as periodization function, as we will see in Section
. Unfortunately, it is not differentiable in éj = 0.5, so it might be an unfavorable choice
for a Fourier approach. Therefore, the usage of more smooth transformation functions ¢

as or (2.8)) might yield better results.

2.3 Solving the ODE

As a further simplification, we will assume, that = € [—1, 1] to simplify notations and
preserve clarity from now on. In order to use the sparse FFT approach stated in Chapter
2.1 we need a method to sample, i.e., to solve the ODE

o (00 ) = 1) rel-L1gen (20)

Ox
u(—=1,8) =u(1,£) =0 V€ e De (2.9b)

for a fixed £ € D¢ and evaluate u at a given point zg € [—1,1]. Of course, there exist
many possible approaches, to solve such a differential equation. Here, we will consider two
different ways using a Fourier approach as in |4] and an already implemented numerical
solver provided by Matlab®.



2.3.1 An efficient Fourier solver

Although the differential equation is of second order, it has a rather simple structure. We
can solve this ODE for every fixed £ € D, by integrating from —1 to z. Further we can
divide by a(x, ), since the condition ([2.2)) ensures, that we won’t divide by zero.

alw, &) 5 -ulz,€) = = [ f(r)dr +cr(e)
Su(e.&) = ([ i+ e@)
= [ fEar—ae)
= 02,6 e

A second integration on both sides now yields

ulw,€) = - [

xT

(. 8)dr = er(§) [ va(r,)dr +ex(6). (210)

The integration constants ¢;(€) and c3(€) can be determined by using the boundary con-
ditions (2.9b)). For z = —1 both integrals vanish and using u(—1,&) = 0 we obtain ¢y = 0
for all £. In order to compute ¢;(€) we use z = 1 and the boundary condition yields

1

o—uu@y——fimung—qu/vxﬂ@m:

After rearranging the terms we see, that we can compute ¢; (&) as

ci(§) = m' (2.11)

The final formula (2.10) now includes multiple integrations of the form

[ wir.gyr,

which we will realize by a Fourier approximation. To periodize the integrand w.r.t. the
spatial variable 7, we again use the transformation function ¢, which we discussed in
Section With this periodization, we can rewrite the integral as

e () &

h@@:/%ﬁ@&z/ LB €) P (rdr, (212)

e=1(-1)

wip(r). &) ¢ (rdr = [

0



where (7, &) = w(p(7),&). Now we approximate the integrand on the right-hand side by
a Fourier partial sum:

N-1

Sn [0] (T,€) = D" ar(g) ™ (2.13a)
k=—N

ar(§) = /01 w(r,€) ¢'(r) e ?dr k=-N,.,N—1. (2.13D)

We approximate the Fourier coefficients in the common way using the rectangle rule.
Notice, that for Fourier coefficients this leads to the same formula as the trapezoidal rule

would. Further, we won’t use the equidistant grid {ﬁ ) =0,.... M — 1} to avoid using

¢'(0.5), since this value sometimes might be undefined for example when working with the
tent transformation. Instead we use the shifted grid

o j+0.5}M‘1
TM_{ M S

and approximate the Fourier coefficients as

@) = [ a(r.&) () et

2
1 M1 (j +0.5 {) ,<j+0.5> o 2mik It

M = M M
1 M 405 j+0.5 4
= Me_ﬂlﬁ Z W ( M ,E) QDI <M) 6_27” M, k’ = —N, ,N — 1, (214)
j=0

which we will compute later using an FFT of length M = 2N. Now we integrate the
Fourier partial sum ([2.13al) and have

~ ~ = dk(ﬁ) 2mikT ~ = 2mikT
[ Snlod] () dr =ao(€)r + 3 DT C =€)+ 3 hulE)e™ 4 C
k=—N

k?;(fv 2mik
with
bi(€) = {?} (&) -0 k=-N,.,N—1.
omif; K70

Since we only compute approximations of the Fourier coefficients a; in (2.14]), we will also
end up with approximations of the scaled coefficients by as well.

Note, that since ¢’ is symmetric, i.e., ¢'(0.5 —z) = —¢'(0.5 + z) for z € (0,0.5), the
Fourier coefficient a¢(&) vanishes. Therefore we will neglect the term ay(£)7 in the following



considerations. Finally, we rewrite the integral (2.12)) as

xT

ra6) = [ wir & = [7 i g) orar

) o (2) _
~ [0 Swla) (rr
N-1 o
— Z bk(g) (eQﬂlkga_ () eO)
k=—N
-1

_ NZ: Bk(é) (e27rikgp*1(x) . 1) ) (215)
k=—N

Further, we evaluate the first part of the sum in (2.15) with an FFT. Therefore, we use
x € Ty as in the quadrature formula (2.14]) with M = 2N. Using these two modifications,
(2.15) now reads as

(5 =1 (e () ) = [ e

= Y be(€) (e”iﬁe%ikﬁ - 1) (2.16)

for all j = 0,...,M — 1. Note, that when plugging in z € T3, we receive the expression
oy (%)) This simplifies to % for all j =0,..., M — 1 when using the inverse of ¢
w.r.t. the interval [0,0.5] for j = 0,..., N — 1 and the inverse w.r.t. the interval [0.5, 1] for
j=N,..M—1.

In order to determine the integration constant c;(£) when solving the ODE, we need the
values [1, vy (7,€)dr and [' vy(7,€)dr. But since we constructed our grid Tp; to not
contain 0.5, we don’t get these values in our integration algorithm. Thus, we evaluate

h(0.5,€) = h(1,€) separately via

N-1
h(0.5,€) =h(1,€) ~ > bi(€) (ewiﬁe%ik% 1)
k=—N
-1
= > b(®) (e (-1)F - 1). (2.17)
k=—N

The final integration algorithm using matrix-vector notation and the Fast Fourier Trans-

form is stated in [Algorithm 1]

We now use this algorithm in order to compute the integrals over f, v; and vy in ([2.10)).
With equation (2.11)) we compute the constant ¢;(&), so that we can finally state the

one-dimensional backward algorithm to solve the ODE ([2.9)), see |Algorithm 2|
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Algorithm 1 Integration algorithm

Input: W function values (02 €) = w(p(22), ),
j=1,,M=2N
P function values ¢'(292), j =1,..,M = 2N

A=FFT(W o ®)
for k=—-N,..,.N—1,k#0do
—7id A

Blk + N] = g7 - Alk + N]
Blk + N] = e™31 - Blk + N]
Blk + N| = (=1)*B[k + N]

end for A

H =FFT(B) —sum(B) - 1

h = sum(B) — sum(B)

Output: H function values B(%,ﬁ) = h(gp(%),f),
o B10)
h function value h(0.5,&) = h(1,€), cf. (2.17)

Algorithm 2 One-dimensional backward algorithm

Input: F function values f(]‘;\g‘r’) = f(go(jJ]r\?[‘5))
A function values &(]’;\4‘5,5 = a(p(£22), €)
o function values ¢'(2£0-2)
[Z, ~] = integration(F, ®), i.e., applied to F
Vi=-Z0A[], bo=-10A4
[I1,11] = integration(V;, @), i.e., [Algorithm 1] applied to V;
[I5, 5] = integration(Va, @), i.e., [Algorithm 1| applied to V5
U = [1 - % . [2
Output: U approximation of the function values

a(557,€) = u(e(H572), §)

So we end up with an approximation of the solution u(-, &) for the fixed & given on the

grid
{ (j+0.5>}M‘1_{ (j+0'5>}N_1—-T
P M TV ) T

Note, that, since ¢ is symmetric, the points for j = N,..., M — 1 are equal to the first N
points. Therefore it is enough to use j = 0, ..., N — 1. Further, our approximation fulfills
the boundary conditions by construction, so we can even work on the larger grid
Ty =TnU{-1,1}.

Here, © is the Hadamard (or component-wise) division for vectors and matrices.




Example 2.4

We consider the ODE with right-hand side f(z) = 10 and the random coefficient
a(z,€) =1forall v € [—1,1],€ € D,. The exact solution to this differential equation with
the zero boundary conditions is

uw(z, &) = —52> +5 V€ € Dy.

Since every part of the ODE is independent of &, we will neglect it for the moment. Now
we want to solve this problem with [Algorithm 2| To this end, we compare the exact values
u(z) with the values of our approximation of the solution @ (z) on every grid point z € Ty
in terms of a p vector norm. So our error estimation is computed as

Err,(N) = (;f S Ja(x) —u<m)|p) g

z€TN
or, for p = oo, as

Erreo(N) = max |u(x) — u(x)|.
z€TN
Figure 2.2 illustrates this error Err,(N) for p = 1,2, 00 and the different transformation
functions ¢ presented in section [2.2] Note, that due to the simple structure of the differ-
ential equation, the approximated solution already is exact even for small N when using
the infinitely differentiable cosine transformation. U

Example 2.5
We now consider a more advanced example from [4], i.e., the ODE (2.9)) with right-hand
side f(x) = 10 and the random coefficient

10 cos(jmx sin(jmx
a(r,§) =4.3 + 2523‘71 2.2 ) + &y 2.2 >7

J=1

where € with d¢ = 20 are uniformly distributed, i.e., & ~ U([—1,1]*°). Further notes on
this examples can be found in Section [2.6

Again, we solve this problem with and compute the estimated error Err,(N)
on the grid 7y, this time for a fixed €. Further, we average this for a few random &' €
De, i =1, ..., Ngest. SO our error estimation is computed as

1
)P if1<p <o,

if p = o0,

ﬁ(sc, 51) - u(aj? gl)
ﬂ(l‘, 51) - U(ZL’, Ez)

this time. Again, [Figure 2.3 illustrates the estimated errors Err,(N) with nes = 50 for
p =1,2,00 and the different transformation functions . U

Ttest 1
Err,(N) = 1 Z (NZCEGTN

Ttest i=1 maxmeTN
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Figure 2.2: Error estimates Err,(/N) for Example 2.4} for the different transformation func-
tions ¢ from section [2.2]

Remember, that for now, we want to evaluate this solution at a certain point zy. If the
given point xq already is a part of this grid, we just extract the function value u(zy, &) and
are done. Unfortunately, most of the time this will not be the case. If z( lies in between
the grid points x; and z,, we will use a straight forward linear interpolation of the form

y = max + n, resulting in

U(ilir,é) — U(I‘l,é) To + (U(ZL’[,£> _ u(xr,ﬁ) — u<xl:£)xl> )

T, — Xy T, — Xy

u(rg,§) =

m n

Note, that since we can use the boundary conditions (2.9b)), there will always be grid points
x, 2, to the left and right of z.

2.3.2 Independent numerical solvers

The second way to solve the differential equation (2.9) we will discuss is by simply using
an already implemented numerical solver. We will treat the used solver as a black box
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Figure 2.3: Error estimations Err,(N) for Example for the different transformation
functions ¢ from section and nyest = H0.

algorithm. If u(xg, &) for the fixed xy is not provided by the ODE solver, we will use an
easy interpolation using surrounding points to approximate it.

Although this method will probably be slower than the Fourier approach, it is easier to
adapt when it comes to other kinds of ODEs or when moving forward to PDEs. We only
need to choose a suitable solver for the specific differential equation and extract the desired

function value of u.

Remark 2.1
Later on, we will use the function bupdc provided by Matlab® to solve the ODE in our

numerical tests. After inserting a system of first-order equations, the boundary conditions
and an initial guess, the function approximates the solution on a grid. Further we access
the required value u(zg, &) via interpolation with a polynomial of degree 3. We compute
the interpolation by using the values of u and «’ on the two surrounding grid points x; and

12



x, around xg, which are all provided by the solver itself:

u(zy, §) ;o ap w1\ [
u(z, &) | |32 22 1 0|
wx, &) | |22 22 oz 1| |a
v (z,, &) 322 2z, 1 0/ \c

u(zo, &) = 03:1:8 + chg + 129 + o

2.4 The uniform sFFT

The methods from the previous section allow us to compute approximate solutions of the
ODE for fixed £. As described in Section [2.1] we can use these values u(zg, €) for a chosen
x as sampling values to recover an approximation of the function u(z, &) w.r.t. the random
variable &. This can be realized by using the aforementioned so-called sFFT as presented
in [20].

Using this approach, the sFFT will compute an index set I, and the approximations i, j
of the Fourier coefficients ¢ (u(xg,-)) and with formula we can evaluate the function
u(xo, &) for a given xo. However, the function is defined for every x € [—1, 1] and therefore
we want to consider a set T¢ of points x, € (—1,1) with g = 1,...,G. So we need to call
the whole algorithm for each value x,, which significantly increases the number of used
samples. Since sampling one time means solving a differential equation, a further increase
in the number of samples seems to be highly inefficient. To get a better understanding,
why this is a huge problem in our case and how to handle this, we roughly outline the
dimension-incremental method and possible sampling strategies.

2.4.1 The dimension-incremental method

This dimension-incremental approach was presented in [20] and proceeds similarly as a
dimension-incremental method for anharmonic trigonometric polynomials based on Prony’s
method in [19].

We consider a given search domain I' C Z<, |I'| < oo, and our aim is to determine the
non-zero Fourier coefficients pg, k € I, of a multivariate trigonometric polynomial p and
the unknown frequency set I € I, |I] < |I'|, based on samples.

First, we introduce some further notation as in [20] and assume for this explanation, that we
are dealing with a multivariate trigonometric polynomial p. We denote the projection of a
frequency k == (ky,...,kq) " € Z% to the components % == (i;, ..., %,,) € {t € {1,....;d}™ : 1; #
v for t # t'} by Pi(k) = (kiy,....,k;,,)" € Z™. Correspondingly, we define the projection
of a frequency set I C Z? to the components ¢ by P;(I) :== {(ki,,...,k;,,) : k € I}. Using
these notations, the general approach is the following:

1. Determine the first components of the unknown frequency set, i.e., determine a set
I C P, (T) which should be identical to the projection P;(supp p) or contain this
projection, IV D Py (supp p).

13



2. For dimension increment step t = 2, ..., d, i.e., for each additional dimension:

(a) Determine the t-th components of the unknown frequency set, i.e., determine
a set I® C P,(TI') which should be identical to the projection P;(supp p) or

contain this projection, I) O P, (supp p).

(b) Determine a suitable sampling set X1+ c T4 |X1+8| < |T'|, which allows
to detect those frequencies from the set (I1-=1) x 10y NPy, (T) belonging

to non-zero Fourier coefficients py.

(c) Sample the trigonometric polynomial p along the nodes of the sampling set

X(l""’t).

(d) Compute the Fourier coefficients 25(1,...,15),1@, kc (10— x M) N Pa,..o(T).

-----

73(17_,,775)(11) and obtain the set I of detected frequencies. The I index

set should be equal to the projection P, 4 (supp p).

3. Use the set I&9 and the computed Fourier coefficients ]5(17.“@,,6, ke 109 a5 an
approximation for the support supp p and the Fourier coefficients py, k € supp p.

Note, that this method can also be used for the computation of the approximately largest

Fourier coefficients fk, k €1, of a function f with suitable thresholding techniques.

The proposed approach includes the construction of a suitable sampling set in step 2b
and the computation of (projected) Fourier coefficients in step 2d. Of course, there exist
different methods for the realization of these steps.
any sampling method, which reliably computes Fourier coefficients on a given index set.

Preferable sampling sets combine the four properties:

e low oversampling factors,
e stability and thus reliability,
e efficient construction methods,

e fast Fourier transform algorithms.

In the next sections, we briefly present three different approaches stated in [15, (16, 20]
for the realization of these steps based on spatial discretizations called rank-1 lattices.
Further explanations on these sampling sets as well as their behavior when used in the

dimension-incremental approach can be found in the referred papers.
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2.4.2 Sampling strategies based on rank-1 lattices

We follow the main lines in [20] in order to present the definition of rank-1 lattices and their
use as spatial discretizations when reconstructing multivariate trigonometric polynomials.
As discussed in [14], we are able to exactly reconstruct the Fourier coefficients py, k € 1,
of an arbitrarily chosen trigonometric polynomial p(x) == > jc; P €*™F® with frequencies
supported on a given index set I C Z? from sampling values p(x;). Here, the sampling
nodes ;, j = 0,..., M — 1, are the nodes of a rank-1 lattice

Az, M) = {]‘\Zz mod1: j=0,...M— 1} (2.18)

with a so called generating vector z € Z¢ and lattice size M € N.
Note, that formally the Fourier coefficients pp with frequency k are given by

Pr = / p(x) e 2mk® .
zeTd

Applying the rank-1 lattice rule with rank-1 lattice A(z, M) as in (2.18) yields

1 M-l orik 1 N j 2mik-z /M
Dy ~ — €. efﬂ.l'mj:— —Zz eiﬂ'l.z
o 7 2 i) v 27 (37)
1 M-1
_ ﬁk’ eQﬂijk’~z/M e—271'ik:-z/M
M J=0 K'el
1 M=t
_ Z p\k’i e2ﬂ'l](k —k)-z/M
k'el M j=0
=Y proo((k' — k) -z mod M).
kel

This means, the rank-1 lattice rule is exact if and only if
k-z#k -z(mod M) Vk k' el k+#EK.

Introducing the difference set D(I) := {k — k' : k, k' € T} for the frequency set I, we can
rewrite this condition as

m -z #0(mod M) Vm e D(I)\ {0},

which we call reconstruction property from now on. A rank-1 lattice A(z, M) will be
called reconstructing rank-1 lattice A(z, M,I) for the frequency set I, if the reconstruction
property is fulfilled.

So while we can evaluate an arbitrarily chosen multivariate trigonometric polynomial p with
frequencies supported on the frequency set I at all nodes of an arbitrary rank-1 lattice
A(z, M), the unique reconstruction of the Fourier coefficients pg, k € I, of p requires
sampling values on a reconstructing rank-1 lattice A(z, M,I). Both computations can
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be efficiently done in O(M log M + d|I|) arithmetic operations, i.e., we only need a one-
dimensional fast Fourier transform and the scalar products k - z, k € I, to rearrange the
results.

In |20, Theorem 2.1] it is shown that for a given frequency set I there always exists a suitable
prime rank-1 lattice size M and generating vector z, such that A(z, M) = A(z, M,]) is a
reconstructing rank-1 lattice for I. Further, there exist upper bounds on the size of the
rank-1 lattice M and the arithmetic operations needed to construct the generating vector
z.

While single rank-1 lattices provide a perfectly stable, reliable and efficient way to recon-
struct Fourier coefficients, the bottleneck of this approach is the relatively large number of
samples M up to M 2 |I|? and the expensive construction of the generating vector z. In
[16] so-called multiple rank-1 lattices

L
A(Zl, Ml, ey 2L, ML) = U A(Zg, Mg),
(=1

consisting of L rank-1 lattices A(z,, M), ¢ = 1,..., L, are used as spatial discretizations.
Again, a reconstruction property is needed to ensure, that the multiple rank-1 lattice allows
for the reconstruction of all Fourier coefficients py, k € I. The reconstruction property we
will use reads as

k-z, 2k -z, mod M, forallkecl, kel k#k, 6 U I, =1

The corresponding approach chooses L rank-1 lattices with size M, ~ |I| and random
generating vectors z, € [1, M, — 1] N Z%. Then we reconstruct every Fourier coefficient
pr belonging to a non-aliasing frequency k € I, for each of the L rank-1 lattices. With a
certain success probability 1 — 9, each frequency k € I is non-aliasing in at least one rank-1
lattice A(z;, M;) and therefore every Fourier coefficient pg, k € I, can be reconstructed.
The number of required rank-1 lattices L can be bounded by O(log |I|] — logd) with the
failure probability ¢ € (0,1). Therefore, the total number M of samples used in this
approach is bounded by O(|I|(log|I| —logd)). Further, the complexity of the construction
of the multiple rank-1 lattice and the reconstruction of the Fourier coefficients reads as
O(M log M + L(d+log |1])|1]), cf. [16]. Note, that these sample and arithmetic complexities
are a lot better than for single rank-1 lattices, since M < |I]log|I| holds for a fixed failure
probability.

The third approach we want to consider uses random rank-1 lattices to reduce the number
of samples even more. This method was stated in [15] and assumes, that there are only
a few active frequencies k € I* in the index set I, while all the other Fourier coefficients
Pr,k € 1\ I* are zero. Therefore, it only uses L rank-1 lattices with size M, ~ |I*|
and randomly chosen generating vectors z, for the reconstruction. Since there will occur
aliasing effects, the algorithm counts for fixed frequency k € I how many of the computed
coefficients ﬁgf), ¢ =1,..., L are non-zero. If the count is above a threshold v L, v typically
chosen to be 1/2, the frequency k is kept, as it is likely to be part of the active frequencies
k € I*. If the fraction is below this threshold, one discards the frequency k since the few

16



samples arithmetic operations

single R1L O(dr3s*N) O(dr®s® + dr3s2N 1og®V(...))
multiple R1L | O(dr2sN log®W(...)) O(d?r2sN 1og®W(...))
random RIL | O(drs log®V(...)) O(d?rsN 1og®W(..))

Table 1: Sampling and arithmetic complexities of the sSFFT approach when using different
sampling strategies based on rank-1 lattices.

Non-zero ﬁg) most likely are aliasing effects that show up. Choosing L odd and using the

threshold v = 1/2 allows for the additional computation of the unknown Fourier coefficients
by

Pr := median {Re (pﬁ)) =1, .., L} + i- median {Im (]5,(5)) A=1,.., L}

Since the number of rank-1 lattices L again behaves like O(log|I| — logd) for the failure
probability d, we end up with a total number of samples M < O(|I*|(log |I| — logd)). The
computational complexity O(M log M + Ld|l|) is similar to the complexity for multiple
rank-1 lattices, but also benefits from the lower number M of samples used.

Overall, rank-1 lattices provide efficient and reliable sampling strategies which can be used
in the dimension-incremental method. While single rank-1 lattices are perfectly stable and
do not depend on a failure probability, multiple and random rank-1 lattices may reduce the
number of samples and arithmetic operations drastically. Therefore, we will consider all
of these three different approaches in our numerical experiments. A short and simplified
summary of the sampling and arithmetic complexities for the sFFT using the different
sampling strategies is given in Table [I]

Up to now, we have an algorithm that computes an approximation of the solution u(z,, §)
for a single x,. Considering a whole set of points xz, € 7T, we have to call the existing
method G times, which ends up with unnecessary many samples. Therefore, we now modify
the dimension-incremental method, such that we can work on the grid 75 and one call of
the algorithm computes approximations of all the Fourier coefficients ¢ (@(x,,-)) for each
g=1,...,G, including a clever usage of the sampling nodes &.

2.4.3 Modifying the sFFT

As we saw in the previous section, the dimension-incremental method based on rank-1
lattice sampling provides an efficient and reliable way to approximate high-dimensional
functions based on the fast Fourier transform. Especially the sampling complexity, which
is particularly important in our application, behaves way better than for other possible
methods, cf. [15, Table 1.1].

Matching our expectations, the computation time of the sampling step 2c still outweigh all
the other steps of the sFF'T by a lot already for small input parameters as indicates.
Especially, when using the slower numerical solver, the large number of sampling points
leads to a significant increase in computation time. The following modifications provide
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Steps ‘ 1 ‘ 2a ‘ 2b ‘ 2c ‘ total ‘ # of samples
numerical solver | 26.4512 | 2.7511 | 3843.9731 | 0.0919 | 3873.5796 367835
Fourier solver

(N =28, : spline)

Table 2: Computation time of the sFFT steps for I' = [—8,8]?°, s = 100, r = 5, using single
rank-1 lattices and different differential equation solvers, in seconds, averaged over
20 runs each.

55.8121 | 3.7617 | 948.3809 | 0.1406 | 1008.3482 342850

a possibility to compute approximations of the Fourier coefficients c(t(z,,-)) for each
g = 1,...,G without applying the sFFT algorithm explained above for each z, separately
and therefore without increasing the number of used samples by the factor G.

We force the dimension-incremental method to select a frequency set I containing the s
approximately largest Fourier coefficients ¢, (u(z, -)) for each z, in the equidistant grid 7.
Therefore, we compute the set of detected frequencies Ig(glg’""t) for each z, in each dimension-
Y, which will be the

set of detected frequencies I that is given to the next dimension-incremental step. So
we start each iteration with a larger frequency candidate set (11 x IO) NPy (1),
which is suitable for all z, from 7. This way, the chosen sampling set X’ (18 i the same
for each x, and we can take advantage of the fact, that our differential equation solvers
from section can evaluate their solutions u(x,€&) for a given & for multiple values of
x on a grid in [—1,1]. So we only need to solve the differential equation once for each
sampling point & and still get all the sampling values @(z,, &) for all z, in our grid 7.
Note, that this also holds for the one-dimensional detections in steps 1 and 2a since the
used sampling sets here do not depend on the particular function u(z,, -) and therefore are
the same for each z,. Also note, that we will probably still need to interpolate since the
solution grids from might differ from the grid 7. Obviously, the larger candidate sets

increment t, but after that we form the union of these sets Ugc’;1 Ig}g

-----

indices of the detected frequencies Igclg’”"t) are the same for different z, € Tg, we already
safe time compared to dealing with slightly smaller candidate sets for each z, separately.
We could also think of further thresholding methods to cut the number of frequencies back
to the sparsity s at the end of each dimension-incremental step or at least at the end of
the whole algorithm. In this work, we will not do this, but take a look at the total number
of frequencies in the output of the algorithm in relation to the sparsity s.

We will call this modified version of the sFFT the uniform sFFT or short usFFT from
now on, where uniform is meant w.r.t. a discrete set of points, e.g., Tg. The full method is
stated in[Algorithm 3] Note, that the notations in are taken from the original
works on the sFFT [20], [16] and [15] to set the focus on the modifications and therefore
slightly differ from our here used notations.

18



Algorithm 3 The uniform sFFT on a grid {x,:9=1,...,G}

Input: I c Z¢ search space in frequency domain, candidate set for I = supp p
p(o,0) trigonometric polynomial p as black box (function handle) (Here:
p(x, @) = u(x, £))
Ta grid points x4, 9 =1,...,G

S, Slocal € N sparsity parameter, s < Sjocal
Algorithm A efficient algorithm A that guarantees the identification of the
frequency support of each sjyca-sparse trigonometric polynomial
w.h.p., cf. Section and computes the Fourier coeffcients
6 € RT absolute threshold
reN number of detection iterations
(Step 1 & 2a) [Single frequency component identification]
fort:=1,...,d do
Set K; := max(Py(T)) — min(Py(T)) + 1, I® =0, 1) .= 0 Vg=1,....G.
fori:=1,...,7 do
Choose 2 € T, j € {1,...,d} \ {t} uniformly at random.

T l/ K, =1
Set 0 := (xgﬁ), . ,x((f)) , xg-ﬁ) = { { b ‘7 " forall(=0,...,K; — 1.
CC]-, .7 7é ta
forg:=1,...,G do
Compute 5t,kt,g = K% Zﬁalp (Xg, w(é)) e~ 2milki/Kt I e Py(T), via FFT.

Set Iét) =1 ét) U {ks € P,(T): ﬁt,kt,g is among the largest Sjocal (in absolute value)
elements of {py ¢} ep,r) and [Py, 4 > 0}
end for g
Set 1® .= 10 y 1",
end for ¢
end for ¢
(Step 2) [Coupling frequency components identification]
fort:=2,...,ddo
If t < d, set 7 :=r and § := Sjocal, Otherwise 7 := 1 and § := s.
Set Tt := @ and 1§ =0 Vg =1,...,G.

fori:=1,...,7do
Choose components x;_ 1, ...,z € T of sampling nodes uniformly at random.
(Step 2b)

Generate a sampling set X C T¢ for J; := (I(1t=1) x 10) N Pa,..)(T) that allows
for the application of Algorithm A. Set X;; := {z := (&,2,,4,...,2}): T € X} C T%
(Step 2c¢)
Sample p along the nodes of the sampling set A} ; for every xg.
forg:=1,...,G do
(Step 2d)
Apply Algorithm A to obtain the support jtyi-g C Jy, ’jt,i.g| < 3, of frequencies
belonging to the at most § largest Fourier coefficients, each larger than 6 in absolute
value, using the sampling values p(xg, x;), €; € X4;.

19



Algorithm 3 continued.

(Step 2e)
Set 100 — 1) s
end for g
Qet T(Leot) . J(Lst) ulg(,l""’t).
end for ¢
end for ¢

(Step 3) [Computation of Fourier coefficients]
Generate a sampling set X C T¢ for (4 such that the corresponding Fourier matrix
A(X, T (1"“"1)) is of full column rank and its pseudoinverse can be applied efficiently.
forg:=1,...,G do

Compute the corresponding Fourier coefficients (15(17“.’607,€ )

9 ) keI sd)
end for g
Set [ = [(1d)
Output: I cT' C Z? index set of detected frequencies
59 e cll corresponding Fourier coefficients, |]5(1,...,d),k,g| > 0 for all x4

2.5 Expectation value of the approximation

With Algorithm [3] we can compute an approximated solution @ of the ODE (2.1]). Often,
we are also interested in further quantities of interest as for example the nth moments of
the solution. A general approach on the computation of these quantities can be found in
[4]. In this work, we only consider the expectation value

Bl ) = [ e €)du(€) = [ i(r.€) p(E)iE,

where p is the probability density function of the random variable vector &.

The evaluation of the formula above using our approximation % obviously depends on the
used periodization ¢ and the distribution of the random variable €. In Section [2.6] we will
only work with uniformly distributed &, i.e., & ~ U([—1,1]%). Further, we will only use
the tent transform, cf. Example [2.1] as periodization function on our random variables €.
This allows us to realize the computation of the expectation value in an easy way, following
the main idea in [3]. As stated in Section [2.1 our approximation (zg, ) at a fixed point
o reads as

(20, €) = S, [u(wo, ))(€) = S, [alxo, )] (¢ (€))
= Z Bigy 1 27k (97 1(8)) Veée De =1, 1]d5.

k€lg,
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Using the inverse of the tent transform ¢~ w.r.t. the interval [0,0.5], we get
o ~ ik &+
(w9, &) = D lyype®™
kela,

= Z ’LALmO’k emk'HTl V€ € D& = [—17 1]d5.

kels,

Therefore and since the probability density function of the uniform distribution is just a
constant, we have

E(i(ao, ) =27% [ i(ro.€)dg
[—1,1]%
_ o—d N ik 541
— /[—1,11‘1& 2 e 08
zQ
— 2—d€ Z ﬂxo,k/ B eﬂ'ik-% dE
kely, [-1.1]
=27% 3" g ligy (2.19)
kel
with
de ﬁfj kj=1 mod 2
Cp = H Ck; and Ck; = 12 kj =0 (2.20)
j=1
0 else.

This formula now allows us to evaluate the expectation value of our approximated solution
1 by simply summing up the computed Fourier coefficients with a certain scaling. A simliar
approach for the computation of the variance of our solution could be derived as in [3], but
will not be considered here.

2.6 Numerical results

For the numerical tests on our algorithm, we use a differential equation from [4]. We
consider the boundary-value problem

o o 20
- (a<x,e>axu<x,e>) —10 seln1)£eX[-11] (2212)
j=1
20
j=1
with the random coefficient
G/ cos(jmx) sin(jmr)
a(x,§) = ag+ ) &y ot 3 A (2.22)
=1
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N S 0 r

I 16| 250 | 1-107*2 |5
II [32] 250 |1-107'2 |5
IIT | 16| 500 [ 1-1072 |5
IV | 32] 500 | 1-107'%2 |5
V | 64| 500 [ 1-10712 |5
VI | 32]1000|1-107 |5
VII | 64| 1000 | 1-107'2 | 5
VIII | 3212000 [ 1-107%2 | 5
IX | 642000 |1-107%2 |5

Table 3: Parameter settings for the numerical tests of Algorithm (3| with d¢ = 20.

where v € R,v > 1,a0 € R,ap > 2¢(7),de € 2N, and ¢ denotes the Riemann zeta
function. Further, we also choose ay = 4.3,7 = 2,d¢ = 20 and £ uniformly distributed,
ie., &€ ~U(]—1,1]%). Note, that is fulfilled, since a € [ag — 2¢(7), ap + 2¢(y)] and for
our parameters this means a € [4.3 — 72/3,4.3 + 72/3].

As already mentioned in Section we only consider the tent transform as periodization
function on the random variables £ in our approach, because it is one of the easiest and
straight forward periodizations one could think of. Further, the choice seems to be un-
favorable in terms of approximation quality because of the lack of smoothness, such that
other periodizations will probably lead to even smaller errors than the ones we will see in
the following examples.

We will use the notation ﬁ? for our approximated solution, where = sR1L, mR1L,rR1L
characterizes the different kinds of our algorithm using single, multiple or random rank-1
lattices and p denotes the used uniform sFFT parameters, which can be found in Table
. Note, that always works with the full grid CAJEIV& = {—N, ..., N}% as search
space I".

Further, all of our numerical tests will consider the equidistant grid

T+ _ {J) _ 9_1}200
199 - g 100 )

9=0

consisting of the 199 inner grid points 7199 and the boundary points zo = —1 and x99 = 1.

Remark 2.2

One important difference mentioned in Section is the number of Fourier coefficients
in the output. While the sFFT will only output the sparsity s largest Fourier coefficients,
our modification of this algorithm will output an unknown number of Fourier coefficients,
but includes the sparsity s largest for each inner grid point x, € Tig9. Our numerical tests
show, that the total number of Fourier coefficients in the output of the uniform sFFT is
roughly 2s, e.g., for sparsity s = 500 the algorithm detected amounts like 1013, 1021, 1027
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or 1033 Fourier coefficients. Some random tests for larger grid sizes like Tygg also showed
this behavior. Note, that for other input parameters than ours, significantly larger or
smaller grid sizes or other differential equations, this behavior might not hold. U

First, we will now take a look at the number of samples used in our algorithm using the
different parameters and rank-1 lattice approaches. Note, that the following Examples
always work with the ODE solver given in Remark 2.1} The Fourier solver from Section

[2.3.1) will be considered in Example separately.

Example 2.6

Table (4] shows the number of used samples for the different input parameters p of our
algorithm when using the different sampling strategies from Section and the ODE
solver from Section [2.3.2] Note, that these number of samples were summed up over all
d = 20 dimensions and r = 5 detection iterations. Further, the amount of considered
frequency candidates is also given. Since the frequency candidate set is the same for each
detection iteration r, these are obviously not summed up over » = 5 but again over the
d = 20 dimensions.

The number of frequency candidates is nearly the same for same parameters p when using
different sampling strategies. This is not surprising, since it only depends on the size of
the index sets of detected frequencies I#=1) and I which do not depend on the used
sampling strategy, cf. Section [2.4.3| and |[Remark 2.2|

The number of used samples for multiple rank-1 lattices is larger than for single rank-1
lattices. This is, because our single rank-1 lattices probably behave way better than the
worst case bounds given in Section 2.4.2] Also, the relative difference between single and
multiple rank-1 lattices decays, when increasing the sparsity s and the extension of the
full grid N. So for larger s and N single rank-1 lattices will probably use more samples,
matching our expectations on the asymptotic behavior.

As expected by the results in Section [2.4.2] random rank-1 lattices seem to be superior
in terms of used samples, especially when it comes to large extensions N. Doubling the
extension /N and therefore the number of frequency candidates, results in an increase in the
amount of used samples by roughly the same factor for single and multiple rank-1 lattices.
Random rank-1 lattices do not show this behavior, increasing the extension N only results
in a small increase in the amount of sampling nodes used. We also see the better behavior of
random rank-1 lattices for larger sparsities s compared to single rank-1 lattices. Therefore,
the random rank-1 lattice approach really outperforms the other approaches especially for
large input parameters p by a lot. O

Further, we want to test the precision of the uniform sFFT. To this end, as in [4], we first
compare our approximations of the solution pointwise against a suitable approximation of

the true solution of ([2.21)).
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I IT I1I 1AY \Y

s =250, N =16 s = 250, N = 32 s = 500, N =16 s =500, N = 32 s = 500, N = 64

single R1L
samples 5.35-10% | 1.17-107 | 1.35-107 | 3.21-107 | 6.91-107
freq. cand. 2.83-10° | 5.63-10° | 5.63-10° | 1.17-10° | 2.28-10°
multiple R1L
samples 2.27-107 | 4.17-107 | 4.74-107 | 1.01-10% | 1.87-10%
freq. cand. 2.96-10° | 5.57-10° | 5.74-10° | 1.13-10% | 2.20-10°

random R1L
samples 6.14-10% | 6.48-106 1.29-107 | 1.44-107 1.43 - 107
freq. cand. 2.97-10° | 5.63-10° | 5.87-10° 1.13-10% | 2.21-10°

VI VII VIII IX

s=1000,N =32 | s=1000, N =64 | s=2000,N =32 | s=2000, N = 64

single R1L
samples 9.78 - 107 2.11-10% 3.00 - 10® 6.59 - 10%
freq. cand. 2.35 - 109 4.87-10° 4.67 - 10° 9.40 - 10°

multiple R1L
samples 2.14 - 108 4.47-108 4.85-10% 9.98 - 10®
freq. cand. 2.38 - 109 4.64 - 10° 4.68 - 10° 9.46 - 10°

random R1L
samples 2.88-107 | 3.04-107 | 5.94-10" | 6.21-107
freq. cand. 2.41 - 106 4.87-108 5.14 - 106 1.04 - 107

Table 4: Number of used samples and considered frequency candidates over all dimension
increments and detection iterations for different parameters with de = 20.

Example 2.7

We compute an averaged error by calculating the pointwise difference of our approximated
solution ¥ (z,, ¢') and a suitable approximation of the true solution (x,, &) for each point
z, € Tig9. The approximation @ is computed as given in (2.10]) via numerical integration
using an relative error tolerance of 107%. So we end up with

Ntest

LS iy, €) — (. €. (2.23)

ntest i=1

ErrT q:g =

Figure[2.4]illustrates this averaged pointwise error for ny.s; = 10000 when using single rank-
1 lattices. The green line shows the averaged function values 4(z,, ¢") for comparison, since
we are only working with absolute errors. The shown parameter settings p use different
sparsities s and the same extension N = 32.

The error is smaller for higher sparsities s and therefore more frequencies k and Fourier
coefficients ¢y (@(xy, -)) used in the Fourier partial sum (2.5). The same holds for the shape
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Figure 2.4: Averaged pointwise error Errfy,; with nges, = 10000 when using single rank-
1 lattices for parameter settings p = II, IV, VI, VIII, so with N = 32 and
different sparsities s. The green line is the function value ﬁ(xg,fi), averaged
over the &'

of the graph, the boundary conditions lead to a fast decay of the error when coming closer
to the boundary.

The error decreases by a lot when using for example s = 500 instead of s = 250. This
confirms, that for small sparsities s there are still large Fourier coefficients ¢ the algorithm
does not detect. On the other hand, for s = 1000 and s = 2000 we see, that even the
sparsity increase by 1000 only results in a relatively small error decrease. Therefore, we
expect, that we really detected the most important frequencies k in our search domain
I'= égg and a further increase of the sparsity s will result in even smaller error decreases,
since it only detects new frequencies k belonging to even smaller Fourier coefficients cy.
The same behavior shows when using multiple or random rank-1 lattices as sampling
strategies as we can see in Figure[2.5] The errors seem to be in the same order of magnitude
as for single rank-1 lattices. We will compare the errors when using the different rank-1
lattice sampling strategies soon. But first, we take a look at the role of the extension N
and therefore the search space I'.

In Figure the same error as in Figure [2.4] is shown, but this time for fixed sparsity
s = 500 and different extensions N. We see, that our approximation suffers, if we choose
the extension N too small. In fact, working with N = 32 or N = 64 allows the algorithm
to detect large Fourier coefficients in a much bigger search domain I". For N = 16, our
algorithm simply ignores some large Fourier coefficients outside of [—16,16]*° due the
restriction of the search domain T'.

The increase of N from 32 to 64 for sparsity s = 500 did result in a relatively small error
decrease. For this small sparsity, most of the s largest Fourier coefficients are already
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Figure 2.5: Averaged pointwise error Errfy,; with nges = 10000 when using multiple and
random rank-1 lattices for parameter settings p = III, IV, V| so with s = 500
and different extensions N.
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Figure 2.6: Averaged pointwise error Errfp;; with nyes, = 10000 when using single rank-1
lattices for parameter settings p = III, IV, V, so with s = 500 and different
extensions V.

located in [—32,32]?°. For larger sparsities, e.g., s = 2000, we obviously want to use larger
search domains T', as we see in Figure 2.7, This time, the larger extension N = 64 really
results in a lot of different detected frequencies belonging to larger Fourier coefficients and
therefore increasing the accuracy of our approximation. This behavior is matching our
theoretical expectations and reminds us to choose large enough extension N when working
with high sparsities s.

26



1074

107°

N=32 N=64

1 1 1 T T 1 1 1
-1 -0.8 —-06 —-04 —-0.2 0 0.2 0.4 0.6 0.8 1

Figure 2.7: Averaged pointwise error Errfz,; with nges = 10000 when using single rank-1
lattices for parameter settings p = VIII and IX |, so with s = 2000 and different
extensions V.
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Figure 2.8: Averaged pointwise error Errfy,; with nges; = 10000 when using different rank-1
lattice methods for parameter setting p = VI, so with s = 1000 and N = 32.

In Example [2.6] we saw, that the chosen sampling strategy strongly impacts the number of
used samples. Figure shows the averaged pointwise error Errf for s = 1000 and N = 32
and the different sampling strategies. While the errors are very similar, we still see, that
multiple and random rank-1 lattices seem to outperform the single rank-1 lattice approach.
For multiple rank-1 lattices, we could argue by the larger total number of samples used,
since therefore the approximation contains more information about the real solution. Un-
fortunately, this argumentation will not hold when explaining the behavior for random
rank-1 lattices, since a significantly smaller number of samples was used there, cf. Table [4]
Another possible explanation is the way each sampling strategy deals with aliasing: Multi-
ple and random rank-1 lattices use averaging and median arguments when computing the
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Fourier coefficients, cf. Section [2.4.2] and the given references therein. It seems, that these
methods tend to reduce the occurring aliasing errors and therefore increase the accuracy
of the whole approximation. O

Up to now, we considered averaged pointwise errors. In other words, we saw the error
we can expect in general when using our algorithm for arbitrarily chosen £&. On the other
hand, there might be some worst case scenarios, where the particular £ leads to a worse
approximation with a way larger pointwise error. Therefore, we now take a look at the
largest error occurring for each grid point z, for a set of ni randomly chosen &. This
error can be considered as an approximate upper bound on the pointwise error for any &
and therefore on the approximation error in such worst case scenarios.

Example 2.8
We consider the maximum pointwise error

MaxBinf () = o [i(ry, &) — if(y, €],
which is the largest error occurring for all n.s; randomly chosen £. Note, that the particular
choice of the random parameter & impacts the differential equation and therefore the
accuracy of our approximation. The maximum error MaXErr'T” only considers the worst
approximation d‘; (x4, ¢") occurring for a certain &' for each x4 separately.
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Figure 2.9: Maximum pointwise error MaxErrf,,; with ne = 100000 when using single
rank-1 lattices for parameter settings p = II, IV, VI, VIII, so with N = 32 and
different sparsities s. The green line is the smallest function value {L(:Ug,fi)
occuring for each x, w.r.t. £
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Figure 2.10: Maximum pointwise error MaxErrfs,; with nges; = 100000 when using single
rank-1 lattices for all parameter settings from p = IV to p = IX.

Figure [2.9] shows these errors for the same settings as in Figure 2.4 We increased the
number ns by a factor of 10 to receive a smoother error plot. We see, that the errors
are slightly larger than before. So while the averaged error tends to be smaller than 1073,
certain fixed random variables € may lead to errors up to 1072. As for the averaged errors
we also notice, that the error is larger near the boundary around x = —0.7 and = = 0.7
than at x = 0. The increase of the sparsity s still reduces the error, but not as much as
before in Example [2.7]

A closer look at the maximum error MaxErr? for different pairings of s and N is given in
Figure[2.10l First, we take a look at the area around x = 0. There it shows, that for N = 32
the larger sparsities show nearly no increase in the approximation accuracy. The solution
at these grid points z, seems to be very sparse in the search domain T' = [—32,32]%,
such that the sparsity s = 500 already covers most of the important Fourier coefficients.
A similar observation can be seen for N = 64, but with smaller errors due to the larger
search domain I'.

Near z = —0.7 and x = 0.7, the behavior is slightly different. Especially at the left side
xr = —0.7, a larger search domain I' shows nearly no impact for the sparsities s = 500 and
s = 1000. The structure of the solution at these points seems to be way more complicated
and we really need a lot of Fourier coefficients to achieve a good approximation.

In Figure we make the same observation as before in Figure [2.8] The approximations
when using the different sampling strategies lead to nearly the same errors. Again, only
single rank-1 lattices seem to be slightly worse than multiple and random rank-1 lattices,
probably for the reason already stated above in Example [2.7] ]

Since we know from Section 2.5 how to compute the expectation value of our approximated
solution, we can use it as another possibility to test the accuracy of our algorithm.
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Figure 2.11: Maximum pointwise error MaXErrf with nest = 100000 when using different
sampling strategies for the parameter setting p = VIII, i.e., with s = 2000
and N = 32.

Example 2.9

We use the approach from Section , i.e., the formula (2.19) with the ¢ as defined in
(2.20). As a comparison, we compute the Monte-Carlo approximation of the expectation
value by

1 ™MC 5 )
unMc(xg) = % Z u(st )
=1

for each fixed z,. The error at these points is then computed by
Resf () = [tnye(74) — Eif (24, ).

In the following computations, we used nyc = 107, since we noticed the Monte-Carlo
approximation to be inaccurate for smaller nyc in our tests. Note, that especially for large
sparsities s and extensions N, which are leading to a smaller error, as we saw in Example
W, we want an even larger number of samples nyc. Otherwise, the error estimation Resf
suffers from the missing precision of our Monte-Carlo approximation and is therefore no
reliable error estimator.

Figure [2.12] illustrates this error for p = VI when using random rank-1 lattices. As men-
tioned earlier, we use numerical integration with an relative error tolerance of 107% to
compute the approximation of the true solution #. Combined with the randomness when
drawing the &, the non-smooth structure of our error can be explained. In detail, the
Monte-Carlo approximation tends to oscillate around the computed expectation value of
our approximation of the solution. Nevertheless, the error tends to be very small compared
to the function values, matching our pointwise results from Example [2.7]
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Figure 2.12: Expectation value error Res’p,; with nyc = 107 when using random rank-1
lattices for parameter setting p = VI, so with N = 32 and sparsity s = 1000.
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Figure 2.13: Expectation value error Res?p;, with nyc = 107 when using random rank-1
lattices for parameter setting p = III and IX.

The non-smooth structure of Resfr' makes it difficult to compare these errors for different
parameter settings p and sampling strategies {. Figure [2.13| shows the error for two very
different parameter settings p = III and p = IX. Therefore, the difference of the results
is large enough so they do not overlap each other too often and a tendency is visible. So
again we can see, that the larger sparsity s = 2000 combined with the larger extension
N = 64 results in a better approximation. This is obviously not surprising, but again a
good confirmation of our former results and theoretical expectations. U

31



s=500, N=32 s=500, N=64
107° ---s=1000, N=32 ——s=1000, N=64
---5=2000, N=32 —s=2000, N=64

| | I I I I | |
—1 -0.8 —-06 —-04 -0.2 0 0.2 0.4 0.6 0.8 1

Figure 2.14: Averaged pointwise error Errfy,; with 7 = 10000 when using the Fourier
solver based on the cosine periodization with Ngyuier = 256 for all parameter
settings from p = IV to p = IX.

Up to now, we have only worked with the numerical solver explained in Remark 2.1 The
following example uses the Fourier method proposed in Section [2.3.1] instead.

Example 2.10

Again, we consider the averaged pointwise error Errfr) (x,) as defined in . This time,
Algorithm [2] is used to compute the sampling values in our uniform sFFT. To avoid confu-
sion at this point, we now use the notation Ngyuer for the number of Fourier coefficients
used in the Fourier solver, cf. Section [2.3.1] and keep the variable N as the extension of the
full grid C?le\? Further, the following tests always use the random rank-1 lattice approach
as sampling strategy, cf. Section [2.7]

In Figure the Fourier solver was used with the cosine function, cf. Example [2.3] and
Nrourier = 256. In Example [2.5] we saw, that for these choices the Fourier method solves the
differential equation with high precision. Therefore, it is not surprising, that the results
now are very similar to Example 2.7, The magnitude of the averaged pointwise Error
Errfs,;, is the same as before and we also see the same behavior as before when using
different sparsities s and extensions N. One noticeable difference is the Fourier typical
oscillation of the error plot around x = 0, especially for large sparsities s.

By now, we tested the accuracy of our uniform sFFT based on the corresponding param-
eters and sampling strategies. While the non-intrusive algorithm allows for different ODE
solvers to be used inside the uniform sFFT, one could ask for the influence of the precision
of this solver on the final result. Now we can take a look at this influence by changing
the parameters of our Fourier solver. In Figure [2.3] we saw, how the precision of our solver
changes when working with different periodization functions ¢ and different Ngourier. Fig-
ure [2.15| illustrates the results for the different periodizations and three different Ngouier-
Note, that these periodization mappings are only used w.r.t. the spatial variable x for the
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Figure 2.15: Averaged pointwise error Errfy,; with ne = 10000 when using the different
periodization functions ¢ and different Ngyyier for parameter setting p = IV,
so with s = 500 and N = 32.

ODE solver. As mentioned before, the uniform sFFT here only uses the tent transform on
the random variables & every time.

We notice, that the error for each pair of ¢ and Npousier, the errors are smaller at the
Fourier nodes. The larger errors between these nodes is because of the linear interpolation
to compute the missing sampling values there. Obviously, this effect is significantly larger
when using less Fourier nodes, so a smaller Ngoyier. On the other hand, near the Fourier
nodes, the magnitude of the errors for the spline and cosine periodizations for Npouier = 64
and Neouier = 256 are nearly the same. It seems like the precision of the solver is already
good enough for the spline function with Ngyuwier = 64, such that a further increase of
Nrouwrier Or working with the better cosine periodization, does not result in a different
approximation up to the better interpolation behavior for larger Npyurier as explained above.
For Ngyurier = 16, the error of our solver in Example [2.5]is in the same magnitude as the
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error of our final result in Figure [2.15] near the Fourier nodes. It seems, that here the
precision of our solver is limiting our approximation. On the other hand, for the larger
Nrourier, the solver works precise enough while the precision of the uniform sFFT in general
is limiting the results.

Using the tent transformation here as periodization function seems to achieve way worse
results. The non-smooth periodization, leading to a very slow error decrease as seen in
Example 2.5] results in heavily disturbed sampling values for the uniform sFFT, such that
the final approximation is nearly useless, especially for small Ngyyrier- O

2.7 Discussion of the numerical results

First of all, the results in our numerical tests in Section matched our theoretical ex-
pectations on the dimension-incremental algorithm in general, cf. Section [2.4.1]

The sparsity s as well as the extension N of the full grid CA}’CJl\? = {—=N, ..., N}% and therefore
the size of our search space I' influence the output of our algorithm significantly. We saw,
that in general the solution wu(z, &) can be approximated really well already with small
sparsities as for example s = 1000 when choosing a suitable extension N.

Further, as discussed in Example 2.8}, the errors might be slightly larger in some cases. So
while in general we will expect errors as in Example we always have to keep in mind,
that there is a certain spread due to the randomness and so there are also cases for certain
&, where the approximation of our solution behaves slightly worse with errors as seen in
e.g., Figure 2.10

The Fourier solver developed in Section [2.3.1] works very well compared to the numerical
solver. For large enough Npowier and a smooth periodization, the accuracy of the solver
is good enough and results in similar approximations. Note, that for large sparsities s
and extensions N we also need to choose a larger Ngourer and/or a smoother periodiza-
tion. Otherwise, the precision of the Fourier solver is the limiting factor again and further
increases in the uniform sFFT parameters will show no effect. In general, we would rec-
ommend using very smooth periodizations as for example the cosine transformation .
Non-smooth periodizations require a very large Ngourier t0 work reliably. This results in a
huge increase of the computation time of the solver and therefore the whole sampling step
of our uniform sFFT.

The different sampling strategies, proposed in Section[2.4.2]and the given references therein,
had a large impact on our Algorithm [3] The number of used samples in the uniform
sFFT is an important value. While we worked with two different ODE solvers given in
Section [2.3] the algorithm itself is non-intrusive and one may use any suitable solver on
the differential equation to compute the required sampling values. Each sample in our
algorithm is then one application of this differential equation solver. Even though these
executions are parallelizable, this will be the most expensive step of our algorithm for
almost every interesting differential equation we want to solve, as already mentioned in
Section 2.4.3]

In Example [2.6| we saw, that random rank-1 lattices outperform single and multiple rank-1
lattices in terms of used samples by a lot. So the usage of this sampling strategy seems
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to be superior and results in the fastest overall computation time in the sampling step as
well as all other steps of the dimension-incremental algorithm, cf. Section [2.4.2] and Table
[ Further, the approximation errors occurring when using random rank-1 lattices do not
suffer from this lack of information as one could expect. The numerical examples showed,
that the errors for multiple and random rank-1 lattices are nearly the same and are also
slightly smaller than for single rank-1 lattices.

Overall, random rank-1 lattices seems to be the superior sampling strategy used in our
algorithm in many ways. The usage of single and multiple rank-1 lattices is way more
expensive and does not result in significantly better approximations. Therefore, in the
following part of this work, we will only consider with random rank-1 lattices
as used sampling strategy.
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3 The two-dimensional case

As already stated in the previous section, the uniform sFFT is not limited to one-dimensional
spatial variables x. Therefore, we now proceed to partial differential equations with @ € D,
where D is assumed to be a bounded Lipschitz domain D C R?. So we now consider the
second order divergence form elliptic Dirichlet problem

—Ve - (a(x, &) Vau(x, €)) = f(x), xeD, e Dy (3.1a)
u(x, &) =0, Va € 0D, § € Dy, (3.1b)

with random coefficient a(z, £). The weak formulation of (3.1]) reads: Given f € H~ (D),
for every & € Dg find u(-, &) € Hj(D), s.t.

/D a(z, £)Vau(z, €) - Vao(z)de = / f(a)v(z)dz, Yo € HY(D). (3.2)

D

Again, we ask the random coefficient a(x, &) to fulfill the uniform ellipticity assumption
0<r<a(xz,§) <R<o for almost all € D, for all £ € Dy (3.3)

to ensure well-posedness of the problem (3.1). Further and more general notes on the
formulation of the PDE and its well-posedness can be found in [9] or [5].

3.1 The uniform sFFT on finite elements

As in Section [2, we assume D¢ = [—1,1]% from now on. We will perform some minor
changes on our algorithm before using it on the two-dimensional problem. Most important,
we need a suitable method to solve the PDE for a given €. Obviously, as in Section
2.3] any suitable solver can be used to do so due to the non-intrusive approach of the
uniform sFFT.

Here, we will only consider a similar approach as in Section [2.3.2] using an FEM. To this
end we work with the Partial Differential Equation Toolbox™ provided by Matlab®. It
provides a numerical solution of the PDE using finite element analysis, i.e., we end up
with a finite element mesh for the given domain D and fixing &, the solver provides the
values u(zx, €) for each node @ of the mesh. Since the finite element mesh only depends
on the domain D and certain refinement parameters, we can ensure to use the same mesh
for each call of the PDE solver. Therefore, it seems reasonable to work with the nodes of
this mesh in the uniform sFFT instead of using an equidistant grid on the domain D as
in Section [2.4] Note, that only inner nodes & ¢ 0D are considered in the uniform sFFT.
The boundary condition ensures, that all Fourier coefficients for boundary nodes
x € 0D are zero, since the solution u(x, §) is constant zero w.r.t. the variable £ at these
nodes.

As in the one-dimensional case, we denote the set of points the uniform sFFT is working
on, i.e., all the inner nodes of the FE mesh, as 7 with G being the number of inner nodes.
The full FE mesh including the boundary nodes is accordingly denoted by 75 .
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H,.x | # of elements | # of nodes | # of inner nodes
0.3 116 261 205
0.2 228 497 417
0.15 394 841 737
0.1 906 1893 1733
0.075 1652 3413 3197
0.05 3656 7473 7153
Table 5: Properties of the generated finite element mesh on D = [—1, 1] for different H,,,.
1 1 1
0.5 S 0.5 S 0.5
0 Q8 0 ; E 0 %
—0.5 [ % —0.5[ ’ —0.58
-1 ) | | -1 | | -1
-1 -05 0 05 1 -1 -05 0 05 1 -1 -05 0 05 1
(a) Hpax = 0.3 (b) Hpax = 0.2 (¢) Hpax = 0.1
Figure 3.1: Generated finite element mesh on D = [—1, 1]* for different Hyqy.
Example 3.1
We consider the domain D = [—1,1]>. We use the refinement parameter H.., specifying

the target maximum mesh edge length. It is an approximate upper bound on the mesh
edge lengths and therefore a smaller value results in a more refined mesh.

Table [5| shows the numbers of elements and nodes of a finite element mesh using different
values for Hy.x. Figure [3.0]illustrates some of these meshes. O

Remark 3.1
If another suitable method is used to solve the PDE , one maybe need to rethink this
particular grid strategy for @. For example, as in Section [2.3] one could choose a grid in
advance and receive the corresponding values u(x, £) via a suitable interpolation. This
strategy tends to be very general and can be used for most solvers, but obviously a more
specific approach fitting the particular solver might be favorable to avoid error increase by
the interpolation as seen in Example and also end up with faster computation times.
O
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Figure 3.2: The Monte-Carlo approximation of the expectation value of the solution of the
PDE using the random coefficient and nyc = 107. The black dots are
the nodes of the FE mesh, on which the solution is approximated. The error
estimate is interpolated between these points for a better visualization.

3.2 Numerical results

For the numerical results on our uniform sFFT, we consider two examples using slightly
different random coefficients a(x,&). Both random coefficients are of the general form
a(x,€) = ao(x) + X & aj(x). In the first example, the spatial variable x appears only
inside an Fuclidean norm. Therefore, we will call this a(x, &) a radial random coefficient.
In the second example, the coefficient functions a;(x) are built by a product of cosine
functions in each spatial dimension x;, i = 1, 2.

3.2.1 A radial random coefficient

We consider the PDE (3.1)) with the domain D = [—1,1]* and right-hand side f = 10. As
in , Section 6], we use the random coefficient

& cos(mj]a])

a(a:,f) = ao(w) + ZE]

m ) T < [_17 1]27 € € [_17 1]d£ (34)
j=1 J

with parameters p = 2, ap = 4.3 and dg = 20 as before, fulfilling the uniform ellipticity
assumption . Again, we assume the random variable £ to be uniformly distributed,
i.e., & ~ U([—1,1]%). Figure[3.2/shows the Monte-Carlo approximation of the expectation
value of the solution to reveal the magnitude of the solution for comparison to the absolute
errors, which we see in the following examples.
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Figure 3.3: Averaged pointwise error Err” with n. = 10000, H,,., = 0.15 and parameter
settings p =II, IV, VI and VIII, so with different sparsities s and extension
N = 32.
Example 3.2

We consider the averaged pointwise error Err”(x,) as in Example ie.,

1 Ntest . ; . i
B (e,) =~ 3 [, &) — (e, ). 35
est =1

Note, that z, € [-1,1]%,g = 1, ..., G, are now the inner nodes T of our finite element mesh
as explained in Section [3.1 We choose Hp,x = 0.15 for now, so we end up with G = 737
spatial nodes in our uniform sFFT. We use the same parameter settings p as for the one-
dimensional case, cf. Table 3, the random rank-1 lattice approach as sampling strategy for
the reasons stated in Section [2.7, and we choose ni.t = 10000 as in the one-dimensional
examples.

Figure [3.3| shows the averaged pointwise error Err” for different sparsities s and the exten-
sion N = 32. While we only evaluate the approximation error at the nodes of the FE mesh
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Figure 3.4: The maximum and mean value of the averaged pointwise errors Err” with
Ntest = 10000, H e = 0.15 for different sparsities s and two different extensions
N.

T4, i.e., the black dots in the plots, we use an interpolation based on these non-equidistant
data points T provided by Matlab® to visualize the results on the whole domain [—1, 1]2.
The approximation error seems to show the same behavior as in the one-dimensional test:
It increases very fast when moving away from the boundary and takes its highest values
in a ring around the center. We saw the similar effect in Example where the error
was largest around = = £0.7 and slightly smaller in the center x = 0. The magnitude of
the approximation errors is already very good. Using s = 2000, we achieve a precision of
roughly 8-107°, which is very small compared to the range of the solution as seen in Figure
3.2l Unfortunately, the error plots look very similar for s = 500, s = 1000 and s = 2000,
indicating, that our extension N is too small and therefore no better approximation can
be achieved when using more and more frequencies.

Figure [3.4] illustrates this behavior in another way. Here, we see the maximum and mean
value of the averaged pointwise errors Errfy,;, w.r.t. all nodes x, € 77, i.e.,

1

max Err’(x,) and —— Er’(z,). (3.6)
eg €T ! |7E‘i_| w§’+ !
I~'a
Note, that we now also used the expansion N = 64 of the candidate set I' = [~ N, N|%

together with sparsity s = 250 for comparison reasons, which were not part of the original
parameter settings shown in Table[3] For N = 32 we clearly see the stagnation in both the
maximum and the mean value. On the other hand, the red and purple lines show the errors
for N = 64. These errors are smaller than for N = 32, as we would expect. Moreover,
we also seem to observe a beginning stagnation for larger sparsities s, but this stagnation
starts for larger s compared to the case N = 32.
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Figure 3.5: Averaged pointwise error Err” with ny.s, = 10000, parameter settings p =V and
VI and two different H,,x.

Up to now, we have worked with a FE mesh of G = 737 inner nodes using the parameter
H,.x = 0.15. Figure |3.5| illustrates the difference when using a finer mesh with G = 3197
inner nodes, i.e., Hy., = 0.075. We see, that for our particular example the finer mesh
does not achieve a significant decrease of the error, neither for the parameter setting p =
V nor p = VI. We end up with more points, where we evaluated the solution, but the error
size and the structure of the error is nearly the same in both cases. Accordingly, it will
not be necessary to further refine the FE mesh for our current example. O

Remark 3.2

Note, that for other choices of the random coefficient a(x, €) or other kinds of PDEs the
used FE mesh might not be fine enough. For example, if the solution is not very smooth at
some areas in the domain or possess very large derivatives there, it might be necessary to
refine the FE mesh in advance on the whole domain or at least on these particular areas,
to ensure a good approximation. Also, if we work with other domains than [—1, 1]* as for
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Figure 3.6: Maximum pointwise error MaxErr? with nis = 10000, H., = 0.15 and pa-
rameter settings p =V and VII, so with different sparsities s and extension
N = 64.

example an L-shaped domain, we might also have to pay additional attention to certain
areas and the FE mesh there. U

In the one-dimensional examples we also studied the maximum pointwise errors MaXErrf
to achieve an approximation on the upper bound of the approximation error. The following
example does the same for our current PDE example, since the spread of the & will obviously
yield also larger errors than the ones shown in Example in some cases.

Example 3.3
As in Example we now consider the maximum pointwise error

MaxErr” (x,) = ,_max iy, &) — 1°(z,, £)). (3.7)
Figure [3.6] shows this error for the extension N = 64 and the sparsities s = 500 and
s = 1000. The general structure of the approximation error is the same as before up to
some small deviations, e.g., at € = (40.8,0)".
Some more insight on the actual magnitude of the errors is given in Figure |3.7, There,
we see the maximum and mean values of the averaged pointwise errors Err” as explained
in and the same quantities for the maximum pointwise errors MaxErr”. While the
maximum value of MaxErr”(x,) at any grid point x4, so the largest possible error for these
parameters for any x, and any €', seems to stagnate around 1- 1072, the maximum value
of Err”(x,) is about 30 times smaller.
Another observation we also made here and in Figure [3.4] is the small difference between
the maximum and mean value for both errors Err” and MaxErr”. Hence, the largest value
of these errors at any grid point @, is not that much larger than the error in general. So
there are no particular peaks, where the approximation is significantly worse than on the
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Figure 3.7: The maximum and mean value of the maximum pointwise errors MaxErr” and
the averaged pointwise errors Err” with niess = 10000, Hyay = 0.15 for different
sparsities s and extension N = 64.

rest of the domain. We also see this in the colored plots, where the red color illustrates the
respectively largest errors but is also dominating the whole plot anyway. Here, we want to
stress on the fact, that the mean value of both errors is computed for all mesh nodes T,
i.e., the averaging also includes all boundary nodes, where the approximation error is zero
anyway. Therefore, the mean value is even smaller than the one computed by averaging
only over the inner nodes T, where we actually computed our approximations. U

In Section 2.5 we explained, how to compute moments of the solution in general and gave
an easy formula for the computation of the expectation value under certain assumptions.
Since these assumptions still hold and the given approach is independent of the dimension
of the spatial variable x, we can use the same formula now for the estimation of the
expectation value of our two-dimensional approximation.

Example 3.4
We consider an estimation of the expectation value of our approximation Euf(x,,-) using

the formula (2.19)) with the ¢ as defined in (2.20)). Again, we compare these estimations
with the Monte-Carlo approximation of the expectation value, i.e., with

nnMc
Unye (Xg) = —— Z u(xy, &
nwvc i=1

for each x, € 7. The error is then again computed by

Res’(xg) = |tnye(®g) — B’ (zy,-)|. (3.8)
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Figure 3.8: Expectation value error Res” with nyc = 107 and Hppay = 0.15 for the param-
eter settings p = VI, VII, VIII and IX.

Figure 3.8 illustrates this error Res” for different parameter settings p. The MC approxi-
mation used nyc = 107 samples and was already shown in Figure

The magnitude of these errors is, as expected, slightly smaller than for the averaged point-
wise errors. Surprisingly, the setting p = IX, i.e., sparsity s = 2000 and extension N = 64,
yields slightly worse results than the settings with smaller parameters. A possible expla-
nation for this can be found in the stagnation for large sparsities, which we have seen in
Figures[3.4and 3.7 The increase from s = 1000 to s = 2000 showed nearly no effect in each
case, i.e., the additional detected frequencies and the corresponding Fourier coefficients did
not influence the approximation in a significant way. While these additional terms result
in no harm but also nearly no improvement for the case N = 32 now, the error Res really
suffers from these small deviations in the approximation. So this is another indicator, that
we may need to use larger search domains, i.e., larger extensions N, when working with
this example for these high sparsities s. Il
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Remark 3.3

In Section [2.4.3] we mentioned, that the uniform sFFT detects more than sparsity s fre-
quencies due to the union of the sets of detected frequencies in each dimension-increment.
For the one-dimensional example, the algorithm terminated with roughly 2s Fourier coef-
ficients, cf. Remark

However, the current example, i.e. the PDE with the random coefficient , shows a
similar behaviour. The amount of detected frequencies in our tests is ¢-s, with ¢ € [1.7,1.9]
for the different sparsities s, extensions N and the two used refinement parameters H ..
So the factor ¢ tends to be even smaller now than for the one-dimensional example, where
we found ¢ to be slightly larger than 2 most of the time. Il

3.2.2 A random coefficient from a cosine product space

Remember, that we are talking about random coefficients of the general form

M%Q=M@+i&%@.

In the previous section, the spatial variable & appeared only inside of an Euclidean norm
in the coefficients a;(x) and therefore also in the whole random coefficient a(x, §). We now
test our uniform sFFT on another example, where the two components z; and x5 appear
separately. Therefore, we use an example from [9], where the coefficients a;(x) in the sum
are chosen to be

%@w:ﬁaM%monwaM%@umg (3.9)

with ¢ > 1 and some 0 < & < 1/{(u), where ¢ denotes the Riemann zeta function. We
choose 1 = 2 to receive a similar decay as in (3.4). Further, we work with the choices
a=10.9/¢(2) = 0.547 and ay = 1 to ensure the well-posedness of the problem. Finally, the
B; are defined as

k(G)(kG) +1)

Bi(j) =7 — 9

and  B2(7) = k() — B1(4)

with k(j) = |—1/2 +/1/4 + 2j]. Further notes on these coefficients and the parameter

choices can be found in [9, Section 11]. The random variable £ is still assumed to be
uniformly distributed in d¢ = 20 dimensions as before. The influence of the non-radial
structure of the random coefficient a(x, €) can be seen in Figure
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Figure 3.9: Two solutions of the PDE (3.1)) using the random coefficient a(x, &) with ([3.9))
for different, randomly chosen &.
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Figure 3.10: Averaged pointwise error Err” with ng.; = 10000, H,.x = 0.15 and parameter
settings p = VI - IX.
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Example 3.5

Figure again illustrates the averaged pointwise error Err” as given in . First of all,
we notice a completely different structure of the approximation error than before. There
are certain peaks, where the error Err” is visibly larger than on the rest of the domain. The
highest peaks are very close to the boundary around (0,41) and (£1,0). So we see, that
the non-radial structure of the random coefficient a(x, &) results in solutions, that behave
completely different w.r.t. the random variable &.

The magnitude of the approximation error Err” behaves similar w.r.t. the parameters s and
N as in Section [3.2.1] Especially off the peaks, the approximation is very good, resulting
in a small error on most parts of the domain. U
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4
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] . ~ e, . o o
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(a) s =1000, N = 32
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8
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-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1
(c) s =2000, N = 32 (d) s =2000, N =64

Figure 3.11: Maximum pointwise error MaxErr” with ngs = 10000, Hyp.x = 0.15 and
parameter settings p = VI - IX.
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Figure 3.12: The maximum and mean value of the maximum pointwise errors MaxErr”
and the averaged pointwise errors Err” with n. = 10000, Hy.e = 0.15 for
different sparsities s and extension N = 64.

Example 3.6

We consider the maximum pointwise error MaxErr” as given in . We see a similiar
behavior as for the averaged pointwise error Err”. There we saw the four larger error peaks
around (0,+£1) and (£1,0) and several small peaks, especially in the case N = 64. In the
plots of MaxErr”, we see all of these peaks more clearly. They are roughly located at the
intersections of the lines x; = 0 and x; = +0.5 with ¢« = 1,2. Nevertheless, the largest peaks
appear near the boundaries o = £1, which is similar to our observation in Example [3.5]
When increasing the sparsity from s = 1000 to s = 2000, the maximum value of the errors
does not change that much, but the approximations off the main peaks gets way better
and results in smaller errors on most parts of the domain. It remains to be investigated, if
a refinement of the FE mesh, especially near those peaks, can also reduce the errors even
further.

Figure [3.12] again compares the maximum and averaged values of the maximum pointwise
errors MaxErr” and the averaged pointwise errors Err” w.r.t. the spatial nodes x,. We
see, that the maximum values are much larger than the averaged values of both error
estimations. This is matching our observations, that the error at the observed peaks is
way larger than on the rest of the domain.

We notice, that the relative difference between MaxErr” and Err” is very similar to the one
we observed in Example So the overall structure of the random coefficient might be
a little more difficult, but the influence of the random variable £ and the spread resulting
from the randomness behave very similar. U

Finally, we take a look at the approximation of the expectation value of this solution as
well.
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Figure 3.13: The Monte-Carlo approximation of the expectation value of the solution of
the PDE using the random coefficient a(x, &) with (3.9) and nyc = 107,

Example 3.7

We consider the error estimation Res”, cf. , as before in Example . Again, we used
nyvc = 107 samples to compute the MC approximation %, shown in Figure [3.13

We observe a different structure of the expectation value error Res” in Figure [3.14] than for
the pointwise errors before. The peaks near (0, £1), that we saw in the previous examples,
are more inconspicuous and especially for the case N = 64 they nearly vanished. The
smaller peaks near (£0.5,£1) are still visible for N = 64. On the other hand, the areas
around x; = £0.8 now yield the largest approximation errors in each case. These areas are
also not really matching the smaller peaks we noticed in the former considerations. This
observation could suggest, that at these areas the pointwise approximation error is more
biased. Also, we need to consider, that our comparison value is not the exact expectation
value but a Monte-Carlo approximation. Therefore, smaller errors in this Monte-Carlo
approximation could also be a reason for the observed behavior.

Nevertheless, the error estimation Res” is very small, so we are already working with a
good approximation of the expectation value. Surprisingly, the maximum value of this
error estimation grows when moving from N = 32 to N = 64. Moreover, this increase of
the error size only applies to some of the red regions, where the error was largest anyway.
On the other hand, many other areas seem to yield a better approximation, e.g., for
s = 2000 the red and yellow areas with larger errors around x; = 40.35 seem to disappear
completely in the case N = 64. The increase of the search domain I' leads to the detection
of different frequencies in our uniform sFFT. In Figure [3.12] we saw, that for this particular
PDE and our parameters the stagnation did not start yet or at least not as much as in
Section [3.2.1] cf. Figure 3.7 It seems, that the new frequencies manage to yield a better
approximation for some areas as the ones around xz; = £0.35, but also a slightly worse
approximation for some other areas, especially around z; = 4+0.8. This again indicates,
that currently the sparsity s is the restricting parameter and should be chosen a little bit
larger for these extensions N. The increase of the maximum value of the approximation
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Figure 3.14: Expectation value error Res” with nye = 107 and Hpyax = 0.15 for the pa-
rameter settings p = VI, VII, VIII and IX.

error Res” is about 2 - 107%. Comparing the mean values of the errors w.r.t. the spatial
nodes x4, we observe slightly larger values for N = 64 compared to N = 32. The difference
is in the order of magnitude of 10~". O

Remark 3.4

As in Remark [3.3] we finally take a look at the total number of frequencies detected for
the PDE with the random coefficient as defined in Section [3.2.2]

We denote the amount of detected frequencies in our tests with ¢ - s again. The factor ¢
ranges from 2.46 to 2.54 this time. This larger ¢ is a result of the more complicated structure
of the random coefficient a(x,£). The different functions u(zx,,-), ¢ = 1,...,G, are not as
similar as for the random coefficient defined in (3.4)). Therefore, the detected index sets
in each dimension-increment of our algorithm share some less frequencies, resulting in a
larger number of total frequencies when joining them. O
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4 Summary & Outlook

We show, that the uniform sFFT is a powerful tool for solving differential equations with
random coefficients. Our numerical tests showed, that even for small sparsities and search
domain parameters good approximations can be achieved. Moreover, we noticed, that
we need to choose these parameters carefully, since too large sparsities s show no effect
when the extension N and therefore the search domain I' is too small and vice versa.
This is one example for a basic property of the sFFT that still holds true for our uniform
sFFT. Other properties and the influence of other sFFT parameters, as for example the
number of detection iterations r, will probably also have similar effects as in the sFFT,
but were not tested and studied in our examples. Further, we want to stress on the fact
that our algorithm automatically reveals detailed characteristics of the random variables.
These information, e.g., the influence of each random variable ; on the solution or the
interactions between these random variables, are very meaningful and can be computed by
our algorithm with reasonable computational cost.

One of the most important steps in our approach is the periodization of the random variable
&. We presented some general assumptions on suitable periodizations and three particular
periodization mappings in Section [2.2] but the tent transformation was the only periodiza-
tion mapping used w.r.t. the random variable € in our numerical tests. Although this
choice simplifies some formulas and computations, e.g., the computation of the moments
of the solution, there might be better alternatives due to the lack of smoothness of the tent
transform. Therefore, smoother periodization mappings are highly interesting and should
be subject of further tests and research on this algorithm.

In this work, we only considered the diffusion equation with random coefficients a(x, §)
of a particular form and on the domain D = [-1,1]¢,d = 1,2. As mentioned before,
our algorithm is not restricted to these particular assumptions due to the non-intrusive
approach. Approximations on more complicated domains, e.g., circular or L-shaped do-
mains, only require a suitable PDE solver and can easily be studied. Another interest-
ing topic is the type of the random coefficient a(x,&). Here, we used the linear model
a(x, &) = ap(x) + X &a;(x). Other models, e.g., log-normal random coefficients as in [11]
or periodic random coefficients as in [13], should be studied with this algorithm as well.
The influence of the random variables §; and interactions between them can be revealed
by our algorithm and give deeper insight on the used models.

A crucial point in the uniform sFFT is the union of the detected frequencies in each
dimension-increment. We saw, that these frequencies were very similar for the different
grid points x, and therefore resulted in only a small increase in the number of output
frequencies. It remains to be investigated, if this increase in the amount of detected
frequencies can be bounded under certain assumptions. So for example, is it possible to
prove that the uniform sFFT detects the same frequencies in each dimension-increment up
to a certain variation if the functions u(zx,, -) for the different grid points x, are known to
be in certain function spaces? Such theoretical results are not shown yet, but will be very
important to gain a better understanding of the advantageous behavior of our algorithm.
Further, the uniform sFFT can be generalized on functionals. In this work, we considered

51



the evaluation of the solution u on certain points x,. In other words, we used the evaluation
functionals e,, with e, (u(§)) == u(xy,&). We can generalize this approach by using other
and more complicated functionals Fj, on the solution u instead. As before, we have to
take care that these functionals F; are of a similar structure to end up with a reasonable
union of the detected frequencies in the dimension-incremental steps. Then, we end up
with approximations of all the F, with one use of the uniform sFFT. Additionally, we then
may also investigate the detailed information on the influence of the random variable & on
these functionals.

The number of used samples and the computational cost of our uniform sFFT are signifi-
cantly smaller than for applying the sFFT G times separately, i.e., at each point x, € 7¢.
Nevertheless, any further decrease of these attributes comes in handy. Especially the num-
ber of used samples plays an important role, since the call of the used differential equation
solver is very expensive in general. Therefore, the majority of the computation time of our
uniform sFFT is used in the sampling step. Hence, the application of very efficient differ-
ential equation solvers is highly recommended. We already reduced the number of used
samples in this work by using random rank-1 lattices instead of single or multiple rank-1
lattices, cf. Sections [2.4.2] and 2.7] Further methods to decrease the number of sampling
nodes without increasing the approximation error too much are desirable. And since the
call of the underlying PDE solver can be parallelized, the usage of multiple workers also
reduces the computation time by a significant amount if available.
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