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Abstract

We derive an adaptive solver for random boundary value problems, building
on adaptive wavelet algorithms for non-elliptic problems. Replacing wavelets by
polynomials of the random parameters leads to a modular solver for the parameter
dependence, which may be combined with any discretization on the spatial domain.
We show optimality properties of this solver, and present numerical computations,
including a comparison of various adaptive methods.

Introduction

Stochastic Galerkin methods approximate the solution of a boundary value problem
depending on random data by a Galerkin projection onto a finite dimensional space of
random fields. This requires the solution of a single coupled system of deterministic
equations for the coefficients of the Galerkin projection with respect to a predefined set
of basis functions on the parameter domain, see [DBO01, XK02, BTZ04, WK05, MK05,
FST05, WKO06, TS07, BS09, BAS10].

The main difficulty in applying these methods is the construction of suitable spaces in
which to compute approximate solutions. In [Git11b], we suggest an adaptive method
for random elliptic boundary value problems, using techniques from the adaptive
wavelet methods [CDDO01, GHS07, DSS09].

We extend this approach to more general equations, building on ideas from the
adaptive wavelet method [CDD02]. In place of wavelets, we use an orthonormal
polynomial basis on the parameter domain. The coefficients of the random solution with
respect to this basis are deterministic functions on the physical domain. An arbitrary
discretization can be used to approximate these; our method can be combined with any
solver for the deterministic counterpart of the random boundary value problem.

The resulting algorithm is quite different from that in [Git11b]. Instead of comput-
ing Galerkin projections on a sequence of subspaces, an iterative method is applied
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directly to the full equation. Individual substeps of this iteration, such as applica-
tions of the stochastic operator, are replaced by approximate counterparts, realized by
suitable adaptive algorithms. These keep track of errors entering the computation, en-
suring convergence of the algorithm, and providing an upper bound on the error of the
approximate solution.

In Section 1, we present three random boundary value problems that can be solved by
our method: an elliptic equation, a saddle point problem, and a parabolic equation. An
abstract equation is introduced in Section 2, for which we derive a weak formulation.
We construct an orthonormal polynomial basis, and recast the equation as a bi-infinite
operator matrix equation for the coefficients of the solution with respect to this basis.

We present the first version of our adaptive solver in Section 3, which is essentially a
perturbed block Jacobi method. For symmetric probability distributions, we suggest a
method for reducing the computational cost while maintaining the same accuracy.

In Section 4, we add a coarsening step the the initial solver. This prevents unimportant
coefficients from accumulating in the approximate solution. We show an optimality
property for this method.

Finally, in Section 5, we apply these adaptive solvers to a simple model problem.
Numerical computations demonstrate the convergence of the algorithms, and compare
them to the adaptive method from [Git11b] and the sparse tensor product construction
in [BAS10]. We discuss the empirical convergence behavior in the light of the theoretical
approximation results in [CDS10b, CDS10a].

1 Random Boundary Value Problems

1.1 The Isotropic Diffusion Equation

As an illustrative example, we consider the isotropic diffusion equation on a bounded
Lipschitz domain G ¢ RY with homogeneous Dirichlet boundary conditions. For any
uniformly positive a2 € L*(G) and any f € L*(G), we have

=V -@x)Vu(x)) = f(x), xeG,

u(x)=0, x€dG. (L1

We view f as fixed, but allow a to vary.

We model the permeability a as a L*(G)-valued random variable i on a probability
space (Q, ¥, P), which we assume to be uniformly bounded from above and away from
0,

0<d<i(w,x)<d<oo VxeG, VweQ. (1.2)

Let @ € L*(G) be some uniformly positive deterministic approximation of 4. For exam-
ple, a can be the mean field

G- R, a(x):= f i(w, x) dP(w) (1.3)
Q



or simply a constant 7 := (4 + d)/2,d = Vad, ora = 1.

Let (¢m),._, be a frame of L?(G) with dual frame (Pi);r_q» which we interpret also as

a sequence in L%(G). Define the random variables

Yu(w) = i fG(ﬁ(a), x) —a(x)) g,,(x)dx, melN.

(1.4)

Note that Y;, is bounded due to Holder’s inequality and (1.2). We assume that a,, is

chosen such that Y,,(Q2) c [-1, 1] for all m € IN. For example, this holds for

= sup ||d(w) — all (g ||(P;1“L1<G> oomeN.
we

Abbreviating a,, = a;,@,, we have

i(w, x) = a(x) + Z Y (@) (x)

m=1

for all w € Q with convergence in L?(G). Let I' := [-1,1] and

ay, %) = 3@ + ) Yuan(®), Y= Wl €T
m=1

Then d(w, x) = a(Y(w), x) for all w € Q, where Y := (Yy,)>_, .
We define the parametric operator

A(y): Hé(G) —-HYG), v+ -V-(a(y)Vv), vyer.

This leads to the parametric operator equation

Au(y)=f Vyerl.

The solution of the random diffusion equation is u(Y(w)).
Due to linearity, we can expand A(y) as

AW =D+Ry), R)=) yuRu VyeT,
m=1

for

D = Ao(@): Hy(G) > H(G) , v+ -V-(@Vo),

Ry = Ao(am): Hy(G) > HYG) , v+ -V-(@a,Vv), meN.

(1.5)

(1.6)

(1.7)

(1.8)

(1.9)

(1.10)

Note that ||Rm||H(1)(G)_)H,1(G) < llamllr=(c), and thus convergence in (1.10) and (1.7) is

assured if (||a,| Lm(G))f::l is summable.



1.2 The Stokes Equation

Other boundary value problems with random coefficients have a similar structure as
the isotropic diffusion equation discussed above. We consider the Stokes equation

=V - @x)Vu(x)) - Vp(x) = f(x), xeG,
V-oulx) =0, xeG, (1.11)
ux)=0, x€dG,

with a random kinematic viscosity a(x), which we expand analogously to Section 1.1 as
a(y,) = a0) + ) ynan(), Y=l €T =[-1,1]7. (112)
m=1

We define the parametric operator
AW): (HyG)'XLAG) = (HHG)XLAG) ,  (0,9) = (=V - (@a(y)Vo) = Vg,V - v) (1.13)
for y € I'. Then the Stokes equation with viscosity (1.12) is
Ay, q) = (f,00  Vyerl. (1.14)
The operator A(y) can be expanded as in (1.10) for the deterministic operators
D: (Hy(G)! x L2(G) = (HH(G) X LXG) , (v,9) = (=V-(@V0) = Vg,V 0) ,

Ry (HY(G))Y' x L2(G) » (HH(G)? X LXG) , (v,q) (-V-(a,V0),0), meN.
Note that D is boundedly invertible, assuming that 4 is bounded and uniformly positive,
and Ry, is bounded with [[R;|| < [lamllr~(g)-

1.3 The Heat Equation

As a third example, we consider a parabolic version of the isotropic diffusion equation,
ai’u(tl x) -V (a(x)vu(x)) = f(x) s (t/ x) € [O/ T] xG s
u(t,x)=0, (t,x)el[0,T]xdG, (1.15)
u(ol X) = MQ(JC) , XE€ G ’

with a random diffusion coefficient of the form

a(y, t,x) = a(t, x) + Z Y (£,), Y = (ym) Sy €T = [-1,1]% . (1.16)

m=1
LetI:=[0,T] and
V= LZ(I; Hé(G)) N Hl(I,- H—l(G)) ,
W= L2(1; Hg(c)) x LX(G) .



We define the parametric operator
Ay): VoW, v (dw-V-(@ayVo),v0), yerl. (1.17)
Then the heat equation (1.15) can be recast as
Aly)u(y) = (f,u0)  Yyer. (1.18)
As in the previous examples, A(y) can be expanded as (1.10) with deterministic operators

D:V->W', v (do-V-(@Vo),v(0)),
Ry: VoW, v (-V-(@,Vv),0), melN.
Again, D is boundedly invertible by [SS09, Theorem 5.1] if 4 is bounded and uniformly

positive, and the operators Ry, satisty ||[Riully_w- < llamllL=@xc)-

2 Abstract Setting

2.1 Pathwise Definitions

Let K € {R,C} and let V and W be separable Hilbert spaces over K. We denote by W*
the space of all continuous antilinear functionals on W. Furthermore, L(V, W¥) is the
Banach space of bounded linear maps from V to W*.

We consider operator equations depending on a parameter in I' = [-1, 1]*. Given

A: T — L(V,N) and f:r—-wr, (2.1)
we wish to determine
u:I'->V,  Ayu(y) = f(y) Vyerl. (2.2)

Motivated by (1.10), we consider operators of the form

Ay)=D+R(y) Vyerl, (2.3)
where D € L(V, W*) and
R@) =Y yuRu  Vy= () €T, (24)
m=1

as in e.g. [BAS10, BS09, CDS10b, CDS10a, TS07]. Here, each Ry, is in L(V, W*). We
assume (Ry)n € €'(IN; L(V, W), and we assume without loss of generality that the
sequence (|[Rylly—w-);,_; is nonincreasing.

A simple Neumann series argument shows existence and uniqueness of u(y) for all
y € I'. This uses the assumption that D is boundedly invertible, and

|ID7'R(y <y<1l Vyel. (2.5)

)||V—>V



Then A(y) can be decomposed as
A(y) = D(idv+D™'R(y)), yeT, (2.6)

and consequently, using a Neumann series in £(V) to invert the second factor,

A" = (Z( D'Ry)"|D™, yer. (2.7)
In particular, (2.5) implies

AW, - = ||D||Vﬁw (1+y)  VyerT, (2.8)

A6 oy = T 107 ey VveT 29)

2.2 Weak Formulation

Let 7 be a probability measure on the parameter domain I' with Borel o-algebra B(I'). In
the examples from Section 1, 7= could be the image of the physical probability P under
the map Y, or it may be any other probability measure. We derive a weak formulation
of (2.2) by integrating over I" with respect to 7.
Let themap I' 5 y — A(y)v(y) be measurable for any measurable v: I' — V. Then due
to (2.8),
A LA V) - LAWY, ve [y Ao, (2.10)

is well-defined and continuous with norm at most (1+y) [ID|ly_w-. We assume also that
f e L2 W).
We define the multiplication operators

Ky: L2(1) = LA2(I) , o(y) = yuo(y), meN. (2.11)

Since yy, is real and |ym| is less than one, K;,; is symmetric and has norm at most one.

By separability of V, the Lebesgue—Bochner space L2(’; V) is isometrically isomorphic
to the Hilbert tensor product L2(I') ® V, and similarly for W* in place of V. Using these
identifications, we expand A as A = D + R with

Di=idpp®D and  Ri= ) Ky®Ry. (2.12)

m=1
This sum converges in L(L2(I; V), L2(I; W*)) by the assumption (R,,),; € €(IN; L(V, W¥)).
Lemma 2.1. ||Z)_

22y SV <1

Proof We note that Disinvertible with O = id,» 2(r) ®D~!,and asin (2.10), (D~'Ro)(y) =
lR(y)v(y) for allv € L2(I'; V) and y € I. Therefore, using (2.5), for all v € L3(T; V),

(on

20w f D Ry, dr(y) < f Vol dnw) < 21l - O



Proposition 2.2. Theoperator Afrom (2.10) is boundedly invertible, (A~ ¢)(y) = A(y) ' g(y)
for any g € L2(T; W*), and

|A! ||D (2.13)

'l
Wr—V

(FW)—>L2(FV) = 1 y

Proof. As in (2.6), we have
A= D21y +D7'R) .

Therefore, by a Neumann series argument using Lemma 2.1, ‘A is invertible, and A1

can be represented as
A= [Z(—@*R)n] D,

n=0

Since (D71¢)(y) = D~'¢(y) by definition, and (D~Rv)(y) = D~'R(y)v(y), this is just the
Neumann series representation of A(y)~! from (2.7). The estimate (2.13) follows from
Lemma 2.1. m|

Corollary 2.3. The solution u of (2.2) is in L3(I'; V), and u is the unique element of this space

satisfying
Au=f. (2.14)

The operator equation (2.14) in L2(I'; W*) can be reformulated as
fr (A)u(y), w(y)) dn(y) = fF (f),w(y)y dn(y)  VYw e LI W) . (2.15)

2.3 Orthonormal Polynomial Basis

In order to construct an orthonormal polynomial basis of L2(I'), we assume that 7 is a

product measure. Let
= ® TUn (2.16)
m=1

for probability measures 1, on ([-1, 1], B([-1, 1])); seee.g. [Bau02, Section 9] for a general
construction of infinite products of probability measures. We assume for simplicity that
the support of 71, in [-1, 1] has infinite cardinality.

For all m € N, let (P}),”, be an orthonormal polynomial basis of L%m([—l, 1]), with
deg P)/ = n. Such a basis is given by the three term recursion P, =0, P := 1 and

Bu Py (&) = (&~ P" (&) =BT P (&), neN, (2.17)

with ) .
- f EPMEVdm,(E)  and M= C'C;l, (2.18)

-1 n

where ¢ is the leading coefficient of P}!, i’ := 1, and Py is chosen as normalized in
L2 ([0, 1]). This basis is unique e.g. if ¢} is chosen to be positive.



We define the set of finitely supported sequences in INj as
A= {v e NYY; #suppv < oo} , (2.19)
where the support is defined by
suppv:i={meIN; v, #0}, VE]NHO\I. (2.20)

Then countably infinite tensor product polynomials are given by
P:=(P),,, P,:= ®pm . veEA. (2.21)
m=1

Note that each of these functions depends on only finitely many dimensions,

Py =[P = ] Prw, vea, (2.22)
m=1

mesupp v

since Pi' =1 forall m € N.
By e.g. [Gitl1c, Theorem 2.8], Pis an orthonormal basis of L2(D). By Parseval’s identity,
this is equivalent to the statement that the map

T: () > LA, (cver ™ Y 6Py, (2.23)
veN

is a unitary isomorphism. The inverse of T is

T =T LA0) > Q) , g— ( fr g(y)mdn(y)) : (2.24)

veA

2.4 Bi-Infinite Operator Matrix Equation

We use the isomorphism T from (2.23) to recast the weak stochastic operator equation
(2.14) as an equivalent discrete operator equation. Since T is a unitary map from ¢2(A) to
L2(I'), the tensor product operator T ® idy is an isometric isomorphism from ¢?(/; V) to
L2(T; V). By definition, v € L2(I'; V)and v = (Ou)yen € {*(A; V) arerelated by v = T®idy v
if
oW =Y ol o o= [P e,  (25)
UeA

and either of these properties implies the other. The series in (2.25) converges uncondi-
tionally in L2(T; V), and the integral can be interpreted as a Bochner integral in V. We
abbreviate Ty := T®idy and Ty = T ® idw.

Let A =T ATy and f := T}, f. Thenu = Tyu foru € 2(A; V) with

Au=f (2.26)



due to (2.14).
By definition, A is a boundedly invertible linear map from ¢%(A; V) to €2(A; W*). It can
be interpreted as a bi-infinite operator matrix

A= [Av[u]v,ye/l ’ Avy: V—-W, (2.27)

with entries

Au=D+ ) aR peA
p pn LN s ’
mZ—l (2.28)

Ay =B R vUEA, v—-u=zte,,

maX(Vm/,Um) ms

and A, = 0 otherwise, where €, denotes the Kronecker sequence with (€,,)n = 0. If
T, is @ symmetric measure on [-1,1] for all m € N, then «}f = 0 for all m and n, and
thus Ay, = D. Similarly, the operator R := T}, RTy can be interpreted as a bi-infinite
operator matrix R = [R,,] with R, = Ay, — D and R, = A, for v # u. The operator
D := T;, DTy is just the diagonal operator matrix with D on the diagonal. We refer to
[Gitllc, Gitlla] for details.

LetK,, = T'K,, T € L({*(A)). Due to the three term recursion (2.17),

m

(Kin€)y = ,BF"mecwem +ay oyt ﬁ}”fmc“_em , HEA, (2.29)
for ¢ = (cy)uen € £?(A), where cu = 0if uy <0 for any m € IN. Furthermore, K}, = K,

and [[Kull2(1)—e1y < 1. Using the maps Ky, R can be written succinctly as

R= Z Ky ®Ry, (2.30)

m=1

with unconditional convergence in L(£2(A; V), £2(A; W¥)).

3 A General lterative Procedure

3.1 Adaptive Application of the Stochastic Operator

Following [Git11b], we construct a sequence of approximations of R by truncating the
series (2.30). For all M € IN, let

M
Ry = ) Ku® Ry, (3.1)

m=1

and Rjo; := 0. For all M € IN, let &g 51 be given such that

”R - R[M]||€2(A;V)—>€2(A,-W*) < ER,M . (32)



For example, these bounds can be chosen as

(e}

erp= ) IRullvow - (33)
m=M+1

We assume that (g m);;_, is nonincreasing and converges to 0, and also that the sequence
of differences (2r M — @R M+1)y;_ 1S NONINCreasing.

We consider the approximation of a vector w € 2(N) by a sum wyy) + -+ - + wyp; for
sections wy,) = w| Ny D= 1,..., P, with mutually disjoint sets A, C A. The section wyy
can be thought of as containing the largest elements of w, wyy the next largest, and so
on.

Such a partitioning can be constructed by the approximate sorting algorithm

BucketSort[w, €] — [(w[p])gzl,(/lp)gzl] , (3.4)
which, given a finitely supported w € £2(A) and a threshold € > 0, returns index sets

Ay ::{yeA;

0] € @P2 ol , 270D ol ]} (3.5)

and wy,) = w| A, See [Met02, Bar05, GHS07, DSS09]. The integer P is minimal with

2P lwwllge(ry VHsuppw < €. (3.6)

By [GHS07, Rem. 2.3] or [DSS09, Prop. 4.4], the number of operations and storage
locations required by a call of BucketSort[w, €] is bounded by

#supp w + max(1, [log(||lwllg~1) V#suppw/e)]), (3.7)

which is faster than exact comparison-based sorting algorithms.

The routine Applyg[v, €] adaptively approximates Rv in three distict steps. First, the
elements of v are grouped according to their norm. Elements smaller than a certain
tolerance are discarded. This truncation of the vector v induces an error of at most
0 <¢€/2.

Next, a greedy algorithm is used to assign to each segment vj,) of v an approximation
Rm,) of R. Starting with Ryp,) = 0 forallp =1,..., ¢, these approximations are refined
iteratively until an estimate of the error is smaller than € — 6.

Finally, the operations determined by the previous two steps are performed. Each
multiplication R,,v, is performed just once, and copied to the appropriate entries of z.

Proposition 3.1. For any finitely supported v € €*(A\; V) and any € > 0, Applyg[v, el
produces a finitely supported z € €2(A; W*) with

{
#suppz <3 ) My#A, (3.8)
p=1

10



Applyg[v,€] = z

P €
[, (Ap)p:1] «— BucketSort [(”Up”‘/)ue/h %]
forp=1,...,Pdo U (U“)ueAP
¢
€
Compute the minimal £ € {0,1,...,P}s.t. 6 ==2egp||lv — v[p] < >
p=1 2(AV)
forp=1,...,Pdo M, <0
N t —
while szl 2R M, ||v[p]||,€2(A;V) >e—-0do
g — argmaxpzlwf(éRlMP - ER,MPH) ||'o[p]||€2m;v) [#y
| My — M, +1
z= (Zv)veA «—0
forp=1,...,0do
forall u € A, do
form=1,...,M,do
w «— Ryvy
ZH+€m — ZH+€m + JBZIW-Flw
if i 2 1thenz,, — zy—, +f, W
ifafy #O0thenz, «—z, +aj w
and
¢
IR0 = zllagwy <6+ <€, mai= ) &, [opill ey, - (3.9)
p=1

where M, refers to the final value of this variable in the call of Applyg. The total number
of products Ry,v, computed in Applygr[v, €] is opm = Z;;:l M, #/y,. Furthermore, the vector
M = (Mp)f;:1 is optimal in the sense that if N = (Np)f;:1 with on < om then ny > 1, and if
NN < Nm, then on > opm.

We refer to [Git11b, Proposition 2.1] for a proof of Proposition 3.1.

3.2 An Adaptive Solver

Lemma 2.1 suggests a simple iterative procedure for computing u. Beginning with
ug =0 € L2(I; V), we set

ug =D Nf —Ruq), keNlN. (3.10)

Then
U—up=-DRu—-u4), keN, (3.11)

11



and therefore

1
k k -1
I = ugllpz vy < V7 M2y <7 T—y (Lo R rwy - KEN. (12
We transfer this iteration to the representation u € £?(A; V) of u, and make it computa-
tionally accessible by allowing errors in the computation of f, the evaluation of A and
the inversion of D.

The adaptive approximate application of R is discussed in Section 3.1, and realized

by the routine Applyg. We assume that a routine
RHSf[e] - f (3.13)
is available to compute approximations f = (f,)ea of f with #supp f < co and

If = Fll ey <€ (3.14)

for any € > 0. Furthermore, let Solvep be a solver for D such that for any g € W* and
any € > 0,
Solvep[g,e]l— v, ||U - D_lg”V <e€. (3.15)

For example, Solvep could be an adaptive wavelet method, see e.g. [CDD01, CDD02,
GHS07], an adaptive frame method, seee.g. [Ste03, DFR07, DRW*(7], or a finite element
method with a posteriori error estimation, see e.g. [D6r96, MNS00, BDD04].

A realization of the iteration (3.10) using the above approximations is given in
SolveDirecty ¢. The initial values can be set to

i =0 and 8 =1~y D7 Ly 1l ey - (3.16)

Note that 0 is an upper bound for ||u — il Values for the other arguments are

(O)||€2(A~V)'
given below. ’

Theorem 3.2. For any € > 0 and any finitely supported 1® € (2(A; V), if ||u - ﬂ(O)”gZ(/ﬂ/) <

0o, >0, Bo,p1>0and a+ o+ p1+y <1, then SolveDirectA,f[ﬁ(O),60,6, a, Bo, P1, 1
terminates with
||u - u€||[2(A,.V) <é<e. (317)

Furthermore, for all k € IN reached in the iteration,

jor - < min(8, &) < (a + Bo + B1 + )"0 - (3.18)

= (k)
u ||€2(A;V)
Proof. We show that for all k € IN,

||u — il < min(&, &) -

(k)||€2(A;V)

Let ||u - < min(6y_1, 8k-1). Since Du = f — Ru,

(k_l)“t’z(/l;V)

u—a® =D7(f - Ru) - A7N(f - Ra* D) + A7(f - Ra®V — g®) + D1g® —5® |

12



SolveDirecty ¢[i1?, 80, €, t, fo, f1, 7] > [te, €]
fork=1,2,... do
M «— i1 ||D

1||W*—>V

gh = (gg())ye/x «— RHSf[Bori] — Applyr[®*Y, Bim]

Cr ¢— ad(#supp g©)~'/2

forall u € supp g® do ﬁgc) — SolveD[gﬂ(), Gkl

()
)

u(k) — (u ueA

S — 1=yt (“ﬁ(k) — ﬁ(k_l)”gz(A;V) + (a + Bo + ﬁl)ék—l)
O — (a + Po + P1)0k-1 + y min(Sx_1, 05_1)

| if 6¢ < € then break

ue «— i®

€ — O

By Lemma 2.1,

ID7!(f ~ Ru) = A7 (f = Ra* )| o 1.1, = D' R < ymin(S_1, 51) -

- ﬁ(k_l))“ﬂ(/x,-V)

= o~

Furthermore, by definition of g®, using ||D_ 1||W*—>V’

! ||4)2(A;W*)_>52(A,-V)
A7 (f - R — g(k))||£2(A;V) < [0y Bore + Br) = (Bo + Br)dk-1 -

Finally, due to (3.15) and Cx = ady_i (# supp g®)~1/2,
1/2
D780 a0y < | Y, @0 Grsupp gy = ade
pesupp g®

By triangle inequality, the above estimates imply

||u - ﬂ(k)”gZ(A’.V) < ymin(ék—llé_k—l) + (,80 + ﬁl)ék—l + aék—l = 6k .

The residual at iteration k is #® := f- Aia® = A(u - ﬁ(k)). We observe that

[ <o a7 |p~r — [l

(k)“ﬂ(/x V) = (k)“ﬂm V)= 71—+ y ||€7-(A V)

Furthermore, D~'#® can be approximated by known quantities since, similarly toabove,
”f‘(kﬂ) -l - D_lr(k)||€2(A;V) - ””<k+1) D7 (f - Rﬁ(k))”ﬂ(/x,-V) < (o fo + Pr)ox

Consequently,

1 —
”” Z k)||€2(/l = 1-y (||u(k+1) ~(k)”t’2(A;V) Tlatfot ﬁl)ék) = O

Equation (3.18) follows since 0x < (a + fo + 1 + ¥)0k-1- ]

13



Remark 3.3. The error bounds in SolveDirecty s can be improved if each of the sub-
routines RHSy, Applyg and Solvep returns an estimate of the error it attaines. These
values can replace adi—1, foOk-1 and 16— in the definitions of 6x_; and 0. For better
legibility, we refrain from making this explicit. 4

3.3 Alternating Subspace Correction for Symmetric Distributions

In the case that 7, is a symmetric measure for all m € IN, i.e. if 7t is invariant under the
transformation y > —y, we suggest an alternative to SolveDirecty ¢. Since oy = 0 for
all m and n, the operator R has the form

(Ro), = ) Ru(Bl 1 0vsc, + it Ov-c,) (3.19)
m=1
for any v = (vy)uen € ?(A; V), where Oy = 01if uy <0 for any m € IN. If v] = |Vl

is even, then all the indices i € A that appear on the right hand side of (3.19) have odd
|y ; similarly, y| is always even if |[v] is odd.

Let [n] := n + 2Z denote the equivalence class modulo two of n € Z, i.e. [n] = [m] if
n —mis even. We define the index sets

Al = {y eA; 1= [n]} , nez, (3.20)

where |y| = ||[u||t,1(]N). Then
A=A A0 (3.21)
We call € A even if u € Al and odd if u € ADL.
Let ITI"] denote the orthogonal projection in £2(A; V) onto £2(A"]; V); we use the same

notation also in ¢*(A; W*). Due to (3.19), R maps even indices onto odd indices and odd
indices onto even indices, i.e.

MR =RI"™Y, nez, (3.22)

and [T"MD = D" by definition.

We assume that routines RHS 9 I and RHS ) ¢ are available similar to RHS Y from (3.13)
to construct approximations of I1 01 and ITM1f, and that these approximations have
supports in Al and A respectively. The method Applyg from Section 3.1 already
respects even and odd indices in the sense that (3.22) holds also with this approximate
application of the operator R.

Theorem 3.4. For any e > 0 and any finitely supported itV € (A1 V), if a + B + 1 +
y <1 and ||H[‘1]u - ﬁ(_l)”ﬁ(/x,-V) < 6_4, then SolveAlternateA,f[ﬂ(‘l),6_1,6, a, Bo, P1, 71
terminates with

||u - ue”,gZ(A’.V) <é<e. (323)

Furthermore, for all k € IN reached in the iteration,

||H[k]u _ <O < (a+Po+pr+y)Ho . (3.24)

ﬁ(k) ||€2(A;V)
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SolveAlternateA,f[ﬁ(‘l), 0-1,€a,PB0,p1,7] — [ue, €]
fork=0,1,2,... do
Mk — Sk [|D™

-
||W*—>V
8" = (8%W)eam — RES i [Borni] — AppLyR[*V, B11pe]
Cx — ady(#supp g¥) 1/
forall u € supp g® do ﬁg() — 501veD[gﬁ<), Cil
i1® — (@9) e qm

O «— (a+ Po+ p1 +7)0k1
if 67 | + 07 < € then break

e — D + 5®

= 2 2
€ «— 6k—1 + 6k

Proof. Since DITMy = [TH £ — RITI1y,
MM — 5% = p~' (¥ ¢ — R*y) — D11 £ — Ra®-D)
+ D_l(H[k]f — R — g(k)) + D—lg(k) _a0
Due to Lemma 2.1,

D71 f — RO My) - DY ITMF - Ra®D))| o, < 7 [T - 27D,

(A V)

= o~

V) -

By definition of g®, using ||D_1 ” »

(A W)= 2(A;V) 1”W*—)V’

iD= 1 f = RV = gy < D7 ey Bomi+ Bue) = (Bo + Br)dics -
Also, by (3.15),
1/2
ID~"¢® - ~(k)||€2(/1;v) < Z a?6r  (#suppg™)H = ad .
pesupp g®
Combining these estimates leads to
[T - 5

(k)||€2(A;V) <yl +Bo+P1)d,-1 + ”H[k_l]” - ﬂ(k_l)”ﬂ(A;V) :

Consequently, if ||H[k‘1]u - ﬁ(k_l)”ﬂm,v) < 0y_1, then ||H[k]u - ﬂ(k)”ﬁ(AV) < O, and (3.24)
follows by induction. m|

Remark 3.5. Analogousy to SolveDirecty f, the error bounds & can be refined using
an approximation of the residual. As in the proof of Theorem 3.2, it follows that

||u — @*D 4 ﬂ(k))”{’Z(A;V) < ﬁ (||ﬁ(k+1> _ ﬁ(k—l)”{m;v) + (a0 + Po + 1) léi_l + 5£) )
(3.25)
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This term can be used as an alternative upper bound for the errors ”H Ky — 7®) ” ) and

||H k=11y — ﬁ(k‘l)” vy However, since it applies to the total error instead of directly to

the even or odd part, we expect it to be less useful than the bound &y in SolveDirect, £

Remark 3.6. Comparing the convergence estimates (3.18) and (3.24), it appears that
SolveDirecty s and SolveAlternatey ¢ converge at the same rate. Therefore, since
the latter method updates only half of the solution vector in each iteration, it should
be roughly twice as efficient. However, Remark 3.5 suggests that SolveDirect, s may
provide a sharper bound for the error. It is not clear a priori which of these effects is
more significant; numerical computations presented in Section 5 indicate that the two
solvers are equally efficient. 4

4 A Solver with Coarsening

4.1 Subspace Coarsening

Although the methods SolveDirecty r and SolveAlternatey s use an efficient adap-
tive routine for applying the stochastic operator, it is possible that the approximate
solution #® accumulates many small coefficients. These can be dropped periodically to
maintain as sparse a representation as possible. Instead of simply removing the smallest
coefficients i), we consider replacing these by approximations using fewer degrees of
freedom, e.g. on a coarser finite element mesh.

We assume that, for any v € V constructed by Solvep, there is a finite or countable
sequence (v'); of approximations of v. These could be projections of v onto a sequence of
subspaces of V, or intermediate approximate solutions if Solvep is an adaptive solver.
For each v, let n' denote the number of basis functions used to represent v'. We assume
that the approximation errors ||v - Ui”V are nonincreasing and converge to zero, and the

costs n' are strictly increasing. Furthermore, we make use of the technical assumption

112 . 2 112 . 2
o oo ol - Jo-o1]
o<~ oo} _ fo=vlf} ~[le~v" [}

g > e Vi<ij. (4.1)

Also, 1V is always 0 € V, with n® =0.

Proposition 4.1. Let w € (>(A; V) be finitely supported. If (w;l)z- is a sequence of approxima-
tions of wy, as above for all i € supp w, then for any € > 0, a call of Coarsen[w, €] constructs

av = (W), € (A; V) satisfying
0=llw="2llppuy <€. (4.2)

Furthermore, )., n{f is minimal among all sequences (), for which v = (w{f )u satisfies (4.2).

Proof. Equation (4.2) follows from the termination criterion of Coarsen; convergence is
ensured since w;, — wy, for all y. For the optimality property of the greedy algorithm,
we refer to the more general statement [Gitl1a, Theorem 4.1.5]. O
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Coarsen[w, €]  [v, 0]

forall u € suppw do j, <0

12
. _ Ju 2
while ) cquppw ||w# wy “V >e“ do

i || i+1]|2
W, — w]p —Mw. — w]p
H u 74 H u 74
|4 «— argmax ——
uesuppw nt" —n)
j# — j” +1

Ju

forall u € suppw do v, «— w,

2 1/2
R )

Remark 4.2. If wfl =0 and w}l = wy for all u € suppw, and ng =0, n}l = 1, then
Coarsen|[w, €] reduces to the restriction of w to a subset £ C A with minimal #Z under
the condition that the approximation error is at most €. This simple special case of
Coarsen ignores differences in the resolution of the coefficients w;, and forgoes the
possibility to reduce the resolution without completely truncating an index. a

4.2 A Refined Adaptive Solver

We combine SolveDirecty s with a coarsening step in the routine SolveCoarsey f.
Analogously, SolveAlternatey ¢ could be used in place of SolveDirecty f.

SolveCoarseA,f[ﬁ(O),(So, €a,Bo,Pp1,7,9, x] — [ue, €]
fork=1,2,... do
Nk «— max(ddx_1, €)
[w®, (] — SolveDirectA,f[ﬁ(k‘l),6k_1,)(17k, a, Bo, B1, 71
[1®, ] «— Coarsen[w®, (x 1 — 1)¢]
Op «— Gk + 0k
if 5; < € then break
e — u®
€ «— O

Proposition 4.3. For any € > 0, if the assumptions of Theorem 3.2 are satisfied, 0 < 9 < 1
and 0 < x <1, then SolveCoarseA,f[ﬁ(O), 00, €, a,Bo, P1,7, 9, x] terminates with

||u - u€||t>2(A,.V) <é<e. (43)
Furthermore, for all k € IN reached in the iteration, with the possible exception of the last k,

jor - < & < 9% . (4.4)

ﬁ(k) ||€2(A;V)
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Proof. By Theorem 3.2, |lu — w(k)” euv) < Ck. Proposition 4.1 implies ||w(k) - ﬁ(k)” emy) <
or. Then (4.4) follows by triangle inequality using 6y = { + gr < X 'C < 1, and
Nk < 90— if k is not the last iterate. If 96,_1 < €, then 6, < 1 < €, the iteration

terminates, and (4.3) follows. m|

4.3 Optimality Properties

We consider a semidiscrete version of SolveCoarsey ¢ with no discretization in V. This
uses an idealized Solvep, which computes the exact solution of (3.15), and thus we can
set a = 0. Coarsening is done as in Remark 4.2.

For v € £*(A; V) and N € Ny, let Py(v) be a best N-term approximation of v, that is,
Pn(v) is an element of £%(A; V) that minimizes |jv — oNllea;v) over vy € 2(A; V) with
#suppon < N. Fors € (0, o), we define

”v“ﬂs(/".v) = sup (N + 1)S ”'U - PN(v)”fz(/\,V) (45)
NENO
and
F(N; V) = {v e (A V) Ioll s,y < oo} . (4.6)

By definition, an optimal approximation in 2(A; V) of v € A%(A; V) with error tolerance
€ > 0 consists of O(e"/*) nonzero coefficients in V.

Proposition 4.4. Let v € A(A; V) for an s € (0, o), and let w € £*(A; V) with
lo — wllepy) <€ (4.7)

foran € > 0. Furthermore, let N € INg be minimal with

lw — wnllp,v) < 4e (4.8)

for wy = Pn(w). Then
lo — wnllz,v) < 5€ < Clvllaspyy N, (4.9)
llonllzsa,v) < Cllollasav) (4.10)

with a constant C depending only on s.

Proof. Equation (4.9) is a straightforward generalization of [CDDO01, Corollary 5.2] to
£?(A; V). To show (4.10), we note that foralln < N -1,

lwn = Pu(wn)ll vy < llwon = Pu(@)lle,vy < 110 = Nl + 10 = Pa(@)ll2a;v)

<o = wnllepy) + 0+ D)7 0l as@a,yy

and the assertion follows using (4.9). m|
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Lemma 4.5. Let the assumptions of Proposition 4.3 be satisfied, and x = 1/5. Then if
u € AN;V), there is a constant C depending only on s such that for all k reached by
SolveCoarseA,f,

#supp a0 < C||u||}7€f(A V) kl/s , (4.11)
A s S Cllullasay) - (4.12)

Proof. By Remark 4.2, 1™ is a best N-term approximation of w® with N = #supp #t®.
Also, ||u w' ||{,2 AV) < (¢ by Theorem 3.2, and N is minimal with ||w(k) — ﬁ(k)”{,Z(A,V)
4Cy. Then, using g < 4y, (4.9) implies

#supp ¥ = N < Cllully ., 5007 < Cllulle 0 0 -

A;V) Ok
Furthermore, (4.12) follows from (4.10). O
Proposition 4.6. Let s > 0. If either
IRully—w- < s6rs(m+ 1)1 VmeN (4.13)
or "
[Z IRl . ] < ORs, (4.14)
then

IR = Riwn| oy ey < ORsM +1)™ YM € No . (4.15)

We refer to [Git11b, Proposition 4.4] for a proof of Proposition 4.6.

Remark 4.7. If the assumptions of Proposition 4.6 are satisfied for all s € (0,s"), then
the operator R is s*-compressible with sparse approximations Ryyq. In this case, R
is a bounded linear map from A°(A; V) to A°(A; W) for all s € (0,5*), see [CDDO1].
This carries over to the routine Applyg in that if v € A°(A; V) and z is the output of
Applyg[v, €] for an € > 0, then

#suppz < ol € (4.16)
1zl 75 (A;w7) S 10l s ;) (4.17)

with constants depending only on s and R. Moreover, (4.16) is an upper bound for
the total number of applications of operators R;, in Applyg[v, €]. This follows as in the
standard scalar case, see e.g. [DSS09]. a

We make additional assumptions on the routine RHS;. If f € A°(A; W*) and f is the
output of RHS¢[e] for an € > 0, then f should satisfy

e s (4.18)

#supp f < ||f| Z:(A'W*)

Note that if u € A°(A;V) and R is s —Compres51ble with s < 5%, then also A is s*-
compressible, and therefore || f |

AW ”u”ﬂS(A V).
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Lemma 4.8. Let € > 0 and let 10 € (2(A; V) be finitely supported with

<6y, #suppir® < c||u||ly/[f(A V) 601/5 and ||u(0)|

||u - ﬁ(O)”fZ ﬂs(A V) < c ||u||ﬂ5(A V)
(4.19)
If Bo,B1 >0, Bo + p1 +y < 1,and R is s*-compressible with s < s*, then for all k reached by the

loop in SolveDirectA,f[ﬂ(O), 50,€,0, B0, 1, 7],

A;v)

#suppii® < Cllull s, 60" (4.20)
79 01 < Cltllsasayy (421)

for a constant C depending only on ¢, s, R, D, Bo, p1, y and €/8.
Proof. For k = 0, (4.20) and (4.21) hold by assumption. Let k € IN such that

#supp iV < C_ 1||u||1y/[f(A V) Ol/s and ||1”4(k_1)|

AN V) < Ci1 ||u||ﬂS(A;V) .

Due to Remark 4.7 and (4.18), there is a constant ¢; such that

#supp g < c1 (85 | Flargmen + B 184 Z:(A W
Is®] AW = <a(l AW " ] 7w

By assumption, there is a constant ¢, such that ” f | < 2 |lull zis(a;v)- Consequently,

AW =
using supp it® = supp g® and ||a®)|| .. vy S < D7 118®] 4 (e it follows that
~ 1 -1
#suppi® < 187"y + BT C ) Il oy e

)

gy S a2+ Ck—l) llull vy -
Furthermore, 69 < (60/€) ||D‘1 || 1Nk, which implies the existence of a constant C such that

#ouppi® < Cillull gy 8, and [

AN V) < Ck ||u“ﬂ5(/\;V) .

The assertion follows since the loop terminates after at most [log(e/6¢)/ log(Bo + 1 + 7)1
iterations. O

Remark 4.9. In SolveCoarsey f, the method SolveDirecty y is always called with the
same required relative error reduction 9, except in the last iteration, where this factor
may be closer to one. If y = 1/5, then Lemma 4.5 implies that the constant c in (4.19) is
uniform in k. Therefore, Lemma 4.8 implies that there is a constant C such that

#suppw® < Cllull S 00,1 and  [[w®| 4y < Cllullaeayy  ¥h. (422)
Note that (4.19) follows from Proposition 4.3 and Lemma 4.5. a
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Theorem 4.10. Let o, 1 >0, fo+p1+y <1,0< 9 <1, x =1/5 and let 1 € 2(A; V)
with ||u - ﬁ(0)||€2(A;V) < 8o. If R is s*-compressible and s € (0,s*) such that u € A(A; V)
and (4.18) holds, then fora ny € > 0, the total number of evaluations of D Yand R,,, m € N,
in SolveCoarseA,f[ﬁ(O),éo, €,0,B0,P1,7,9, x] is bounded by “”“z:(/x,-\/) e 1/s up to a constant
factor depending only on #t©), &, s, R, D, Bo, p1, S and y.

Proof. The number of calls of D! in SolveCoarsey £ is equal to the sum of #supp ",
k > 1, in all interior calls of SolveDirecty . By Remark 4.7, this sum is also an upper
bound for the total number of applications of R, in all calls of Applyg, up to a constant
factor.

Let K denote the total number of calls of SolveDirecty . By Proposition 4.3, K <
[log(e/00)/log 9. Due to the fixed relative error reduction 9, the number of iterations
within SolveDirectA,f is bounded independently of k. In each one, by Lemma 4.8,

the approximate solution has support size at most C IIuIIi,‘{f( AV) 6;_145. For all k < K,

8r_1 > 9Kog_1. Consequently, up to a constant factor, the total number of inversions
of D and applications of Ry, is bounded by

K K
1/s -1/s 1/s -1/s —(k—K)/s
Dl G < Ml 525 '
pam P

The sumin the second term is bounded by a constant depending only ons. Furthermore,
by definition of K, 6x-1 > €, which implies 6121_/15 <e Vs, O

5 Numerical Examples

5.1 A Model Problem

0.08

a(y, x)

0.02

0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
X X

Figure 1: Realizations of a(y, x) (left) and u(y, x) (right).
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We consider as a model problem the diffusion equation (1.1) on the one dimensional
domain G = (0, 1). For two parameters k and y, the diffusion coefficient has the form

a(y,x) =1+ %m; ym% sin(mnx), x€(0,1), yel=[-1,1]7, (5.1)

where c is chosen as
= 1
c= sz_l el (5.2)

such that |a(y, X) — 1| is always less than y. We set the parameters tok =2 and y = 1/2.

For the distribution of y € I', we consider the countable product of uniform distribu-
tions on [-1, 1]; the corresponding family of orthonormal polynomials is the Legendre
polynomial basis. A few realizations of a(y) and the resulting solutions u(y) of (1.1) are
plotted in Figure 1.

We use a multilevel finite element discretization with piecewise linear basis functions
on uniform meshes. The residual-based a posteriori error estimator from [Git11b]is used
to estimate the error in Solvep. In order to isolate the stochastic discretization, we also
consider a fixed spatial discretization, using linear finite elements on a uniform mesh
of (0,1) with 1024 elements to approximate all coefficients. We refer to these simpler
versions of the numerical methods as single level discretizations. All computations were
performed in Matlab on a workstation with an AMD Athlon™ 64 X2 5200+ processor
and 4GB of memory.

5.2 Comparison of Solvers

We set the parameters of SolveDirect, r, SolveAlternatey s and SolveCoarsey ftoa =
1/20, o = 0, 1 = 1/10 and, for the last method, § = 1/4and x = 1/2. The assumptions of
Theorem 4.10 are not satisfied; however, SolveCoarsey f performs substantially better
with y = 1/2 than with y = 1/5.

These solvers are compared with SolveGalerkiny s from [Gitl1b], with parameters
X =1/8 9 =057, w = 1/4, 0 = 0.01114, @ = 1/20 and f = 0. These values were
determined experimentally to maximize the efficiency of the solver. The optimality
properties of SolveGalerkiny ¢ are not proven to hold for these parameters.

We compare the discretizations generated adaptively by the above methods to the
heuristic a priori adapted sparse tensor product construction from [BAS10]. Using the
notation of [SG11, Section 4], we sety = 2and 1, = 1/(ry + /1 + 12,) for ry, = cm?/2 and
c from (5.2). These values are similar to those used in the computational examples of
[BAS10]. The coarsest spatial discretization used in the sparse tensor product contains
16 elements.

Figures 2 and 3 show the convergence of SolveDirecty s and SolveCoarsey s, re-
spectively. On the left, the errors are plotted against the total number of basis functions
used in the discretization. On the right, we plot the errors against an estimate of the
computational cost. This estimate takes scalar products, matrix-vector multiplications
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Figure 2: Convergence of SolveDirecty .
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Figure 3: Convergence of SolveCoarseg .
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Figure 4: Comparison of numerical solvers.

and linear solves into account. The total number of each of these operations on each
discretization level is tabulated during the computation, weighted by the number of
degrees of freedom on the discretization level, and summed over all levels. The esti-
mate is equal to seven times the resulting sum for linear solves, plus three times the
value for matrix-vector multiplications, plus the sum for scalar products. These weights
were determined empirically by timing the operations for tridiagonal sparse matrices
in Matlab. The errors were computed by comparison with a reference solution, which
has an error of approximately 5 - 107°.

We note that, for both methods, the error estimate 6, is an upper bound for the
error in L2(I; V). However, this bound is much sharper for SolveCoarsey ¢ than for
SolveDirecty ¢. Also, the convergence of SolveCoarsey ¢ with respect to the number
of degrees of freedom is faster than with respect to the computational cost. A similar
observation was made in [Git11b] for SolveGalerkiny .

The convergence behavior of all of the above methods is compared in Figure 4.
There are two distinct pairs of solvers. The convergence behavior of the two meth-
ods with some form of coarsening, SolveCoarsey r and SolveGalerking f, is almost
identical. Furthermore, the convergence of SolveAlternatey s is very similar to that
of SolveDirecty s, though less regular. Also, the error estimate 6; seems to be even
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Figure 5: Convergence of single level methods.

coarser for SolveAlternatey s than for SolveDirecty f, as anticipated by Remark 3.5.

The methods with coarsening steps converge faster than those without coarsening
with respect to the number of degrees of freedom in the approximate solution. How-
ever, the methods without coarsening are more efficient with respect to the estimated
computational cost. The latter effect is most pronounced for the actual error, since it is
partially offset by the sharper error bound 6; of the methods with coarsening. All of the
adaptive methods generate discretizations that are more efficient than the sparse tensor
product construction.

Figure 5 shows the convergence of the single level versions of the above solvers. The
flattening of the convergence curves at an error of 2 - 107* is due to the finite element
discretization error, which begins to dominate at this point.

Again, the convergence of the adaptive methods seems to depend most on whether
or not they have a coarsening step. The difference between the two classes seems
more pronounced than with multilevel discretizations. In particular, the discretizations
generated by the methods without coarsening are significantly less efficient than thos
with coarsening. This is not surprising, since the superfluous coefficients, which are
truncated in the other methods, are all discretized on the same fine grid. With a
multilevel discretization, many of these would be approximated only on a coarse mesh.

In the single level setting, the sparse tensor product discretization is clearly more
efficient than the discretizations generated adaptively without coarsening. The solvers
with coarsening are only able to surpass the sparse tensor construction by a small
margin. This suggests that the adaptive solvers are most useful in combination with a
multilevel discretization, as opposed to a fixed spatial discretization.

5.3 Empirical Convergence Rates

We use the above convergence plots to empirically determine convergence rates of the
adaptive solvers. For the methods without coarsening, the convergence rate with respect
to the total number of degrees of freedom is 1/2. This is equal to the approximation
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rate shown in [CDS10b, CDS10a], and to the convergence rate of the sparse tensor
construction. With a coarsening step, this convergence rate improves to 2/3. However,
in both cases, the convergence with respect to the estimated computational cost is just
slightly under 1/2.

The solvers with fixed finite element meshes simulate semi-discrete methods with
no spatial discretization. In this setting, [CDS10b, CDS10a] show an approximation
rate of 3/2 with respect to the number of active indices in /A. We observe a rate of
slightly above 1 for the adaptive methods with coarsening, and for the sparse tensor
construction. The solvers without coarsening have a convergence rate of only 1/2—the
same rate as with a multilevel discretization, although with a larger error, and a positive
spatial discretization error. The convergence rate of the single level methods without
coarsening with respect to the estimated computational cost is also approximately 1/2,
and that with coarsening is 2/3.

In principle, it is possible that SolveCoarsey s and SolveGalerking ¢ do not con-
verge with the optimal rate in this example since the parameters used in the com-
putations do not satisfy the conditions of Theorem 4.10, and the analogous result for
SolveGalerkiny . Alternatively, due to large constants in the approximation estimates,
the asymptotic rate may not be perceivable for computationally accessible tolerances in
this example.
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