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Abstract

We analyze the recent Multi-index Stochastic Collocation (MISC) method for computing
statistics of the solution of a partial differential equation with random data, where the random
coefficient is parametrized by means of a countable sequence of terms in a suitable expansion.
MISC is a combination technique based on mixed differences of spatial approximations and
quadratures over the space of random data and, naturally, the error analysis uses the joint
regularity of the solution both with respect to the physical variables (the variables in the phys-
ical domain) and the parametric variables (the parameters corresponding to randomness). In
MISC, the number of problem solutions performed at each discretization level is not deter-
mined by balancing the spatial and stochastic components of the error, but rather by suitably
extending the knapsack-problem approach that we have employed in the construction of the
quasi-optimal sparse-grids and Multi-index Monte Carlo methods. In this methodology, we use
a greedy optimization procedure to select the most effective mixed differences to include in the
MISC estimator and provide a complexity analysis based on a summability argument showing
algebraic rates of convergence with respect to the overall computational work. We apply our
theoretical estimates to a linear elliptic partial differential equation in which the diffusion coef-
ficient is modeled as a random field whose realizations have spatial regularity determined by a
scalar parameter (in the spirit of a Matérn covariance) and we estimate the rate of convergence
in terms of the smoothness parameter, the physical dimension and the complexity of the lin-
ear solver. Numerical experiments show the effectiveness of MISC in this infinite-dimensional
setting compared with Multi-index Monte Carlo, as well as the sharpness of the convergence
result.

Keywords: Multilevel, Multi-index Stochastic Collocation, Infinite dimensional integra-
tion, Elliptic partial differential equations with random coefficients, Finite element method,
Uncertainty Quantification, random partial differential equations, Multivariate approximation,
Sparse grids, Stochastic Collocation methods, Multilevel methods, Combination technique.

AMS class: 41A10 (approx by polynomials), 65C20 (models, numerical methods), 65N30
(Finite elements) 65N05 (Finite differences)

1 Introduction

This work is concerned with the approximation of quantities of interest (outputs) from the solutions
of partial differential equations (PDEs) with random coefficients. This kind of equations arise in
many applications in which the coefficients of the PDE need be described in terms of random
variables/fields due either to a lack of knowledge of the system or to its inherent non-predictability.
Typical examples are the prediction of stresses on a structure under the action of random forces, such
as wind and/or earthquakes, the forecasting of weather, or the design of groundwater management
policies that take into account rainfall and the properties of the subsurface soil which are known at
only a few drilling locations [1, 6, 39]. Here, we focus on the weak approximation of the solution of
the following linear elliptic problem:
u(xz,y) = 0 on 0B,
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where B = [0,1]%, d = 1,2, 3 (hereafter referred to as the “physical domain”), the operators div and
V act with respect to the physical variable, @, only, and y = {y, }»>1 is a random sequence whose
components are independent and uniformly distributed random variables. More precisely, each vy,
has support in I',, = [—1, 1] with measure %, where d\ is the standard Lebesgue measure. We
further define I' = x,>1I',, (hereafter referred to as the “stochastic domain” or the “parameter
space”), with measure du = @);5, 42

The right-hand side of (1), namely the deterministic function f, does not play a central role
in this work and it is assumed to be a smooth function of class C*°(B). One can of course relax
this regularity requirement but we keep it to ease the presentation and concentrate on tracking the
regularity effect of the coefficient a in (1). Thanks to a straightforward application of the Lax-
Milgram lemma, the well posedness of (1) in the classical Sobolev space V = H}(B) almost surely

(a.s.) in T is guaranteed if the following assumption holds:

Assumption A1l (Boundedness of the diffusion coefficient). There exist two functions, amin, Gmax :
I' = R, such that

0 < amin(¥) < a(x,y) < amax(y) < 00, Vx € B, a.s. inT.

Moreover, the equation is well posed in the Bochner space L(T'; V') for some ¢ > 1 (see [1, 9] and
Lemma 16), provided that sufficiently high moments of the functions 1/amin and amax are bounded
(we recall that, given ¢ > 1, LY(TI'; V) is defined as LY(T; V) = {v : B x I = Rs.t. [. [Jul|{, dpu < oo}).
The goal of our computation is the approximation of an expected value,

E[F]=E[0(u)] € R,

where © is a deterministic smooth functional, and F(y) = ©(u(-,y)) is a real-valued random
variable, F' : ' — R. To this end, we consider the Multi-index Stochastic Collocation method
(MISC), which we have introduced in a previous work [22].

In MISC, we consider a decomposition in terms of tensorized univariate details (i.e., a tensorized
hierarchical decomposition), for both the discrete space in which (1) is solved for a fixed value of
y € I' and for the quadrature operator used to approximate the expected value of F, relying on
the well-established theory of sparse-grid approximation of PDEs on the one hand [7, 8, 21, 25, 40]
and of sparse-grid quadrature on the other hand [1, 7, 16, 32, 33, 39]. We use tensor products of
such univariate details, obtaining combined deterministic-stochastic, first-order mixed differences
to build the MISC estimator of E[F] by selecting the most effective mixed differences with an
optimization approach inspired by the literature on the knapsack-problem (see, e.g., [28]); the same
knapsack-approach was used in [31] to obtain the so-called quasi-optimal sparse grids for PDEs
with stochastic coefficients and in [7, 20] in the context of sparse-grid resolution of high-dimensional
PDEs.

The resulting method can be seen as an extension of the sparse-grid combination technique for
PDEs with stochastic coefficients, as well as a fully sparse, non-randomized version of the Multilevel
Monte Carlo method [2, 10, 17, 26]. In particular, MISC differs from other works in the literature
that attempt to optimally combine spatial and stochastic resolution levels [5, 24, 27, 35, 37] in
two aspects. First, MISC uses combined deterministic-stochastic, first-order differences, which
allows us to exploit not only the regularity of the solution with respect to the spatial variables
and the stochastic parameters, but also the mixed deterministic-stochastic regularity whenever
available. Second, the MISC estimator is built upon an optimization procedure, whereas the above-
mentioned works try to balance the error contributions arising from the deterministic and stochastic
components of the method without taking into account the correspoding costs. Finally, MISC
can also be seen as a sparse-grid quadrature version of the Multi-index Monte Carlo method we
previously proposed and analyzed in [23].

In [22], we looked at easy cases of problems of type (1) depending on a finite number of random
variables, y € I' ¢ RY. Here, we provide a complexity analysis of MISC in the challenging case
of a countable sequence of random variables, {y;};>1. This new framework requires that the tools
used to prove the complexity of the method be changed: while in [22] we used a “direct counting”
argument, i.e., we derived a complexity estimate by explicitly summing the work and the error
contributions associated with each mixed difference included in the MISC estimator, here we base
our proof on a summability argument and on suitable interpolation estimates in mixed regularity
spaces.
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The rest of this work is organized as follows. Section 2 introduces a specific example of a random
diffusion coefficient that we consider throughout the work as well as the functional analysis results
that are needed for the subsequent analysis of the MISC method. The MISC method is presented in
Section 3 and its complexity analysis is carried out in Sections 4 and 5, where we provide a general
convergence theorem. We then discuss its application to the specific class of diffusion coefficients
that we consider here: in particular, we track the dependence of the convergence rate on the regu-
larity of the diffusion coefficient. Section 6 presents some numerical tests to verify the convergence
analysis carried out in the previous section. Finally, Section 7 offers some conclusions and final
remarks. We also provide an appendix that includes some technical results on the summability and
regularity properties of certain random fields written in terms of their series expansion.

In the following, N denotes the set of integer numbers including zero, while Ny denotes the
set of positive integer numbers, i.e., excluding zero. We refer to vectors in NV as “multi-indices”.
Moreover, we often use a vector notation for sequences, i.e., we formally treat sequences as vectors
in N¥ (or RY) and denote them with bold symbols. In particular, we use the following notation,
with the understanding that IV < oo for actual vectors and N = oo for sequences:

e 1 denotes a vector in NV whose components are all equal to one;

e e denotes the (-th canonical vector in RV, ie., (e)), = 1if £ = i and zero otherwise;

however, for the sake of clarity, we often omit the superscript N whenever obvious from the

context. For instance, if v € RV, we write v — e; instead of v — el¥;

. N
e givenv € RV, |v| = 3°,'_, v, |v]o denotes the number of non-zero components of v, max(v) =
maxp—1,.. N Up and min(v) = min,—1 . N Un;

e £ denotes the set of finitely supported sequences, i.e., £ = {p € NV : |p|y < oo};

e £ denotes the set of sequences with positive components with only finitely many elements
larger than 1, ie., £, = {8 e N : |8 — 1|y < co};

e given v € RY and f : R — R, f(v) denotes the vector obtained by applying f to each
component of v, f(v) = [f(v1), f(v2),-- -, f(vn)] € RY;

e given v, w € RY, the inequality v > w holds true if and only if v, > w, ¥Yn =1,..., N;
e given v € RP and w € RY, [v,w] = (v1,...,vp,w1,...,wy) € RPHN:

wn
nln'

e given v, w € R, we denote by v* the product H

2 Functional setting

To ensure the necessary parametric regularity needed in our error analysis on the solution, u, to
(1), we make the following assumption:

Assumption A2 (Expansion of the diffusion coefficient). The diffusion coefficient, a(x,y), has
the following expression:

a(z,y) = " @Y with k(x,y) Z ¥;(x (2)

JeENL

Here, {1;}jen, is a sequence of functions ¢; € C*(B), such that {||1pj||LOO(B)],~]-€I\;+ is decreasing.
Moreover, given the sequences

boj = ||'l/’j||Loo(B) ) Jj=1 (3)
b = IOy T2 g
we assume that there exist 0 < py < ps < 3 such that {by;};en, € (P and {bsj} en, €0, de,

llbol7ps = Z by’ < oo and |bs = Z bhe; < oo. (5)

JENy JENL
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We observe that with the above definitions, bs ; — 07 for j — oo and 0 < by ; < by j. Moreover,
given Assumption A2, we have that by € ¢!, which, together with the fact that y; € [-1,1],
guarantees that Assumption Al holds true and therefore that (1) is well posed in V' almost surely in
I'. However, the conditions in Assumption A2 are sufficient but not necessary for Assumption Al to
hold. Indeed, Assumption A1 holds for (2) if by € £2 for any s > 0, see Lemma 16 (and Corollary 17
for a specific example of the diffusion coefficient, ) in the appendix. =~ The summability of the
sequence b, plays a central role in this work: indeed, if b, is ps-summable, v almost surely belongs
to a subspace of V' with additional regularity properties that allow us to to show convergence of the
MISC method, with convergence rate dictated by pg and ps. It is also important to remark that
assumption py < % could be relaxed to ps < 1; yet, we work under this more stringent assumption
since it considerably simplifies some technical steps in the following discussion without affecting the
main part of the proof, as we make clearer later on (see Remark 5).

Example 1. In the numerical section of this work, we consider the following form for k(x,y):

1—¢;

0= T a T o[l (on(fom)) (n(Gos) @

keNd 2c{0,1}4

where the coefficients Ay are taken as
A= (V3)27 (1 + k), (7)

for some v > 0. We observe that v is a parameter dictating the x-regularity of the realizations of k,
hence of a. Moreover, the parameters v and d govern the ps-summability of the sequence by (and as
a consequence the overall convergence of the MISC method). Section 5 analyzes the the summability
of the series (6).

As already suggested, even though the problem is well posed in V', we need to make sure that
realizations of u almost surely belong to more regular spaces to prove a convergence result for
MISC. More specifically, due to the classic spatial spars-grid approximation theory, we need certain
integrability conditions on the mixed derivatives of u. To this end, we introduce some suitable
functional spaces and introduce a “shift” assumption, i.e., we assume that the diffusion coefficient,
a, and the forcing, f, are such that realizations of u are sufficiently regular. This assumption needs
to be stated in the complex domain, for reasons that should be clearer in a moment. Thus, we
consider the diffusion coefficient

a(x, z) = (@3, k(x,z) = Z pi(x)z;, zj € C,

JENL

and the corresponding solution of (1), u(z, z), which is now a H}(B) function taking values in C,
u(-,z) € H(B,C).

Definition 1 (Fractional Sobolev spaces). For a given ¢ > 0 and r,71 ..., 14 positive real numbers,
let
lrly(x) — DLy (z))?
T . L] |D /
H (0,1)—{UEH (0,1) /01]/[01 |x—x’|1+2(r oD dzdz <oo},
H™o"(B) = H™(0,1) ® H"™(0,1),

HHq(g):HlJrq,q,...,q(aB) Hq,1+q,.~,q(3) Hq,q,m,1+q(g)_

In particular, we recall that H™ " (B) = H™(0,1) ® ... ® H"(0,1) is the completion of
formal sums v = Zﬁil V1,kV2 k- - Va,k With v, € H™9 (0, 1) with respect to the norm induced by
the inner product (v, w) = Zk’j (V1,5 W1,5) H1(0,1) (V2,0 W5 ) 72 (0,1) * * * (Vd ks Wa,5) ra (0,1)- 1t holds
that H!(B) = H'(B), and in general we have the following inclusion result:

u€ HW(B) = uec HTYB), for0<gq<r/d (8)

Since our approximation method will only be applied to finite subsets of parameters z;, j € N, we
introduce the following notation. Let G C N be a finite subset of indices with cardinality #G = G:
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we denote by CY the space of complex-valued sequences with zero components outside the set G,
i.e.,

Cl={zecC*:2,=0, Vj¢q} (9)
We observe that for any z € CY, we have (-, z) € C*(B,C), 16(s 2)lco @0y < 2jeg |7ilbs,; and

infer, from the multivariate Faa di Bruno formula (see Appendix A and [14]), that a(z) € C*(B,C)
as well, with the estimate

la(-, 2)|

s!
By S (log 2)° Ha('vz)||co(§,<c) (L+[Js(, 2)| cs(i))s7 Vz € CY. (10)

Also, the complex-valued problem (1) is well posed as long as Re [a(x, z)] > 0 for almost every (a.e.)
x € B. We therefore define the following region in CY:

Y65 ={z € CY:NRela(x,2)]> 6 >0 for a.e. x € B}. (11)

Assumption A3 (Shift assumption). We assume that f € C§°(B) and a(-,z) are such that for
any finite set G of random variables and for any z € Xg s the three following conditions hold

1. u(z) € H**(B,C) N H}(B,C);
2. % € H'*3(B,C), Vie G, where j—:fi denotes the partial complex derivative of u;
S lul, 2) gavs(s,0y) < €6, 5)([lal, 2)|

Remark 1 (Shift assumption in Example 1). The family of random fields presented in Example 1
does not actually satisfy Assumption A3, because of the sine functions appearing in the erpan-
sion. An analogous expansion with only cosine terms would conversely satisfy Assumption A3 (cf.
Appendiz B).

cs@.c) T 1 fllgamr(m)), with C(6,s) — oo for 6 — 0.

Finally, we state some summability and regularity results for u with respect to the random
sequence, z.

Definition 2 (Bernstein polyellipse). For any ¢ > 1, let & denote the ellipse in the complex plane

G . L=
2

< cost, Jm[z] <

EC:{zE(C: Re [2] sin 9, 196[0,277)}.

Then, for any sequence ¢ = {(;}jen, with (; > 1 for every j € Ny and for any finite set of random
variables G = {j1, j2, - .., ja}, we introduce the Bernstein polyellipse:

Ege={2eCM 1 z;€&, ifj€G, 2 =0ifj &G}
For ease of notation, in the finite-dimensional case, i.e., G = {1,2,...,N} and ¢ € RN, we write
Ec instead of Eg¢, ie., e ={z€CN 1z € &, forj=1,2,...,N}.
Lemma 1 (Holomorphic complex continuation of u in Hj in a Bernstein polyellipse). Consider

the sequence by defined in equation (3). For any § > 0, let E5 > 2 be such that

™

i
T b 1 1 ),
o [1boll, og ¢ + log cos (E5>

and consider the sequence Co = {Co,ntnen, , with

Con =Tom + /T3, +1>1 (12)

s (bo n)po—l
Ton = &~ o 13
"B ool 1
with py as in equation (5). Then, for any finite set of random wvariables G = {j1,72,-..,Jc},
w admits a holomorphic complex continuation, u : C9 — H}(B,C), in the Bernstein polyellipse

£g,¢o» with sUp g, [uC, 2) sy < Cu = WHH% < 00, with CY as in Equation (9) and C,,
independent of G.
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Proof. Tt is well known in the literature that u : C¢ — H{(B,C) is holomorphic in ¥g s in (11)
(see, e.g., [1]). To compute the parameters (j,,(j,,. -, (j, of a Bernstein ellipse contained in ¥g 5,
we rewrite a(x, z) as

a(x,z) = exp szz/}j(:v) = exp Zi)f{e[zj]wj(w) exp Zijm[zj]l/}j(:c)

JEG Jj€G Jj€G
= exp Z Re [zj](x) | |cos Z Jm[z;]¥;(x) | +isin Z Jmz]v;(x) ||,
Jj€G Jj€g Jj€g

so that g s can be rewritten as

Ygs=142€C exp Ziﬁe [z (x) | cos Zﬁm [z]¢j(x) | >0 forae xzeB
Jj€G Jj€G
Now, for some E > 2 that we choose in the following, the two following conditions on z imply that
z € Yg 5t

0

cos (%)’

exp (= 5,e0 1% 3] oy ) =

equivalently, we write

. ™
2jeg 1Imz]lbos < 7

7r
> jec |Re 2] bo,; < —logd + logcos (E> ,

For a fixed E, the equations above define a second region, ¥’, included in ¥g ;. In turn, these
conditions are verified if the following conditions, which define an hyperrectangular region X" C 3,
are verified

~ m(bo,; )P
Jmz]| <705 = 25—
| [ JH 0,5 E”bolizgo )
. bo . )PO— T
|Re [z;]| < 14wy, withwy; = % (— lboll,» — log d + log cos (—)) )
|b0||ll’0 FE

provided that § and E are such that the quantity — ||bg||,, — logd + log cos (%) remains positive:
observe that such ¢ and E exist, since f(F) = logcos (%) is a monotonically increasing function,
with f(E) — —oo for E — 2 and f(F) — 0 for E — oo, and —log§ is positive for sufficiently small

0. In particular, for any § > 0, we choose I = Ej such that wg ; = 79,5, which leads to

™

B lboll,2 — log 0 + log cos (;;) .

We observe that with this choice, 7y ; (and hence wy ;) actually does not depend on the set of
variables, G, considered, and we can define the sequence 79 = {7o.n }nen, -

We are now in the position to compute the Bernstein ellipses that touch the boundary of ¥ on
the real and imaginary axis. For the real axis, we have to enforce

Cnreal + Gore
w =1 +7'O,n = Cn,real =1 +7'07n + (1 +7'0,n)2 B 1’

while for the imaginary axis we have to enforce

-1

Cn,imag ~ Sn,imag 2
D) = Ton = Cn,imag = To,n T+ A/ To,n +1.

The proof is concluded by observing that ¢, imag < Cn real; i-€., the only ellipse entirely contained
in ¥”, and hence in Xg s, is the one touching " on the imaginary axis, which also implies that the

bound supce,  Nu(-, 2)| gi(p) < Cu = ”f”’q% < oo holds independently of G. O
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Lemma 2 (Holomorphic complex continuation of u in H'** in a Bernstein polyellipse). Let s =

{Cs,n}n€N+: with
Cs,n = Ts,n + \/ Tsz’n +1> ]-,

ps—1
- LM
) E5

with bs as in equation (4), ps as in equation (5), and Es as in Lemma 1. For any finite set
of random variables G = {j1,j2,...,ja}, u : C9 — HT(B,C) is holomorphic in the Bernstein
polyellipse Eg ¢, with CY as in Equation (9) and

sup ||U(',Z)||H1+s(13) < Csu 0(575)(]\4+ ||f||H571(3)) <0

z€Eg ¢,

- s - - ~
with M = (1og2)b X Es (1 + KELJ , K = (2 + é) 0= eiKEié, C(9,s) as in Assump-

tion A3, and Cs ,, independent of G.
Proof. From Assumption A3, u : CY — H'T$(B,C) is complex-differentiable for every z in g s
for any 6 > 0. It is therefore holomorphic in ¥g 5. Similarly to the previous lemma, we look for

a region in which we have an a-priori bound on the H'**(B,C) norm of u uniformly on z. Again
from Assumption A3, we have that this is true in the region

Y ={ze€CY: la(-,2)|com) < M}PNEg5  for any 6> 0.

Contrary to the previous lemma, in this proof we do not derive the expression of an ellipse contained
in X', but content ourselves with verifying that the ellipses £g ¢, proposed in the statement of the
lemma (that we have obtained simply by replacing by, with bs, in Equation (13)) satisfy the
requirement, i.e., £g ¢, C ¥, for every finite set of random variables, G. To this end, let us consider
the univariate ellipse &, ,. We first prove that this ellipse is contained in the rectangle in the

complex domain
={z€C:[Relz]| < /1472, [Tm[z]| < Ton )

The bound on the imaginary part of z is an immediate consequence of the choice of the ellipse. As
for the real part, we compute the point zg where the ellipse intersects the real axis by equating

Cmt o 2o +1 73,n+1+fs,n\/73,n+1
20 = > = 2 =

2 2Cs,n Tomn +./T n+ 1
= (Tfn +1+ Ts,n\/Tg’n + 1) (\/’Tszn +1-— Ts’n> =,/1+ 7'327“.

Furthermore, we observe that for every z € R, it holds that |z| < /1 + 272

on < K75, for some

K > 0; for instancc we could look for the smallest 75 ,,, say Tsn+, choose K accordingly, i.e., such
that (K ? —2)72,. > 1, and obtain the value in the statement of the lemma (recall that we have
ordered variables according to by, hence 7, is necessarily increasing, but 75, is not necessarily
s0). Next, according to equation (10) and Assumption A2,

s!
— S~
CS('B,C)) = (log2)®

ezjeg bo,jlz;l 1 +st,jlzj|

s!
ot 2le 5.0, < (Gogz 120 Ao (LI, 2)
j€g

holds. We then conclude by observing that for every z € &g ¢,, we have

Dbl € 3 baslesl S KD bagmay = Ko Zbd - SKELS’

Jj€G Jj€EG JjEG

which gives uniform control of the norm of ||a(-, 2)|| o« 3 ¢) Within &g ¢, as required. More precisely,

we have
la(s ey < M= o5 (11 kD)
om0 < M = fiogge )
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which, together with Assumption A3, gives the desired bound on [lu(:, 2)|| 1+ (5. Moreover,

Rela(x,z)]>e " F =5 >0,
i.e., we can also control the coercivity of the problem. O

Lemma 3 (Chebyshev expansion of a holomorphic function). Let ¢y, (yn) be the family of Cheby-
shev polynomials of the first kind on [—1,1] 1 and, for any p € NV, let ®,(y) = ngl Opr (Yn)-
If f: [-1,1]N — R admits an analytic complex extension in a Bernstein polyellipse E¢ for some
¢ € RY such that (, > 1 foralln=1,...,N and SUp,ce, |f(2)| < Cy, then f admits the following
Chebyshev expansion

F@) = fe(y),

peNN
£, = 1
v f[—l,l]N 2 (y)oc(y)dy

[ i mwecwis. e - (=)™

which converges uniformely in E:. Moreover, if ¢, > 2 for anyn =1,...,N, the following bound
on the coefficients fp holds:

N
Fol < sup 1F(2)| [T e77%, go = log ¢ —log2.
zele n=1

Proof. A straightforward extension to the N-dimensional case of the argument in [15, Chapter 7,
Theorem 8.1] (see also [1]) allows us to write

N
|fpl < sup |f(z)]2/Plo H e Pnlogln
z€E&¢

n=1

where |p|o denotes the number of non-zero elements of p. By writing 2/Plo = Hf:[:l - el°e2 and
setting g, = log (,, — log 2, we then obtain the final statement of the theorem.

3 The Multi-index Stochastic Collocation method

In this section, we introduce approximations of E[F] along the deterministic and stochastic dimen-
sions and their decomposition in terms of tensorizations of univariate difference operators. We then
define the so-called mixed difference operators and build the MISC estimator by suitable sums of
such operators, selecting them with a greedy optimization algorithm.

3.1 Approximation along the deterministic and stochastic variables

A tensorized deterministic solver. Consider a numerical method for the approximation of
the solution of (1) for a fixed value of the random variables, y, based on a quadrilateral/hexaedral
mesh over B (e.g., finite differences, finite volumes, tensorized finite elements or h-refined bi- and
tri-dimensonal splines, such as those used in the isogeometric context), and let h;, i = 1,...,d
denote the mesh-size along each direction. The values of h; are actually given as functions of an
integer positive value, o > 1, referred to as a “deterministic discretization level”, i.e., h; = h;(a).
Given a multi-index a € N‘j_, we denote by u*(x,y) the approximation of u obtained by setting
hi = hi(a;) and and use notation F*(y) = O[u*(-,y)].

It would be straightforward to extend this setting to discretization methods based on degree-
elevation rather than on mesh-refinement, such as spectral methods, p-refined finite elements or p-
and k-refined splines, however, in this work, we limit ourselves to the setting defined above for ease
of presentation. It would also be possible to include in this framework time-dependent problems,
but in this case we might need to take care of possible constraints on discretization parameters, such

T.e., such that |¢4(y)| < 1 in [—1,1] for every q € N.
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as CFL conditions; a broader generalization could also include “non-physical” parameters such as
tolerances for numerical solvers. Finally, more general problems, e.g., those depending on random
variables with probability distributions other than uniform distributions, with uncertain boundary
conditions and/or forcing terms, and, more importantly, defined on spatial domains that are not
hyper-rectangles, could also be addressed with suitable modifications of the MISC methodology, as
briefly mentioned in [22].

Tensorized quadrature formulae for expected value approximation. Similarly to what
was done for the deterministic problem, we base our approximation of the expected value of F*(y)
on a tensorization of quadrature formulae over the stochastic domain, I".  Assumptions A2 and
A3 guarantee that F'*(y) is actually a continuous function (even analytic) over I'. A quadrature
approach is thus sound.

Let C°([—1,1]) be the set of real-valued continuous functions over [—1,1], 8 > 1 be an integer
positive value referred to as a “stochastic discretization level”, and m : N — N be a strictly
increasing function with m(0) = 0 and m(1) = 1, that we call a “level-to-nodes function”. At level 3,

we consider a set of m(f) distinct quadrature points in [—1, 1], H™(P) = {yé, y% e y;n(ﬁ)} c[-1,1],

and a set of quadrature weights, W8 = {w};,w% . ..wgl(ﬁ)}. We then define the quadrature

operator as
m(B)

QP11 =R, Q"OfI= ) fyhwp (14)
j=1
The quadrature weights are selected such that

1k

QA [y¥] :/ %dy, k=0,1,...,m(B) -1,
-1

and the quadrature points are chosen to optimize the convergence properties of the quadrature

error (the specific choice of quadrature points is discussed later in this section); in particular, for

symmetry reasons, we define the trivial operator Q*[f] = f(0) Vf € C°([-1,1]).

Defining a quadrature operator over I' is more delicate, since I" is defined as a countable tensor
product of intervals. To this end, we follow [34] and define, for any finitely supported multi-index
ﬁ € £+,

Qm®) .7 5 R, QmB = ® QM)

n>1

where the n-th quadrature operator is understood to act only on the n-th variable of f, and
the tensor product is well defined since it is composed of finitely many non-trivial factors (see
again [34]). In practice, the value of Q™®)[f] can be obtained by considering the tensor grid
TmB) = x5 H™B) with cardinality #T™B) = [L,,>; m(5,) and computing

#g’m(ﬁ)

QmB = > f(@)wy,
j=1

where y; € J7B) and wj are (infinite) products of weights of the univariate quadrature rules.
Notice that it is essential in this construction that m(1) = 1 so that the cardinality of T is
finite for any B € £, and wén = 1 whenever 3, = 1, so that all weights, w;, are bounded.

Coming back to the choice of the univariate quadrature points, it is recommended, for optimal
performance, that they are chosen according to the underlying measure, d\/2; moreover, since we
aim at a hierarchical decomposition of the operator Q”®) it is useful (although not necessary, see
e.g., [31]) that the nodes be nested collocation points, i.e. H™#) ¢ FH™B+D for any 8 > 1. Thus,
in this work, we consider Clenshaw-Curtis points [31, 36] that are defined as:

i (J—-Dm .
Y = cos (m(ﬁ)—l) , 1<j<m(B), (15)

and are nested provided that the level-to-nodes function is defined as

m(0) =0, m(1) =1, m(i,) = 271 + 1. (16)
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We close this section by mentioning that another family of nested points for uniform measures
available in the literature are the Leja points [11, 31], whose performance is equivalent to that of
Clenshaw-Curtis for quadrature purposes (see [29, 30, 34]).

3.2 Construction of the MISC estimator

It is straightforward to see that a direct approximation E[F] ~ Q™®)[F] is not a viable option in
practical cases, due to the well-known “curse of dimensionality” effect. In [22], we proposed to use
MISC as a computational strategy to combine spatial and stochastic discretizations in such a way
as to obtain an effective approximation scheme for E[F].

MISC is based on a classic sparsification approach in which approximations like Q"(®)[F<] are
decomposed in a hierarchy of operators. Only the most important of these operators are then
retained in the approximation. In more detail, let us denote for brevity Q™®)[F] = F, 5 and
introduce the first-order difference operators for the deterministic and stochastic discretization
operators, denoted respectively by A%t with 1 <i < d and A%C with j > 1

Fog—Foop, ifa;>1,
et = {Foo = e 0>
o8 if a; =1,

AStOC[F ] _ {Fa,ﬁ - Fan@_ej7 if ﬁj > 1,
J a,Bl = F if B, =
o,B 1 6] =1.

As a second step, we define the so-called mixed difference operators,

d

A% Fo gl = Q) AT [Fap] = AT [AG [ A [Fapl]] = D (—D)¥Fajp,  (17)
i=1 je{o0,1}4

AStOC[Faﬁ] — ®A;tOC[Faﬁ] — Z (—l)lj‘Fa,,@—ja (18)
j=1 Je{0,1}N

with the convention that F, ., = 0 whenever a component of v or w is zero. Notice that, since 3
has finitely many components larger than 1, the sum on the right-hand side of (18) contains only
a finite number of terms. Finally, letting

AlFap] = A" (AT [Fo g]], (19)

we define the Multi-index Stochastic Collocation (MISC) estimator of E[F] as

Mz[F]= Y AlFagl= > capFap cap= y, (-1, (20)
[a,Bl€T [@,Bl€T [4,4]€{0,1}39HT
[ati,8+4]€T

where Z C Nﬁlr ® L4+. The second form of the MISC estimator is known as “combination technique”,
since it expresses the MISC approximation as a linear combination of a number of tensor approxi-
mations, Fy g, and might be useful for the practical implementation of the method; we observe in
particular that many of its coefficients, c4 g, are zero.

The effectiveness of MISC crucially depends on the choice of the index set, Z. Given the
hierarchical structure of MISC, a natural requirement is that Z should be downward closed, i.e.,

Vo8l €T, {[a—ei,,@] € 7 for 1.§i§ dst. a; > 1,

[a,8—e;l €T for j>1st. 3;>1,
(see also [7, 31, 38]). Beside this general constraint, in [22] we have detailed a procedure to derive
an efficient set, Z, based on an optimization technique inspired by the Dantzig algorithm for the
approximate solution of the knapsack problem (see [28]). In the following, we briefly summarize
this procedure and refer to [22] as well as to [3, 7, 31] for a thorough discussion on the similarities
between this procedure and the Dantzig algorithm.
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The first step of our optimized construction consists of introducing the “work contribution”,
AWy g, and “error contribution”, AFE, g, for each operator, A[Fy g]. The work contribution
measures the computational cost (measured, e.g., as a function of the total number of degrees of
freedom, or in terms of computational time) required to add A[Fq g] to Mz[F], i.e.

AWa“B = Work [MIU{[a,B]}] — WOl“k[MI] = Work[A[Fa,g]]. (21)

Similarly, the error contribution measures how much the error, |E[F] — Mz[F]|, would decrease if
the operator A[Fy g] were added to Mz[F],

AEqg = |Mzugia,g [F] — Mz[F]| = |A[Fag]|- (22)

We observe that the following decompositions of the total work and error of the MISC estimator
hold:

Work[Mz] = > AWag, (23)
le,Bl€ET
E[F]=Mz[F][=| > AlFapl|< > |AlFapll= Y AFagp. (24)
[, B]¢T [ B1¢T (e, B1¢T

Although it would be tempting to define Z as the set of couples [a, 3] with the largest error
contribution, this choice could be far from optimal in terms of computational cost; as suggested in
the literature on the knapsack problem (see [28]), the benefit-over-cost ratio should rather be taken
into account in the decision (see also [3, 7, 22, 31]). More precisely, we propose to build the MISC
estimator by first assessing the so-called “profit” of each operator A[Fy g], i.e., the quantity

AFEapg

Pa = y
B AWQ,B

and then we build an index set for the MISC estimator as
I=I(c)={[a,B] eNL @ L4 : Pag >c¢}, (25)

for a suitable € > 0. We observe that the set thus obtained is not necessarily downward-closed,
and we have to enforce this condition a posteriori. Obviously, AE, g and AW, g are not in
general at our disposal. In practice, we base the construction of the MISC estimator on a-priori
bounds for such quantities. More precisely, we derive a-priori ansatzes for these bounds from
theoretical considerations and then fit the constants appearing in the ansatzes with some auxiliary
computations. We could actually refer to the entire strategy as a-priori/posteriori.

Remark 2. We remark that the general form of the MISC estimator (20) is quite broad and includes
other related methods (i.e., methods that combine different spatial and stochastic discretization
levels to optimize the computational effort) available in the literature, such as the “Multi Level
Stochastic Collocation” [35, 37] and “Sparse Composite Collocation Method” [5]; see also [24]. The
main novelty of the MISC estimator (20)-(25) with respect to such methods is the profit-oriented
selection of difference operators. Also movel is the fact that difference operators are introduced in
both the spatial and stochastic domains. See [22] for more details on the comparison between the
above-mentioned methods and MISC.

4 Error Analysis of the MISC method

In this section, we state and prove a convergence theorem for the profit-based MISC estimator
based on the multi-index set (25). The theorem is based on a result from our previous work [31],
which was proved in the context of sparse-grid approximation of Hilbert-space-valued functions.
Since the sparse grid and the MISC constructions are identical, this theorem can be used verbatim
here. In particular, it links the summability of the profits to the convergence rate of methods such
as MISC and Sparse Grids Stochastic Collocation, i.e., based on a sum of difference operators.
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To use this result, we have to assess the summability properties of the profits; therefore, in the
following we introduce suitable estimates of the error and work contributions, AEy g and AW, g,
respectively. In particular, the estimate of AE, g depends on the spatial regularity of the solution,
on the convergence rate of the Finite Element Method used to solve the deterministic problems,
and on the summability property of the Chebyshev expansion of the solution over the parameter
space.

Theorem 4 (Convergence of the profit-based MISC estimator, see [31]). If the profits Po g satisfy
the weighted summability condition

1/p

Z P;BAWQ,[; = Cp(p) < o0
[a,,@]GNi@ﬂJr

for some 0 < p <1, then
|E[F] — Mz[F]| < WOfk[MI]lil/pCP(p),
where Work[Mz] is given by (23).

We begin by introducing an estimate for the size of the work contribution, AWq g. To this
end, let AW = Work [A9°t[F,, g]], i.e., let it be the cost of computing A4°*[F,, g] according to
equation (17).

Assumption A4 (Spatial work contribution). Assume that there exist v > 1 and Cy > 0 such
that
AW < O Eim e, (26)

Lemma 5 (Stochastic work contribution). When using Clenshaw-Curtis points for the discretiza-
tion over the parameter space, the work contribution AWy g of each difference operator AlFg g
can be decomposed as

AWa g < CWQWZ}Ll aj+zj21(ﬁj_1)’

with v and Cy as in Assumption A4.
Proof. Combining equations (21) and (19), we have

AWa,g = Work [ AT (A% [Fy g]]] = Work| A% (At [0 B [Fe ()] .

Since the Clenshaw-Curtis points are nested, computing AWg g (i.e., adding [a, 8] to the set Z
that defines the current MISC estimator) amounts then to evaluating F*(y) in the set of “new”
points added to the estimator by AS*°¢[], ie., Xp.5,51 {H™F) \ H™F—D} whose cardinality is
[1;51(m(B;) —m(B; —1)). The proof is then concluded by observing that the definition of m(3) in

equation (16) immediately gives m(53;) —m(B; — 1) < 2%~! and recalling Assumption A4. O

Remark 3. We observe that the exponent B; — 1 guarantees that the directions along which no
quadrature is actually performed (i.e., f; = 1) do not contribute to the total work.

Next, we prove a sequence of lemmas that allow us to conclude that an analogous estimate holds
for the error contribution as well, i.e., that AF4 g can be bounded as a product of a term related
to the spatial discretization and a term related to the approximation over the parameter space. To
this end, we need to introduce the quantity

Leb,,(5) = sup QmO[f] — Qm™B-V[f]| VB eN,,
FeCOT), | fllLoo ry=1

where Q()[] are the univariate quadrature operators introduced in Equation (14). We observe
that Leb; = 1 and Leb,,(3) < 2 for # > 2, and that for nested points we can also bound Leb,,z) <
Lebm(g), with

T oh — J J J
Leb,,3) = Z ‘wﬁ - w;a—1’ + Z ‘wﬂ’ .
Y} €30 (B NgEm(A-1) Y EFHMEN\FmB-1)
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In particular, for the Clenshaw-Curtis points it can be verified numerically that LAeTam(B) converges
to 1 for 8 — oo, and that the maximum value is attained at 8 = 3, i.e., for m(3) = 5 points, with

value ITeT)g, = % ~ 1.067, cf. Figure 1.

11

09

0.8 1

0.7 1 —_
—G—Lebm(g)

0'60 5 16 15
5

Figure 1: Numerical evaluation of I;l/)m(in) for Clenshaw-Curtis points.

Lemma 6 (Stochastic error contribution). Let f : T = [~1,1]"+ — R and B € £, and assume that
the quadrature operator, Q™®) s built with Clenshaw-Curtis abscissae. If there exists a sequence
r = {rn}nen, such that

1. logr, > log2+ %log }—g for alln € N4,

1
2. anl Tr < oo,

3. f: ' = R admits an analytic complex extension in a Bernstein polyellipse, Eg r, for any
finite set of random variables, G = {j1,...,jc}, with sup,ce,  [f| < Cy,

then
AP [l < Oy sup | f(z)]e Znz Bl

z€€g r

holds, where g, = logr, —log?2 — %log i—g >0 and Cy = anl m < 00.

Proof. Let G be the support of 3 — 1 with cardinality #G = G, q € NY, and let &g 4 denote the
Chebyshev polynomials of the first kind with the degrees g1, ..., gg along the random variables, y;,
for j € G and degree 0 along y; for j € G. For notational convenience, we index the components
of g with j € G, i.e., ¢;, = q1,¢;, = q2, etc. We observe that ®¢ 4 are equivalent to the G-variate
Chebyshev polynomials over [—1, 1]¢ thanks to the product structure of the multivariate Chebyshev
polynomials and to the fact that ¢o(t) = 1. Next, consider the analytic extension of f : CY — C,
and its Chebyshev expansion over ®¢ 4 introduced in Lemma 3, there

|Astoc[Qm(ﬁ)f]| _ ‘Astoc [Qm(ﬁ) [ Z fq(I)quH ’ = ‘ Z qustOC [Qm(ﬁ) [@Qﬂ]} "
qENS qeNe

holds. We observe now that by construction of hierarchical surplus there holds Ast¢[QmB)[dg ]| =
0 for all Chebyshev polynomials ®g 4 such that 3j € G : ¢; < m(5; — 1) (i.e., for polynomials that
are integrated exactly at least in one direction by both quadrature operators along that direction).
Therefore, the previous sum reduces to the multi-index set ¢ > m(8 — 1), and furthermore by
triangular inequality we have

|Astoc[Qm(ﬂ)f]| < Z | fal ’Asmc [Qmm) [‘I’g,qﬂ ‘ '
q>m(B-1)
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Next, using the definitions of AS%*¢ and of Ijéf), and recalling that Chebyshev polynomials of the
first kind on [—1,1] are bounded by 1 and that Leb,,3) < 1 for 3 = 1,2 and Lebm(ﬂ) < 6 for
B > 3, we have

’Astoc |:Qm(,3) [(I)g’q]} ‘ — ® A[Qm(ﬁj)[(bqj” (27)
Jj€EG
< H LA@Bm(ﬁj) H¢quL°°([fl 1]) HLebm(ﬁf) < H 15
jeg Jeg g€>gs

We then bound |fq| by Lemma 3 denoting g; = logr; —log2 for j € G. We obtain

|ASC[Q™B) f]| < sup |f(z)< H 1?) Z He*f’f‘“

z€&q,r JEG a>m(B—1) j€G
Bj=>3

16 —9;4j
z§3£,|f(z>< 1T 15) Iy > -

Jj€G J€G \g;>m(B;—1)
Bi=>3

efgjm(ﬂjfl)

sup [f(z )(H ]1-(53>H1—691

z€f.r J€G J€G
B;=3
16 m(B—1) .
Next, we observe that, for 8 > 3, there holds 1€ = elosis < 85 mm = CrmB-Dyith

cp =1 5 log 1= 16 ~ 0.0215. Therefore, we have

|Astoc[Qm ﬁ)f” < sup |f ‘H —=; H e —(g;—Cr)m(B;—1) H e—9im (B;—1)

z€e€ g,r jeg
,81>3 B;<2
< s 11, [[emcoms,
z€Eg » i>1

where in the last step we have extended the product from j € G to j > 1, defined Cy =[] i>1 ?1,%,
and introduced the correction term Cp along all random variables. We observe that after these
operations the bound is independent of G and yet finite, since 5; = 1 hold for j & G, which implies

m(0) = 0 and moreover

ngnﬁ<oo<:> Zlogl—e gﬂ)<oo<:>Ze 9J<oo<:>Z—<oo

i>1 i>1 i>1 i>1 T

which is true by hypothesis. O

Remark 4. Sharper estimates could be obtained by exploiting the structure of the Chebyshev poly-
nomials when computing A[Q™ 51 [¢, 1] in equation (27) (for instance, the fact that Q™5 [¢,.] =0
whenever q; is odd and larger than 1) rather than using the general bound A[Qm(ﬁ-f)[gbqj}] <

Lebys,) H¢quLoo([—1,1])'

Next, we state an assumption of convenience, which is not necessary but considerably simplifies
some technical passages in the development of the theory, as we clarify later on.

Assumption A5 (Lower bounds for ¢, and CS n) We assume that log (s, —log2— % 1og > 0 for
every n € Ny, and that log(p1 —log2 — % log > 0, where Cp,1,(s,n are the pammeters speczfymg
the size of the Bernstein ellypses in Lemmas 1 and 2.

We observe that from the previous assumption, we also have that log (y , —log2 — log >0
for every n € N;. We are now almost in the position to prove the estimate on the error contrlbutlon
(see Lemma 8); before doing this, we need another auxiliary lemma that gives conditions for the
summability of certain sequences that will be considered in the proof of Lemma 8 as well as in the
proof of the main theorem on the convergence of MISC.
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Lemma 7 (Summability of stochastic rates). Let
® gon =logCon —log2 —M,
® (Jsn = IOg Cs,n - 10g2 - Ms;

with Co.n as in Lemma 1 and (s as in Lemma 2, and assume that M and M, are positive numbers
such that go.n,gsn > 0. Then,

o the sequences {e 9"} en, and {40 } are ¢9-summable for ¢ > qo min = 13‘;0,
™ JneNyL
o the sequences {e 9" }pen, and {C } are £1-summable for ¢ > qs min = 18-; .
sn ) peNy s

Under Assumption A2, qomin;qsmin < 1.

-1
Proof. We have 1 > e=90n = e~(0gCon—log2=M) — oM (CO'”) ; from (12) and we can bound

279,n < Co,n- We can therefore obtain

—-q
—go,nd — M Go,n M -q _ M m (1=po)q
2 et =e qz< 2) ett) mi=e q<E||bo|m> >t

n>1 n>1 n>1 n>1

From Assumption A2, we know that by € ¢P9. We therefore have the condition

(1 7p0)q Z Po = q0,min = 1 _p07

and enforcing g min < 1 results in pg < %, as stated in Assumption A5. The same argument applies
to {e*" fnen, - O

Lemma 8 (Total error contribution). Assume the deterministic problem is solved with piecewise
linear finite elements with spatial discretization parameters h; = 27%. Then the error contribution
AEq g of each difference operator A[Fy g can be decomposed as

AEap =min {CoAES*™, CABL Y AES™! |, (28)

where the factors can be bounded as

1

1 - 6_(10g COJL_lOg 2)

Co = Cor 0| g-1(z) Cu H

< 0

C1=Ccr [1Ollg-1(5) Csu H lOng log2) <
TL>1
AES000 < o= Tz (B =Dgo.s (29)
AEget,l < 9—lalrrem (30)
AESS! < ¢ Doz m(Bn—Daen (31)

with C as in Lemma 1, Cs 4, as in Lemma 2, g, = log(, —log2— = log 55 Js;n = log (s n —log2 —
1 log iz, TFEM = min{1, s/d} with s as in Assumption A3 and CCT > 0.

Proof. Combining the definition of A[Fy, g, cf. equation (19), and the definition of A4[F,, g], cf.
equation (17), we have
AEqp = |AlFa gl = A (AN [Fy g]] = A Y (—1)HIF,_; 4]
je{o,134
=A%) Y (=P[O (., y)]
je{o,1}4
= aseer@el o (-1l y))
je{o,1}4

= A% [QmBIO[AN [u (-, y)]]]
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We observe that f(y) = O[At[u(-,y)]] is a linear combination of some u® and that each of these
u® is analytic, being the finite-element approximation of the analytic function u; hence, f(y) is
also analytic. Then, there exists an ellipse g (with size specified by a suitable sequence r that
we will choose later) such that we can apply Lemma 6 and obtain

1
AFE < sup |O[A® (2, 2 e~ Tnz1 gnm(Bn—1)
b zesg,r| | e( )Hnl:[l 1 — ¢—(logrn—log2)
d t _En gn""(Bn_l)
< 18]l 4- () SUP HA e Mo, (C)H1 — (1ogrn710gz) >1 7
TL

where the rates g, depend on the parameters r,, g, = logr, —log2 — %log %. Next, assuming
that the spatial discretization consists of piecewise linear finite elements with spatial discretization
parameters h; = 27% and combining (i) the a-priori bounds on the decay of the difference operators
coming from the Combination Technique theory (see, e.g., [19]), (ii) the fact that u € H'T* for
some s > 0 (cf. Assumption A3), and (iii) equation (8), we have two valid bounds for every z in
the ellipse, £g., (which we recall is yet to be specified):

||Adet[ua('7z)]||H1(3) < CCT ||’LL(, Z)HH1(37(C) )

HAdet [ua('7 Z)] HHI('B) S CCT ||u(a Z)H’Hli»s/d(g’(c) 2—‘Q‘T'FEM S CCT HU’(7 z)||H1+S(3,C) 2_‘a‘T‘FEM7
for some Cop > 0. We then conclude using Lemmas 1 and 2, which guarantee the boundedness
of u(,2)ll 1 (n,cy and [[u(-, 2)[|g1+s(p ¢ in the Bernstein ellypses with parameters r = {p and

r = (s, respectively. We observe that the hypotheses of Lemma 6 are verified by ¢, and (s, thanks
to Assumptions A2, A5 and Lemma 7. We then have the following two valid bounds:

ABap <10 -1 (s _sup (s 2) g1, C)H — uoggon_logz)e . g0.0m(Ba=1),
QCo
1 _ —1)—
AFEqs g < H@HH*l(IS) sup ||u('az>||H1+3(B,C) H 1 (o<, nilogz)e > gsnm(Bn—1)9 ‘Q‘T'FE]\17
z€Eg ¢, n>1 —€ ’

where the quantities Hn21 m and Hn21 m are bounded, thanks again
to Lemma 6. The proof is then concluded by recalling that supcg, . [[u(, 2)| 15,0y < Cu due

to Lemma 1, and similarly sup_ce, . |[u(, 2) gr1+2( c) < Cs,u due to Lemma 2, with Cy and Cs,
independent of G. O

Lemma 9 (Total error contribution, restated). The bound for AEqy g in Lemma 8 can be rewritten

as
AE, 3 < COp2~ it 77L(Bj—1)Xj—HlaX{zj21 m(,@’j—l)@j,TFEM\a\}’

with Cp = min{Cy, C1}, Xxj = gs,;108s €, and 0; = (go,; — gs,;) log, €
Proof. The statement is a compact rewriting of the following expression, which is obtained by

combining equations (28) to (31):

AEop <Cp min 27 qreem|a] H e~ M (B =1)gs,;+(1—a)(90,5—9s,5)]
qe{0,1} iS1

— Cr min 2 9"FEM|e] 9—m(Bj—=1)lgs,;+(1-a)(g0,j—9s,5)] logs e
P q€{0,1} ]1;[1

= (Cp min 2 7FeMlal 9—m(B; =) x;+(1—q)0;]
¥ getony ]1;[1

— 2 i m(B;—1)x; —maxge (0,1} (arreml o+ ;51 m(B;—1)(1—q)6;)

— 2 S m(Bi—Dx;—max{> 5, m(Bj—l)Oj,TFEM|a|}'
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Remark 5 (Relaxing the simplifying assumptions). We now clarify why the assumptions ps < %
and (s pn,Con > log2 + %log% are not essential and could be relazed, at the expense of a more
involved presentation. First, assuming Cs n,Co,n > 10g2+% log % allowed us to use the simple bound
provided by Lemma 3 for the coefficients of the Chebyshev expansion of f(y) = O[A [u(z, y)]]
in Lemma 8. Without this assumption we would need to identify the first random variable, say N*,
such that o, n+ > log2 + %log% and (s v+ > log2 + %log}—g and treat separately the variables
Y1, Y2, .-, YN*_1, in the proof of the main theorem.

Next, due to a suboptimal choice of the parameters (y, and (s, in Lemmas 1 and 2, the
sequences {79 }en, and {e7 9 }en, in Lemma 7 which are related to the solution u and which
appear in the proof of the MISC convergence theorem, have worse summability than the sequences
{bo.n}nen, and {bsn}nen, related to the diffusion coefficient. As we will see in the main theorem,
assuming po, ps < % is then needed to guarantee convergence of MISC. It would be possible to have
q0,min = P0; 4s,min = Ds, With no restriction on p, < % for the method to converge, by choosing the
ellipses in Lemmas 1 and 2 by the more elaborated strategy presented in [12]. However, for ease
of exposition, we maintain the sub-optimal choice, which is enough for the purpose of presenting
the argument that proves convergence of MISC. The restriction pg,ps < % formally prevents us
from applying the MISC convergence analysis to diffusion coefficients with low spatial regularity.
In practice, we see in Section 6 that the convergence estimates are numerically valid beyond this
restriction.

Before proving the main theorem of this section, we finally need the following technical lemma.
Lemma 10 (Bounding a sum of double exponentials). Fora >0, b>2 and 0 < ¢ < ab,
o0
Ze—abk+ck < e—ab+a(a,b,c)
k=1

holds, where for each fixed ¢ and b, we have that £(-,b,¢) is a monotonically decreasing, strictly
positive function with £(a,b,c) — ¢ as a — +o0.

Proof.

E efabk+ck :efabJrc + 2 efakarck: _ efabJrc + 2 efabk'HJrc(kJrl)
E>1 k>2 E>1

_ _ k_
—e ab €¢ + ef E e ab(b®—1)+ck
E>1

We observe that for b > 2 we have b* — 1>k for k > 1 integer. Therefore, e—ab(b"—1) < e %% and
we have

" chfab
§ efab +ck S 671117 e +€C § ek(cfab) _ efab e + )
1 — ec—ab

k>1 E>1
Then,
i ch—ab
8(@, b, C) = lOg (e° + l—ecab) s
and we finish by verifying that the function € has the required properties. O

Theorem 11 (MISC convergence theorem). Under Assumptions A1 to A5, for the profit-based
MISC estimator built using the set T defined in (25), Stochastic Collocation over Clenshaw-Curtis
points and piecewise linear finite elements for solving the deterministic problems,

|E[F] — Mz[F]| < Cp ( ) Work [Mz] "€,

1—rwvisc

1—rmisc

holds, where Cp (*) is as in Theorem 4, Work[Mz]| is given by (23) and ryisc s as follows:

Case 1 if ﬁ > ﬁi, then rsc < MM,
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Case 2 if —L— < f—sp, then

FEM+’Y — 1
1 Ps — Po !
rmisc < | ——2 y—41 .
Po TFEMPO0Ps

Proof. In view of using Theorem 4, we need to estimate the p-summability of weighted profits. To
this end, we use Lemma 9 and bound the sum of the profit as follows:

D _ P 1- 1-p
Z PopAWap = Z AL gAW, "AWg
[e,BleNi@L [ BlENT @£
1)p[max{7’FEM|a|72j>1 m(B;—=1)0;}+3; 51 m(Bi—1)x;]—(1—p)vle|=(1-p) 3°,(B;—1)

<okt Y (2

[@,BleN? @2,
1\ PrFEMlel+1=2) 3255, m(B;=1)0;+3 251 m(B; = x;l=(A=p)vlal=(1-p) 325>, (B —1)
< C? -
ity ¥ (3)
[e,BleEN @ L4
(p(ArFEM+7Y)—7)k oo 20 1\ P((A=A)m(k=1)0;+m(k=1)x;)~(1-p)(k—1)
P -
— CEC " min HZ( ) Hz(2> ,

(32)

and we investigate under what conditions each of the two factors are finite (the constants Cg, Cy
are bounded, cf. Lemmas 5, 8 and 9). For the first term, we immediately have

v

) 33
ATFEM + Y (33)

For the second factor, by denoting the generic term of the inner sum as a; 5, for brevity and observing
that a; 1 = 1 for every j, we have

and we only have to discuss the convergence of the sum

ZZ —pm(k=1)[(1=X)0;+x;]+(1—p)(k—1) ZZ 27(1 A)0;+x;]+(1—p)(k— 1) (34)
j=1k=2

Jj=1k=2

where the last step is a consequence of the fact that for Clenshaw-Curtis points m(k —1) >
m(k)—1
2

m(k)—1
2

holds for &k > 1 and moreover =2F=2 for k > 2, cf. equation (16). To study the summability
of (34), we first use Lemma 10 to bound the inner sum in (34); we have

ZQ P I(1=2)0;+x51+(1—p) (k=1) _ZQ i1+ (1—p)(k—1)

— ZQ*P%[(F/\)%J%H(FP)’%

fc 1

< Zexp ( 8211 _ 26, + ;2% + (1 — p)klog 2)
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where we have used the notation in Lemma 10. Note that this lemma holds true under the assump-
tions that 0 < ¢ < ab, a > 0 and b > 2, which have to be verified. We have

1—
ab>c < plog2[(1 - A)8; + x;] > (1 —p)log2 & (1 - \)0; + x; > (pfj),

which is true for sufficiently large j, say j > j*, since A < 1, x; is increasing with x; — oo as
j — o0, and 0; is always positive. The condition ¢ > 0 is true for 0 < p < 1, since log2 > 0.
Finally, a > 0 is equivalent to (1 —X)#; +x; > 0, which is again true. Resuming from (34), we have

oo o0

ZZQ P [(1=N)0;+x5]+(1—-p)(k—1) < C(5) + Z Zexp abk—l—ck)

j=1k=2 =j* k=1
oo
§ —ab—i—aabc)

Next, since according to Lemma 10 £(a,b,c) is a monotonically decreasing function with limit
¢ = (1—p)log2 independent of j, the previous series converges if and only if

i e Z e~ P1og 2[(1-2)0;+x;] Z 9—Pl(1=X)0;+x;]

J>j* i J25*

converges. Inserting the expression of 6; and x;, cf. Lemma 9, we get:

oo oo o0
E /‘2717[(1*/\)9]-%@] = E :2*?[(1*/\)(904*gs,j)+gs,j]10%26 = E e~ Pl(1=2)(90,5—95,5)+9s 5]
Jjzg* Jjzg* j25*
o0
— § e~ P(1=X)go,j o —PAYs,j
Jjz3*

After applying Holder inequality in the previous summation with exponents g7 Ly qs =1, we need
to simultaneously ensure the boundedness of the following sums:

o0 oo
§ e~ P(A1=Ngo a2 414 E e PAIs a1

Jjz3* Jjzg*

Recalling the summability result in Lemma 7, we have that the following two conditions must hold:

Do Do 11
1—XN)g > —
2l ) I=po L—pol—Xg
Ds
pAqL > p> ps 1 1_i ,
]-*ps 17p9>\ q2

which closes the discussion on the summability of the second factor of (32). Recalling the constraint
(33) coming from the first factor of (32), we finally have to solve the following optimization problem:

p > min  max i Ps l 1-— l Po 1 1
A€[0,1],1<gn ArpEM 77 1 —ps A "T—pol—Age

i.e., to choose g2 and A to minimize the lower bound on p above. We first optimally select g2 given
A, i.e. take g2 = ¢5 such that

s 1 1 1 1 1—ps A
P (1_*>: I I o .
1—psA 7 1—pol—Ags ps 1—pol—A

Substituting back, we obtain

1 1-ps _po A

ps lgp—1_ ps ps 1-po1-A _ Do 1

L=p X 43 pSA”lfslp%ﬁ 1_p0(1*/\)+1;31p%)‘
Po_ _Ps Po_ _Ps
1- pol Ds 1—po 1—ps

1-ps 1—po 1-ps

TN BN H( 7 ps>’
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so that the minimization problem reads

Po Ds

. ,y 1—po 1—ps
> A), fa(A)}, A= ——, A) = . (35
p Arerl[(ljfll]max{fl( ), f2(N)} fi(A) Jy——— F2(A) = — +)\< . ) (35)
1—ps 1—po 1-ps

Now recall that py < p,, which implies that 15‘;0 < 15‘; -, hence f2(N) is increasing with A;
conversely, f1()\) is instead decreasing with A, since ~,rpgMm are positive numbers. Furthermore,
notice that we cannot have fi(A) < fa(A) for all A € [0,1]. Indeed, the previous condition is
equivalent to f1(0) < f2(0), ie., 1 < 15(;)0 = po > %, which does not satisfy Assumption A2. Note
that, in this case, the lower bound for p in (35) would have been minimized for A = 0, implying
that p > % > 1, i.e., the method would not converge (cf. the statement of Theorem 4). Thus,

we have only two cases:

Case 1 fi1(\) > fa()) for all A € [0, 1], which means that the convergence of the method is dictated
by the spatial discretization. Given that f; is decreasing and f; is increasing, the previous
condition is equivalent to f1(1) > f2(1), i.e., ﬁ > 15‘;5. In this case, the lower bound
for p (35) is minimized for A = 1, and we have p >

TFEM 7Y’
Case 2 There exist A* € (0,1) s.t. fi1(A*) = fo(A*). This condition is equivalent to the two
conditions
{fo>f2 :{1215270
£1(1) < f01 T
Letting ¢ = —2% and ¢ = p , we derive \* by equating

T—po
y cc
MEEM +7 e+ AMc— @)
[¢+ A —8)]y = cé(ArpeMm + 7)

Mey — @y — cerpem| = céy — &y

1 gl
Al=y—=7—rFEM| =7 — =
C C

—_

c
-2
PR - S
1 1 ’
2V~ ¢V T TFEM

which yields
v

_1 .
¥+ rFEM < - ’Y> (T’FEM + = - = >
17,)0 1-pg 1-ps

We can now apply Theorem 4 and derive the convergence estimate,

p>

|[E[F] - Mz[F]| < Cp(p)Work[Mg]'~1/?,

which we reformulate as

|E[F] - Mz[F]| < Cp ( ) Work [Mz] ™S,

1 —rvisc

with msc = £ — 1. The results above, stated in terms of p > K, translate to rvisc < % — 1.
Elementary algebra then allows us to derive the final statement of the theorem. O

5 Analysis of Example 1

In this section, we determine the values of s, pg and ps for Example 1. Let us define

Thelo ﬁ (con (Zhye)) (sin (Zie)) 7
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so that & from (6) can be written as

Ky) =Y Ar Y UkeTre(z)

keNd £e{0,1}4

:i Yo A D ukeTre(@),

j=0 {keNd : |k|=5} £c{0,1}4

Based on this expression, we analyze the summability of {Ag|D*Yy.elr~m)} for |s| = 0 and
|s| < s to determine the values of pg and ps, respectively. First note that for |s| < s we can show
for a constant ¢ independent of k that

T\ S
1D Te@) e = [T (Fhs) < ekl
=1
Then
%) v ' 0 Iklo . _Ps(“"’%)
> > 2 A Tl 2y, > 2Rk
J=0 {keN9 : |k|=;} £€{0,1}4 j=0 {keN : |k|=5}

< 2% 4 2dtpes Z Z j*pﬂ(’”f%*S)

J=1{keN: |k|=j}

d-D! <

From here we obtain the bounds

v 1\! v 1 s\ !
Po > a + 5 and Ps > 5 — g . (36)

Moreover, imposing pg < % and ps < % gives the bounds

al

3d 3d
V> and s<v— <, (37)
respectively. Since Y o € C°°(B), this is the only bound on the value of s. To determine the optimal
value of s, we substitute rppv = min(1, ) and the lower bounds of py and p, in Theorem 11 and

simplify to obtain

T
1 v 3 s 1

rMisc < ;,, 3 1 TEZT;?MZCL
(F-2) m) 173253 1+*) and s < d,
(-2 (7)) i-2si+5ands>d

From here it is clear that the optimal value is s = d. Hence, to satisfy the bound (37) we make the
choice

s = min (d, v— 32d) > 0. (38)

In Figure 2, we plot the upper bound of the rate of MISC work complexity, ryisc, based on
Theorem 11 and the following cases:
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20 ey - Deterministic problem 20k
o) :::* /
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Figure 2: The upper bound of the MISC rate rysc as predicted in Theorem 11 versus the observed
rates when running the example detailed in Section 6. Refer to Section 5 for an explanation of
the different curves. Also included are the observed convergence rate for a few values of v and the
observed convergence rate of MISC with no random variable and constant diffusion coefficient, a,
as a horizontal line. The latter is referred to as “deterministic problem” and shows more clearly
the non-asymptotic effect of the logarithmic factor in the work for d > 1, as shown in Figure 7 and
proved [22, Theorem 1].

Theory. This is based on the previous analysis, i.e., by considering the summability of {Ak [ D* Y ell Lo () }
and plugging in the lower bounds of py and p, in (36) and s in (38). We also use the value
rFEM = 2min (1, 3) This is motivated by the fact that we expect to double the conver-
gence rate of the underlying FEM method since we are considering convergence of a smooth
functional of the solution.

Square summability. Motivated by the arguments in Lemma 16 in the appendix, we believe that
our results can be improved by taking the values of pg and ps as summability exponents of

{AiHDSTi}ZHLm(B)} for |s| = 0 and |s| < s, respectively. Similar calculations to above yield

the bounds ) )
2 - P 26\
po > (; + 1) and  py > <” r1- S> , (39)

d

and the corresponding conditions v > g and s > v — 3,

value s = min (d,z/ - g) > 0.

respectively. Here, we also use the

Improved. As mentioned previously in Remark 5, we could in principle make our results sharper
by taking go.min = po instead of gomin = 16‘;0 and similarly for gs min. The modifications
of Theorem 11 to account for these rates are straightforward. Moreover, when considering
square summability, the conditions become v > 0 and s > v so that we can make the choice

s =min(d,v) > 0.

We also include in Figure 2 the observed convergence rates that were obtained numerically by
running MISC with the example discussed in Section 6, and the convergence rate of MISC when
applied to the same problem with no random variables and a constant diffusion coefficient a. In this
case MISC reduces to a deterministic combination technique [8] and the observed convergence rate
of MISC for any value of v is necessarily less than the observed convergence rate of the deterministic
combination technique.

From this figure, we can clearly see that the predicted rates in out theory are pessimistic when
compared to the observed rates and that the suggested analysis of using the square summability or
using the improved rates go min and ¢s min might yield sharper bounds for the predicted work rates.
On the other hand, we know from our previous work [22, Theorem 1] that the work degrades with
increasing d with a log factor and in fact the expected work rate for maximum regularity when the
number of random variables is finite is of O (W32 log(Wiax)?~*). This can be seen Figure 2 and
d = 3, since in this case observed work rate seems to be converging to a value less that 2.
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6 Numerical experiments

We now verify the effectiveness of the MISC approximation on some instances of the general elliptic
equation (1), as well as the validity of the convergence analysis detailed in the previous sections.
In particular, we consider the family of random diffusion coefficients specified in Example 1. As
already mentioned in Remark 1, this choice of random fields in not part of our theory since the
Shift Theorem in Assumption A3 does not hold. Nonetheless, we work in this setting to obtain
numerical evidence of the fact that the predicted results are valid for this choice of random fields
as well, which means that the results are rather robust and apply to a broader class of problems.

In more detail, we consider a problem with one physical dimension (d = 1) and another with
three dimensions (d = 3); in both cases, we set f(x) = 1 and h(x) = 0, and model the diffusion
coefficient by the expansion (6) with different values of v. Finally, the quantity of interest is a local
average defined as

10 [z — @013

P = [ e p@e, o) = e (250 (40
with ¢ = 0.2 and location &y = 0.3 for d = 1 and xy = [0.3,0.2,0.6] for d = 3. The deterministic
problems are discretized with a second-order centered finite differences scheme (for which we expect
to recover in the numerical experiments the same rate that we would obtain with piece-wise bi-linear
finite elements on a structured mesh) with mesh-sizes h;(a) = hg X 27% and hg = 1/12, and the
resulting linear system is solved with GMRES with sufficient accuracy. The quadrature points on
the stochastic domain are the already-mentioned Clenshaw-Curtis points (see eq. (15) and (16)).

In the plots below, to avoid discrepancies in running time due to implementation details, the
computational work is compared in terms of the total number of degrees of freedom, i.e., using (23)
and Assumption A4. Moreover, we set v = 1 in (26), which is motivated by the fact that, for the
tolerances we are interested in, we estimate that the cost of solving a linear system with GMRES
is linear with respect to the number of degrees of freedom.

In order to evaluate the MISC estimator, we need to build the index set (25). To do that,
we must be able to evaluate two quantities for every o and 3: the work contribution, AW, g,
and the error contribution, AE, g. Evaluating the work contribution is straightforward, thanks
to Assumption A4 and using 7 = 1. On the other hand, evaluating the error contribution is more
involved. We look at two options:

“a-posteriori” evaluation. We compute A[F, g] for all (a, 3) withing some “universe” index
set and set AEo g = |A[Fag]|. Notice that this method is not practical since the cost of
constructing the set Z would far dominate the cost of the MISC estimator. However, within
some “universe” index-set, this method would produce the best possible convergence and serve
as a benchmark for other MISC sets within that universe.

“a-priori” evaluation. We use Lemma 8 to bound AE, . Using these bounds instead of exact
values produces quasi-optimal index sets (cf. [4]). This method in turn requires the estimation
of the parameters rpgn;, {go,n}n>1 and {gs’n}n>1. Since we use a second-order centered finite
differences scheme and consider the convergence of a quantity of interest, we expect rpgy = 2
for large enough v. This can also be validated numerically in the usual way by fixing all
random variables to their expected value and checking the decay of AE, 1 with respect to o

On the other hand, estimating {go.n},~; and {gsn},~, is more difficult since, in principle, we
do not know a priori if AE, g is decaying with rate go ,, or gs . Instead, we use a “simplified”
model that was used in [22]:

AEa,B < Ce~ Zn21m(ﬁn—l)gn2—|a|7“FEM7 (41)

where §,, is some unknown function of g¢ , and gs,. Estimating §, can be done given rrgm
and a set of evaluations of |A[Fy g]| for some (e, 3) € J by solving a least-squares problem
to fit the linear model

> gem(Bn — 1) = —log (|A[Fagl]) = |alrrey,  for all (o, 3) € J.

n>1
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For our example, these rates are plotted in Figures 3(a) and 5(a) for d = 1 and d = 3,
respectively. In our current implementation, the construction of the optimal MISC set, Z,
is separate from the set J. However, it is possible in principle to construct an algorithm in
which the optimal MISC set, Z, is constructed iteratively by alternating between estimating
rates given a set of indices and evaluating the MISC estimator.

Note that, in the current work, there are certain operations whose costs we do not track or
compare. The first operation is the estimation of the stochastic rates, {g,},,~,. The second op-
eration is the construction of the optimal set given estimates of error and work contribution. We
believe that the cost of these two operations can be reduced by using the previously mentioned
iterative algorithm, so that the cost of these operations is dominated by the cost of evaluating the
MISC estimator. The third operation is the assembly of the stiffness matrix, especially since it
scales linearly with the number of random variables. While the cost of this operation is relevant
to our discussion, it is usually dominated by the cost of the linear solver, at least for fine enough
discretizations.

Finally, we also compare MISC to Multi-index Monte Carlo (MIMC) method as detailed in [23],
for which O (W;g}f’) convergence can be proved for Example 1 with v = 1,d < 3 and sufficiently
large v (see Appendix A). Moreover, when computing errors, we use the result obtained using a
well-resolved MISC solution as a reference value.

Figures 3(b—d) and Figures 5(b—d) compare some computed values of |A[Fg, g]| versus the model
(41) using the estimated rates regv = 2 and {gn},,~;. These plots show that the model (41) is a
good fit for the case d = 1,v = 2.5 and d = 3,v = 4.5, respectively. Moreover, similar plots were
produced for other values of d and v that are not reported here but also show good fit.

Figures 4 and 6 show

e the maximum space discretization level, max o, g)ez max(a),

e the maximum quadrature level, max o gyez max(3),

e the index of the last activated random variable, max(o,g)ez maxg,;>1J,

e and the maximum number of jointly activated variables, maxq g)ez |8 — 1o

These values convey the size of the used index set, Z, for different values of Wi ax.

As previously discussed, Figure 2 shows the observed convergence rates of MISC vs MIMC for
the cases d = 1,v = 2.5 and d = 3,v = 4.5. Other examples for different values of v were also
validated and all observed MISC convergence rates are included in Figure 2. This figure shows that
the observed rates are better than what is predicted by the theory developed in this work, which
suggests that further improvement in the theory is possible as suggested in Remark 5. Figures 7
and 8 show in greater details a few of the observed convergence curves and their respective linear
fit in log-log scale.

We recall that, as shown in [22, Theorem 1], the convergence rate of MISC with a finite number
of random variables is O (W12 10g(Wiax)?™!). Compare this to the theory presented here that
predicts, as v — 0o, a convergence of O (Wn_]ij‘ 6) for any € > 0. However, Figure 7 shows that even
for a problem with d = 3 and no random variables, MISC (which, in this case, becomes equivalent
to a deterministic combination technique [8]) has an observed convergence rate that is closer to
—1.38. This is due to the non-asymptotic effect of the logarithmic term that is nonzero for d > 1.
Based on this, we should not expect a better convergence rate for d = 3 and any finite v. This is
also numerically validated in Figure 8 that shows the full convergence curves for d = 1,v = 2.5 and
d=3,v=4.5.

7 Conclusions

In this work, we analyzed the performance of the MISC method when applied to problems depending
on a countable sequence of random variables. We proved a convergence result using a summability
argument, showing that in certain cases the convergence of the method is essentially dictated by the
convergence properties of the deterministic solver. We have then applied the convergence theorem
to derive convergence rates for the approximation of the expected value of a functional of the
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Figure 3: Example 1, d = 1 and v = 2.5. (a) The estimated stochastic rates, §,, that are used
in (41). Different markers correspond to different modes multiplying the same value of Ag. (b-d
The computed AEq g = |A[Fq g]| with solid lines versus the model in (41) with dashed lines.

@—@ Simplified
a-posteriori
¢—¢ MIMC

max (e, B)

e

—

10° 10 10°

Figure 4: Example 1, d

10° 10" 10°
Winax

=1

108 "

10° 10%

and v

10°

10%

10!

1

0—@ Simplified

<>

a-posteriori

¢— MIMC

‘i
s
¢
&
S S
T i

o
10°

10 10° 10* 10" 10°
Winax

100 107 10%

This figure shows extreme values of o and
B included in the MISC set, Z. Specifically, left-solid is the maximum space discretization
level, max (4 gyez (max (a)), left-dashed is the maximum quadrature level, max 4 g)ez (max (3)),
right-solid is the index of the last activated random variable, max(4 gez (maxBj>1 j), and
right-dashed is the maximum number of jointly activated variables, max(a gyez (|8 — 1lo).



MISC convergence rates for random PDEs with parametric regularity 26

20 10
=
1071 RN =
t° -
15 i 102 =
i \ al
R 10784 -~
o TN
10 i — 107t e
= + 5 S
S g 251‘ 10 ‘\\ e
5 L o6 AN L
‘\ : . ~
. 10 N\ Ty
‘ % o
0 1078 \ \\\
107 N
v
-5k - ) 10°1° -
10 10 10? 0 1 2 3 4 5 6 7 8
|k[+1 J
(a) (b)
10°
107 P e a=10,1,0,3=[1]
102 a=1[0,0,1],8 = [0,0,1]
. 10-30 - o0 &=1[0,0,1],8=1[0,0,0,0,1] |]
1074
107
=8
71070 e
Il -7
. g0
igl 1078 ‘\\ q
oo B-[1 oo AN
B=100.1 10710 \
o0 B=00,0,1] . 1071 \\ 1
vv B=[11] 107120 \\ )
~ ; N\
s B=[1,1,1] \ 1071 1
1071
1 2 3 4 5 1 2 3 4
J J
(c) (d)

Figure 5: Example 1, d = 3 and v = 4.5. (a) The estimated stochastic rates, §,, that are used
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(b-d) The computed AE, g = |A[Fq,g]| with solid lines versus the model in (41) with dashed lines.
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Figure 6: Example 1, d = 3 and v = 4.5. This figure shows extreme values of o and 3 included in the
MISC set Z. Specifically, left-solid is the maximum space discretization level, maxq g)ez (max (c)),
left-dashed is the maximum quadrature level, max 4 g)cz (max (3)), right-solid is the index of the
last activated random variable, maxq, gycr (maxBj>1 J ), and right-dashed is the maximum number
of jointly activated variables, maxq gyez (|8 — 1o)-
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Figure 7: Convergence results of MISC Example 1 with a constant diffusion coefficient, a. In this
case, MISC is equivalent to a deterministic combination technique [8]. These plots shows the non-
asymptotic effect of the logarithmic factor for d > 1 (as discussed in [22, Theorem 1]) on the linear

convergence fit in log-log scale.
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solution of an elliptic PDE with the diffusion coefficient described by a random field, tracking the
dependence of the convergence rate on the spatial regularity of the realizations of the random field.
The theoretical findings are backed up by numerical experiments that show the dependence of the
convergence rate on the regularity parameter. Future works includes extending the convergence
analysis to higher-order finite element solvers and improving the estimates of the error contribution
of each difference operator by taking into account the factorial terms appearing in the estimates
for the size of the Chebyshev coefficients, cf. [3, 12]. Moreover, the ideas in [13] can be extended
to design an algorithm that iteratively estimates the optimal MISC set by alternating between
optimizing the set and evaluating the estimator such as to ensure that the work to optimize the set
is dominated by the work to evaluate the MISC estimator.

Acknowledgement F. Nobile and L. Tamellini received support from the Center for ADvanced
MOdeling Science (CADMOS) and partial support by the Swiss National Science Foundation un-
der the Project No. 140574 “Efficient numerical methods for flow and transport phenomena in
heterogeneous random porous media”. R. Tempone is a member of the KAUST Strategic Research
Initiative, Center for Uncertainty Quantification in Computational Sciences and Engineering.

A Summability of series expansion

We start recalling a useful multivariate Faa di Bruno formula taken from [14, Theorem 2.1].

Lemma 12. Let B C R? be an open domain, g : B — R and f : R — R be functions of class C*
and denote h = f o g: B — R. For any multi-inder i € N, |i| < s, and any = € B,

Do) <3 iaten Y 3 T4 (2

r=1p.(i,2) j=1 k!

holds, where

pr(i,A) ={(k;,£;) ENXNG, j=1,....r: 0=<b <L =<-— <L, > kj=X\ > ki&=i}

and < denotes the lezicographic ordering of multi-indices. The set p,.(i, \) denotes the set of possible
decompositions of © as a sum of A multi-indices with r < X distinct multi-indices £; taken with
maultiplicity k; such that 375_, kj = A.

Still from [14, Corollary 2.9], we have that, for any i € N¢,

@'Z > H = Sjil.a

r=1p,(3,\) j= 1

where S, , is the Stirling number of the second kind, which counts the number of ways to partition
a set of n objects into k£ non-empty subsets. Similarly, the Bell number, B, = ZZ o0 Sn,k, counts
the number of partitions of a set of n objects, whereas the ordered Bell numbers are defined by
B, Zk o k!Sn1 and satisfy the recursive relation B, = k o ( )Bk Clearly, B, < B,,.
Moreover, the bound B,, < B,, < n!/(log2)™ has been given in [3, Lemma A.3].

We now use these results to show the following result

Lemma 13. Let B C R be an open-bounded domain and k € C*(B) (real or compler valued).
Then, a = e € C*(B) and

s! s
llallcs sy < m”a”CO(’B)(l + ll&lles(s))®
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Proof. Using formula (42) we have for any ¢ € N¢, |i| < s and any = € B

K] K]
- . | D% k()"
IDier@)] =il Y e w)Z 3 H T e ' < llalleosy Y IEl5e () Syi
A=1 r=1p,(i,\) j=1 A=1
< llallcosy (1 + [|5llcs(z)) By
The result then follows from the recalled bound on the Bell numbers. O

A.1  L*(I') summability, pointwise in space

We consider now a diffusion coefficient as in Assumption A2:

a(x,y) = exp Z Vi(x)y; p = H eYi¥i (@) zeB,

JENL

with y;, j € Ny, i.i.d. uniformly distributed in [—1,1] and recall the definition of the sequence
bs = {bs,j}jen,, s € Nin (3)-(4):

J— s . y
bes = cfin WPy 921

Lemma 14. If by € (2 then E[a(x)P] < oo for all 0 < p < oo and Vzx € B.

Proof. For any € € B we estimate the p-th moment of a(x,y), exploiting independence of the
random variables y;:

oo

o T s @) | 5 (@) smhpwj _ (smhw )))
E j];[lepy H [epy } H e = exp Zl (@)

j=1 Jj=1 Jj=1
where in the last two equalities we have implicitly assumed that sinh(z)/z = 1 for z = 0. Setting

o(p; ) = T[;2, % and observing that log(sinh(z)/z) ~ 22/6, we have

Ela(x)?] = 0g(p;x) < oo Ve € B, 0 <p< o0 — ij(w)Q

Since Z‘;‘;l bg ; < oo implies Z;’il ¥;(x)? < oo for any = € B, this concludes the proof. O
A similar result holds for higher order derivatives of a.

Lemma 15. Let s € Ny. If by € (% then for any i € N4, |i| = s, E[(D%a(x))?*] < oo for all
0<p<ooandVe € B.

Proof. Since the calculations are very tedious, we prove the result only for s = 1. Using the chain
rule, we have

2p
LS
1
(6wia(w7y))2p = Z a(%y)@m%(w)% = ( ,y 2p Z 2p 'H ? $1,,(/J] )
JENL gen+ ji=1 J
lg|=2p

Z H y;) U e2PYi ¥j (@)
qeN+ Jj=1
lal=2p

Hence

E[(Osa(z,y)*] = > o) [](0s,45(2)"E

qent’+ i=1
lgl=2p

|: 1 yq362py1¢1(m):|
qj!
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We now distinguish between ¢; even or odd. For ¢; even we have

%ijj(w)] _ 1 sinh(2py;(x))

1 . 1
E y‘?.762pyj’¢j(w):| < E|:e
[%! ! a!  2pY(x)

q;!
while for ¢; odd we have

1 . 1 [t 1 [t
E[(ﬂygj 62”-’“%’(’”)} = F/ iyqﬂ'e%y%(m)dy = *,/ y¥ sinh(2pyy;(x))dy
J° 7 J—1

Z (2py; () / 2T gy — Z (2py;(x))>"+!
qj! (2n+1)! 0 q' (2n+1)!(2n+2+g;)

2pby Slnh@Pd’j( z))
(gi + 1! 2pyj(x)

1
< m sinh(2p[;(z)|) <

Hence, defining the function

L for q; even
q;! J
f(q]) { épblj

ISyl for ¢; odd
we have
i sinh T oo
E[(0s,a(e,y))??] < S @) [] 6% /(g )W =00(2p;) > (2p)! [ b1 ()
aen'+ j=1 J ac j=1
lal=2p la|=2p
<6pz) Y. @)1 +2p)l e [
qen'+ Jj=1 4
la|=2p,q even
(1+2p)*6o(2p;@) > (2p)! PR
N+ J=1( QJ)
g€eN
lal=p
p p . 2
< (14 2p)"(2p)" 60 (2p; = (1+2p)2p)P0o(2pi) | Y 83
qENN+ j€N+
la|=p

from which we see that E|[(9,,a(x,y))?] is bounded for any 0 < p < oo and any © € B if
b, € 2. O

A.2  [*(I') summability, uniform in space

Assuming now that b, € £ so that the random field, a, is s-times differentiable in an LP(T) sense
according to Lemma 15, we show that this implies some uniform LP(I") summability as detailed in
the next lemma.

Lemma 16. Let s € Ny. If bs € (* then E [Ha”p vyoo(:B)} < oo foralll <p<ooandv <s.

Proof. We exploit the Sobolev embedding W”+%’QQ(B) C Wve°(B) for allv > 0 and ¢ > 1. For
q > max{d/2(s — v),p/2}, we have

] E [0l 2a0m)| = Z/D’ 1)?dz

[7|<s

P 29
E[||a||W,U,w(B)} SE{IIaWU@.w(g)

-5 [ Bl e <
[2|<s

the last term being bounded from Lemma 15. O
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Now we directly observe by taking v = 0 in the previous result that amax = [|a||p~(s) has
bounded moments,
E[a?

max] < CX)7

for all 1 < p < oo and 0 < s. Finally, by observing that due to the construction (2) in Assumption
A2 we have that ay has the same distribution as am.x. As a consequence, anyi, has
bounded moments as well. This implies in turn that Assumption A1 holds and thus problem (1) is

well posed in the Bochner space L? (I'; Hj(B)), namely

— 1
n H‘171HL°C(95)

Corollary 17 (Well posedness with log uniform coefficient). We have for 0 < v that the problem
in Fxample 1 is well posed in the Bochner space L1 (F;H&(B)). The corresponding solution, u,
satisfies

1 1/13
lullr oy (8y) < C]E|:ap } I fll -1 (8-

min

We observe that higher regularity of the solution, u, can be obtained by using larger values of s
in Lemma 16. This in turn yields control on moments of W¥:*°(B) norms of the coefficient, a, and
following, for instance, estimates similar to (2.10) in [18, Theorem 2.4] we can estimate moments
of the H'**(B) norm of the solution, u. These regularity estimates, once combined with pathwise
error estimates for the combination technique, can be further used to then show the corresponding
v-dependent convergence rates of MIMC [23] for Example 1, similar to what was done in Section 5
in the current work for MISC.

B Shift theorem for problem (1)

In this appendix, we seek to establish a shift theorem for the problem

u(x) =0 on 0B, (43)

{—div(a(a:) Vu(z)) = f(z) in B =01
under suitable assumptions on a and f.

With respect to problem (1), for convenience we have dropped the dependence on the parameter
vector, y. We consider an odd periodic extension of f, on [~1,1], and an even periodic extension
of the coefficient @ on [~1, 1]¢, named, respectively, f, a. More precisely, for j = {0,1}%, we denote
by z; = (=1)'z1,...,(—1)7z,) and

flaj+2k) = (-1 f(x),  a(z; +2k)=a(zx), Vxe[0,1% jec{0,1}¢ keN
The following Shift theorem holds for problem (43).

Lemma 18. If the coefficient a is such that its periodic extension satisfies a € W*>(R%), s > 0
and f € C§°(B) then u € H¥1(B).

Proof. We define the extended problem

—div(a(x) Vi(z)) = f(x) in B =[-1,1]¢

periodic boundary conditions on 0B

Since by assumption @ € L>®(R%) and f € L?(B) this problem has a unique solution @ € H;er(@)\R,

where we denote with H,.,.(B) the space of periodic functions with (periodic) square integrable
derivatives up to order s. It is easy to check that the solution 4 is odd, that is @(x;) = (—1)9u(z),
v € [0,1]%, hence @ = 0 (in the sense of traces) on OB and it coincides with the (unique) solution

of (43) on B. Moreover, standard elliptic regularity arguments allow us to say that @ € H5,.(B),

per

hence u € H*(B). O
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