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Abstract

This paper is aimed at the efficient numerical simulation of optimization prob-
lems governed by either steady-state or unsteady partial differential equations
involving random coefficients. This class of problems often leads to prohibitively
high dimensional saddle point systems with tensor product structure, especially
when discretized with the stochastic Galerkin finite element method. Here, we de-
rive and analyze robust Schur complement-based block-diagonal preconditioners
for solving the resulting stochastic optimality systems with all-at-once low-rank
solvers. Moreover, we illustrate the effectiveness of our solvers with numerical
experiments.
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Optimization problems constrained by deterministic steady-state partial differen-
tial equations (PDEs) are computationally challenging. This is even more so if the
constraints are deterministic unsteady PDEs since one would then need to solve a sys-
tem of PDEs coupled globally in time and space, and time-stepping methods quickly
reach their limitations due to the enormous demand for storage [23, 28]. Yet, more
challenging than the afore-mentioned are problems constrained by unsteady PDEs in-
volving (countably many) parametric or uncertain inputs. This class of problems often
leads to prohibitively high dimensional linear systems with Kronecker product struc-
ture, especially when discretized with the stochastic Galerkin finite element method
(SGFEM). Moreover, a typical model for an optimal control problem with stochastic
inputs (SOCP) will usually be used for the quantification of the statistics of the system
response; this is a task that could in turn result in additional enormous computational
expense.

Stochastic finite element-based solvers for a large range of PDEs with random data
have been studied extensively [1l 2], 14} 25l 27, [32]. However, optimization problems
constrained by PDEs with random inputs have, in our opinion, not yet received ade-
quate attention. Some of the papers on these problems include [3, [13] T4} [I5] 27 [31].
While [I3], T4] use SGFEM to study the existence and the uniqueness of control prob-
lems constrained by elliptic PDEs with random inputs, the emphasis in [3, [15], B1] is
on solvers based on stochastic collocation methods for optimal control problems with
random coefficients. Rosseel and Wells in [27] apply a one-shot method with both
SGFEM and collocation approaches to an optimal control problem constrained by
stochastic elliptic PDEs. One of their findings is that SGFEM generally exhibits su-
perior performance compared to the stochastic collocation method, in the sense that,
unlike SGFEM, the non-intrusivity property of the stochastic collocation method is
lost when moments of the state variable appear in the cost functional, or when the
control function is a deterministic function.

The fast convergence and other nice properties exhibited by SGFEM notwithstand-
ing, the resulting large tensor-product algebraic systems associated with this intrusive
approach unfortunately limits its attractiveness. Thus, for it to compete favourably
with the sampling-based approaches, there is the need to develop efficient solvers for
the resulting large linear systems. This is indeed the motivation for this work. More
precisely, we apply an all-at-once approach, together with SGFEM, to two prototypical
models, namely, optimization problems constrained by (a) stationary diffusion equa-
tions, (b) unsteady diffusion equations, and in each of the two cases, both the constraint
equations and the objective functional have uncertain inputs. As these problems pose
increased computational complexity due to enormous memory requirements, we here
focus specifically on efficient low-rank preconditioned iterative solvers for the resulting
linear systems representing the Karush-Kuhn-Tucker (KKT) conditions. In particular,
inspired by a state-of-the-art preconditioning strategy employed in the deterministic
framework [24] 23] 28], we derive and analyze robust Schur complement-based block-
diagonal preconditioners which we use in conjunction with low-rank solvers for the
efficient solution of the optimality systems.

In order to numerically simulate the above SOCP, we assume that the state, the
control and the target (or the desired state) are analytic functions depending on the



uncertain parameters. This allows for a simultaneous generalized polynomial chaos
approximation of these random functions in the SGFEM discretization of the models.
However, we note here that, as pointed out in [27], problems in which the control
is modeled as an unknown stochastic function constitute inverse problems and they
are different from those with deterministic controls [35]. In the former, the stochastic
properties of the control are unknown but will be computed. So, in most cases (as we
assume in this work), the mean of the computed stochastic control could be considered
as optimal. Depending on the application, the mean may not, in general, be the sought
optimal control, though. Besides, computing the uncertainty in the system response
might require additional computational challenges.

This paper is structured as follows. In Section [I} we present our problem statement
and give an overview of the SGFEM on which we shall rely in the sequel. Section 2]
discusses efficient solution of our first model problem, namely, an optimization problem
governed by a steady-state diffusion equation with uncertain inputs. As an extension of
the concepts discussed in Section [2| we proceed to Section [3| to introduce and analyze
our preconditioning strategy for the unsteady analogue of the steady-state model.
Furthermore, we here briefly review the tensor-train (TT) toolbox - a software which
we shall use, in conjunction with MINRES, to solve our unsteady problems. Finally,
Section [4| presents some numerical experiments to demonstrate the performance of our
solvers.

1 Problem statement

In this paper, we study the numerical simulation of optimal control problems con-
strained by PDEs with uncertain coefficients. More precisely, we formulate our model
problems as
min J (y,u) subject to c¢(y,u) =0, (1)
You
where the constraint equation c(y,u) = 0 represents a PDE to be specified in the
sequel, and

1 _ o B
J(y,u) == §||y — 9l 2myere(o) + §||Std(l/)||2L2(D) + §||U||2L2(D)®L2(Q) (2)

is a cost functional of tracking-type. The functions y,u and § are, in general, real-
valued random fields representing, respectively, the state, the control and the pre-
scribed target system response. We note here that § and u could also be modeled
deterministically. The positive constant 8 in represents the parameter for the
penalization of the action of the control u, whereas a penalizes the standard devia-
tion std(y) of the state y. The objective functional J(y,u) is a deterministic quantity
with uncertain terms. In what follows, we shall focus mainly on distributed control
problems, although we do believe that our discussion generalizes to boundary control
problems as well.

Next, we recall that by a random field z : D x Q@ — R, we mean that z(x,-) is a
random variable defined on the complete probability space (2, F,P) for each x € D.



Moreover, for any random variable g defined on (€2, 7, P), the standard deviation std(g)
of ¢ is given by

2

(o) = | [ (9~ Blo))? aE )] 3)

where E(g) is the mean of g defined by
(0) == Blo) = [ g () < . @

The Kronecker product Hilbert space L?(D) ® L%(f2) is endowed with the norm
1
2

lollz2oyae = ( [ Gl dP<w>) < oo,
where L3(Q) := L*(Q, F,P).

1.1 Representation of random inputs

In the spirit of [27], we consider two ways of representing the random fields which
we shall use in the rest of the paper. In doing so, we will employ the so-called fi-
nite noise assumption, which states that a random field can be approximated with a
prescribed finite number of random variables £ := {£1,&a,...,&{n}, where N € N and
& Q — T'; € R. We also make the simplifying assumption that each random variable is
independent and characterized by a probability density function p; : T'; — [0, 1]. More-
over, the random vector £ has a bounded joint probability density function p : T' — R,
where T’ := Hf\il I ¢ RNV and p = Hfil pi(&). With these assumptions, Doob-
Dynkin’s Lemma, cf. [I], guarantees that one can therefore parametrically represent a
random field z(x,w) in terms of the random vector ¢ instead of the random outcomes
w. That is, we can now write z(x, &1, &2, . .., &N ). Besides, denoting the space of square-
integrable random variables with respect to the density p by Li(F), we introduce the
space L?(D) ® L2(T'), equipped with the norm

1
3
ollz2pyorar) = ( / 100+ €) 12 (py(€) df) <. (5)
Similarly, using equations and we have

std(g) = [ /F (9(6) — E(g()))*0(€) dfr end (g) = /F 9(O)p(€) dE < oo (6)

Furthermore, our cost functional J(y, u) now reads

1 _ a B
T (y,u) = 5”3/ - yH%%D)@Lg(F) + §\|Std(y)||i2(p) + §Hu||2L2(D)®L§(1")' (7)



Suppose now that z : D x  — R is a random field with known continuous covari-
ance function C(x,y). Then, one way to represent z with a finite number of random
variables is through a truncated Karhunen-Loeve expansion (KLE):

N
v (%, €(W)) = Ez)(x) + 02 Y V()& (W), (®)
=1

where o, is the standard deviation of z, the random variables {&;}Y | are centered,
normalized and uncorrelated with

1
PRy /D(Z(X’g(“)) — E[2](x))i(x) dx,

and {\;, ;} is the set of eigenvalues and eigenfunctions corresponding to C(x,y),
that is,

§i(w) =

| c-eypty) dy = Aaito.
The eigenfunctions {¢;} form a complete orthogonal basis in L?(D). The eigenvalues

{\i} form a sequence of non-negative real numbers decreasing to zero. The series
represents the best N-term approximation of z and converges in L?(D) @ L2(T), due

to
;Ai: /F /D p(2(x, £(w)) — E[2](x))? dxde.

Alternatively, one can approximate the random field of interest z using a truncated
generalized polynomial chaos expansion (PCE):

b

2p(x,0) = 3 2 (X)), ©)

<
I
o

where z;, the deterministic modes of the expansion, are given by

(2(x, E(w))y;(8))
(W) 7

zj(x,w) =

{¥; jP:_Ol are N-variate orthogonal polynomials of order n and

—1+Zk'HN+j NNTnT,L). (10)

The N-variate orthogonal polynomials {w]} " satisfy

(Wo(€)) =1, (¥5(€)) =0, 5 >0, (;(E)vu(€)) = (¥F(E)) (11)



with

<w@»:/m%@w»www3/ B (€)p(6) de. (12)

£er

Moreover, it can be easily shown then that

b

E[zp](x) = z0(x) and Var[zp|(x) = 3 27 (x) (¥7(€)) - (13)

i=1

Observe then that since Var(y) = [std(y)]?, it follows immediately from that

P—-1
HM@%@==AWM®ﬁjéZﬁ®wmmm (14)
=1

In this contribution, we shall rely on the SGFEM for the spatial and stochastic
discretizations, see e.g. [I, [[4, 25 27, [32], and our exposition here follows closely
the framework in [27]. To this end, we note that the KLE and PCE representations
are quite essential in the SGFEM discretizations of the optimal control problems dis-
cussed in the sequel [14, 27]. In a nutshell, we recall that the SGFEM is a spectral
approach in which one seeks y and w in a finite-dimensional subspace of the Hilbert
space Hg (D) ® L2(T), consisting of tensor products of deterministic functions defined
on the spatial domain and stochastic functions defined on the probability space. More
precisely, suppose first that Vj, C H}(D) is a space of standard Lagrangian finite ele-
ment functions on a partition 7 into triangles (or rectangles) of the domain D defined
by

Vi, :={vp, € Hy(D) : v, € Pu(E) V2 € T},

where = € 7 is a cell and Py is the space of Lagrangian polynomials of degree k. In
particular, let Vi, = span{¢;(x), j =1,...,J}. Moreover, let ¥,, C L2(T) be such that
Y, = span{t;(£) : i € T}, where Z := {i = (iy,...,in) € NV : |i| <n}. That is, Y, is
a set of all N-variate orthogonal polynomials of degree at most n, whereas Z is a set
of all multi-indices of length N satisfying |i| < n. It can then be shown that

dim(Y,,) = dim(Z) = ( N;” ) :

which is precisely P given in . Hence, it turns out that there exists a bijection
w:{l,..., P} — 7 that assigns a unique integer i to each multi-index p(i) € Z.

To illustrate here how the space Y, is constructed [25], consider the case of uniform
random variables with NV = 2 and n = 3. Then Y}, is a set of two-dimensional Legendre
polynomials (products of a univariate Legendre polynomial in &; and a univariate
Legendre polynomial in &) of degree less than or equal to three. Each of the basis
functions is associated with a multi-index v = (v, v5), where the components represent
the degrees of the polynomials in £; and &». Since the total degree of the polynomial
is three, we have the possibilities v = (0,0), (1,0), (2,0), (3,0), (0,1), (1,1), (2,1), (0,2),



(1,2), and (0,3). Since the univariate Legendre polynomials of degrees 0,1,2,3 are
Lo(z) =1, Ly(z) ==, La(z) =1(32? — 1), and Ls(z) = 1(52® — 3z), we have

Y, = Spaﬂ{wi(f)}?:o
= (L&, 588 - 1), 5658 - 36), &, 66, L6E -1, L6 1),

26068 1), 2066 ~36))

So, the SGFEM essentially entails performing a Galerkin projection onto Wy, =
V,®Y, C H{(D)® Lf)(F) using basis functions rp,, of the form

J
T = > ridi(x)Wi(6), (15)

j=14€eT

where 7;; is a degree of freedom. In this paper, {¢;} are Q; finite elements, whereas
{%;} are multi-dimensional Legendre polynomials.

We now proceed to Section [2| to present our first SOCP whose constraint is a sta-
tionary diffusion equation. The idea is to use this model to motivate our discussion
on the solvers for a time-dependent model problem in Section

2 A control problem with stationary diffusion equation

Our first SOCP consists now in minimizing the cost functional J(y(x,w), u(x,w))
defined in such that, P-almost surely, the following linear elliptic diffusion equation
holds

(16)

=V (a(x,w)Vy(x,w)) = u(x,w), in D x Q,
y(x,w) =0, on 9D x Q,

where a : D x  — R is a random coefficient field and the forcing term on the right
hand side u : D x © — R denotes a random control function. Furthermore, we assume
that

u € L*(D) @ L*(), (17)
and that there exist positive constants @i, and ama.x such that
P(w € Q: a(x,w) € [amin, Gmax), VX € D) = 1. (18)

For the weak formulation of the forward problem , we seek y € Hi (D) @ L*(Q)
such that, P-almost surely,

B(y,v) = (u,v), Yo € Hy(D)® L*(%), (19)



where the bilinear form B(-,) is given by

B(y,v) := /Q/D a(x, w)Viy(x,w) - Vv (x,w) dxdP(w), v,y € Hy(D) @ L*(%),

and
u,v) = /Q/Du(x,w)v(xw) dxdP(w), v,u € H}(D)® L*(Q).

The following existence and uniqueness result of the solution y to proved in, for
instance, [I4] follows from the Lax-Milgram Lemma [5].

Theorem 1. Under the assumptions and there exists a unique solution
y € HY(D) ® L*(Q) such that, P-almost surely, holds.

Recasting the above SOCP given by (2)) and into a saddle-point formulation,
Chen and Quarteroni in [6] prove the existence and uniqueness of its solution. More
precisely, the following result holds.

Theorem 2. [6, Theorem 3.5] Let and (18) be satisfied and let o« = 0 in (7)
Then, there exists a unique solution (y,u) to the SOCP (@ and (@ satisfying the
stochastic optimality conditions

B(y,v) = £(u,v), ve Hi(D)® L*(Q),
0(Bu— f,w) =0, w e L*(D) ® L*(Q),
B’(y,?‘) —l—ﬁ(y,r) = E(gvr% re H(%(ID) ® Lz(Q)v

where f is the adjoint variable or Lagrangian parameter associated with the optimal
solution (y,u), and B’ is the adjoint bilinear form of B; that is, B'(y,r) = B(r,y).

We note here that the cost functional considered in 6l [14] does not include ||std(y)] |%2(D).
But then, their results extend to the more general form of J(y,u) considered in this
paper due to the Frechét differentiability of ||std(y)||2. (p); see, for example, [27].

As our major concern in this paper is to study efficient solvers resulting from the
discretization of our model problems, we proceed next to recall the two common ap-
proaches in the literature to solve these optimization problems [29] [30]. The first
method is the so-called optimize-then-discretize (OTD) approach. Here, one essen-
tially considers the infinite-dimensional problem, writes down the first order conditions
and then discretizes the first order conditions. An alternative strategy, namely, the
discretize-then-optimize (DTO) approach involves discretizing the problem first and
then building a discrete Lagrangian functional with the corresponding first order condi-
tions. The commutativity of DTO and OTD methods when applied to optimal control
problems constrained by PDEs has been a subject of debate in recent times (see [17]
for an overview). In what follows, we will adopt the DTO strategy because, for the
SOCPs considered in this paper, it leads to a symmetric saddle point linear system
which fits in nicely with our preconditioning strategy.

To discretize the SOCP given by and using the SGFEM, consider first the
constraint . Given a basis for Why, := Vj, ® Y,, C Hg(D) @ L2(T') and a truncated



KLE representation ay(x,&) (cf. (8)) of the random field a satisfying (I8), we now
seek a finite dimensional yp,, up, € Wiy, satisfying

/F/D‘LN(X’W%W plE)dxds = /P /D wnnv plE)dbxde, (20)

Vv € Wh,,. Expanding yp.,, up, and the test functions in the chosen basis in , we
see that

P-1 J P-1
U = D Y Yikdi ()UR(E) = D uktk(§),
k=0 j=1 k=0
and
P—-1 J P-1
Unn = > ik (R)R(§) = > kb (),
k=0 j=1 k=0

yield the following linear system of dimension JP x JP
Ky = Mu (21)

with block structure, where the blocks KCp, ; of the stochastic Galerkin matrix K are
linear combinations of N + 1 weighted stiffness matrices of dimension J, with each
of them having the same sparsity pattern equivalent to that of the corresponding
deterministic problem. More specifically, for p,g = 0,..., P — 1, we have

N
Kpq = (p(©)1g () Ko + D (&tbp()tbg () K, (22)

i=1
and
Mpq = <¢p(§)¢q(§)>M7

where the mass matrix M € R7*/ and the stiffness matrices K; € R/*/, i =
0,1,..., N, are given, respectively, by

M k) = /D 6, (x)n () dx, (23)
Ko(j. k) = /D Ela] (x) Ve, (x) Ve (x) dx, (24)
K. k) = 0uv/N /D i (X) V65 () Vi () dx, (25)

where we assume that E[a] > 0, so that Ky is symmetric and positive definite. The
block Ky captures the mean information in the model, whereas the other blocks K;, i =

1,..., N, represent fluctuations in the model. In Kronecker product notation, one
obtains
N
K:=G®Ko+ Y Gi®K;, M:=GyaM, (26)
i=0



where

Gy = diag (<¢3> ) <"/}%> A <w123—1>) ) (27)
Gi(4,k) = <€z’l/13¢k> , t=1,...,N,

due to the orthogonality of the stochastic basis functions with respect to the probability
measure of the distribution of the chosen random variables (cf. (II))). Moreover, K is
highly sparse as many of the sums in are zero.

Similarly, applying SGFEM to the cost function , taking into account the expres-

sion , leads to
1 T - Q@ T B
SV =¥ My —3) + 5y My + Ju’ Mu, (28)
where
My:=T@M, T:=dag(0,(¥i),....(p_1)). (29)
Our discrete SOCP now is to minimize subject to . The Lagrangian func-

tional £ of this optimization problem is given by

1 o
Lly,uf) =5y -¥) My —9) + 5y My + guTMu + £ (~Ky + Mu),
where f denotes the Lagrangian multiplier or adjoint associated with the constraint.
Now, applying the first order conditions to the Lagrangian yields the following opti-
mality system

M, 0 KT y My
0 M MT ||lul=]| 0o |, (30)
-£ M 0 f d
=A

where

My = M+ aM;
= (G()@M)+Q(T®M)

with G, := Gy + T, so that
<w8>, if j=k=0,
Ga(J, k) = (1+a)<1/)J2>, if j=k=1,2,...,P—1, (32)
0, otherwise.

We note from , and that if « = 0, then G, = Gy and, hence, M, =
M. Moreover, we assume that the parameter N in the KLE of the random input a



is chosen such that K stays symmetric and positive definite [25]. The vector d :=
diag(Go) ® &, where d represents, in general, contributions from boundary conditions
with respect to the spatial discretization. The system is usually of huge dimension.
As a result, the use of direct solvers for the system is out of the question. In what
follows, we consider efficient iterative solvers instead. First, however, we discuss our
preconditioning strategies.

2.1 Preconditioning the optimality system

Now, observe that the optimality system is of saddle point form [9]:

A:[g %ﬂ, (33)
where
A{%“B%],B[me (34)

where A is symmetric and positive definite and B has full row rank. An appropriate
Krylov subspace solver for the indefinite saddle point system is the MINRES algorithm
originally proposed by Paige and Saunders in [22]. However, effectiveness of iterative
solvers requires a suitable preconditioner. That is, we need a matrix P such that P~'A
has better spectral properties (essentially, clustered eigenvalues) and for which P~1v
is cheap to compute for any vector v of appropriate dimension. In what follows, we
discuss our preconditioning strategies for solving .

Throughout this paper, we will focus mainly on block diagonal preconditioners; that
is, preconditioners of the form

A0
P:[o S}

where S = BA~!B” is the (negative) Schur complement. It has been shown [I8] that

this choice of preconditioner indeed yields three distinct eigenvalues { 1_2‘/5, 1, 1+T\/g}

of P~1A. Hence, any Krylov subspace method with optimality property, such as MIN-
RES, will terminate after at most three iterations. With this preconditioner, we specif-
ically have

Mq
P=1| o0
0

0
pM
0

n oo
—
w0
[
=

where

1
S = KM+ S M, (36)

10



since IC and M are symmetric. We note here that is only an ideal preconditioner
for our saddle point system in the sense that it is not cheap to solve the system
with it. In practice, one often has to approximate the three diagonal blocks in order
to use P with MINRES. An effective approach to approximate blocks (1,1) and (2, 2)
is the application of Chebyshev semi-iteration to the mass matrices in each of the two
blocks [34]. More specifically, for a given system involving a mass matrix Mx = b,
the Chebyshev semi-iteration, as given by Algorithm [1] is used to speed up a relaxed
Jacobi iteration:
Xpr1 = Hxp + g,

where H = [ — t9D0_1M7 g= GDo_lb, Dy = diag(M). The optimal relaxation parame-
ter @ must be chosen in such a way that the the spectrum of the matrix H is symmetric
about the origin. For instance, for a mesh of square Q; elements in 2 dimensions,
M(Dy ' M) C [1/4,9/4]; moreover, if § = 4/5, then we get A\(H) C [~4/5,4/5]; see e.g.
[33].

Algorithm 1 Chebyshev semi-iterative algorithm for ¢ steps

Set Dy = diag(M).

Set relaxation parameter 6.

Compute g = 9D61b.

Set H=1—60Dy "M (this can be used implicitly).
Set xo =0 and xx = Hx;_1 + g.

Set cg =2 and ¢; = 6.

for k=1,...,1 do

1
Chp1 = Ock — zCr—1.
_p_ck
A
X1 = U1 (HXp + 8 — Xp—1) + Xp—1.
end for

Approximating the Schur complement S, that is, block (3,3) poses more difficulty,
however. One possibility [26] is to approximate S by dropping the term %M to obtain

Sp = KMKT. (37)

An alternative and more robust approach, which we adopt here and in the rest of this
paper, was proposed in [24] in the context of deterministic optimal control problems.
In this case, S is approximated by a matrix S of the form

Si=(K+My)MG K+ M), (38)

where M, is determined by ‘matching’ the terms in the expressions for S; and S as
given, respectively, in and . More precisely, we ignore the cross terms (that
is, KM7*M, + M, M;K) in the expansion of S; to get

M MM, = %M = %MM*IM. (39)

11



Now, observe from , and , we have that M, = G, ® M. Moreover, note
that ideally in , we have a > 0. So, to derive an approximation to S, we consider
first of all the case a = 0. In this case, it is easy to see that holds if we set

1
VB
since M, = M. If @ > 0, then we apply the following trick. We proceed first to

replace in equation the (0,0) entry in the diagonal matrix G, by (1+a) (3, so
that we can then obtain

My = —M, (40)

Ma=Ga M~ (1+a)Goy@M = (1+a)M.

It turns out then that holds if and only if

1+«
M, = M,
B
with which we recover for a = 0. Hence, we have
1+« 1+« T
S1 = (IC+ BM> Mt <IC+ 5M> . (41)

We point out here that the expression for M,, implies that the ignored cross terms are
O(B~1/2) instead of O(5~1) in (37).

The effectiveness of the iterative solver used to solve our KKT system depends to a
large extent on how well the approximation S represents the exact Schur complement.
To measure this, we need to consider the eigenvalues of the preconditioned Schur
complement S;*S. In what follows, we proceed to establish the spectrum A(S;1S) of
ST 1S by examining the Raleigh quotient

zT Sz
R(s) = g o

for any non-zero vector x of appropriate dimension. We shall rely on the following
result on positive definite matrices.

Proposition 1. [19, Theorem 2] Let X = AB + BA, where A and B are positive
definite, Hermitian square matrices. Then, X is positive definite if

Ve +1\
o< ()

where k(YY) represents the spectral condition number of the matriz Y.

We can now prove the main result of this section.

12



Theorem 3. Let o € [0, +00). Then, the eigenvalues of Sy'S satisfy

2
Wi(cHl) 1, (42)

1 1
A(S] S)C{2(1+a>,1), v@<< 0 1

where C = M~Y2CM=1/2,
Proof. Suppose that « € [0,400). Define the diagonal matrices T and &, by
T = diag(0,Ip_1) and &, = (Ip + oY) ® I, (43)
where I,, denotes an identity matrix of dimension n € N. Clearly,
Iip %€ 2 (14+a)lyp and I;p =& = (1+a) ';p, (44)

where, for arbitrary square matrices X and Y, we write X = Y if X —Y > 0, and

vice versa. Moreover, from (26)), (27), and using the identity (A® B)(X ®Y) =
AX ® BY, we obtain

My = Go@M+aT @M

(Go+aT)® M

= (Golp +aGyY)® (MIy)

(Go®@ M)(Ip @ I5) + (Go® M)(aY @ I;)

(Go®@ M) [(Ip® 1))+ (Y ®I;)]

= M[(Ip+aY)®I]

= MEy=EM, (45)

since both Gg and Ip + oY are diagonal matrices and therefore commute with each
other. Now, recall from that the approximation S; to the Schur complement S is
given by

1+« 1+«

MMM + 5 KM M+ MM;UC]) ,

so that using , and , we see that the preconditioned Schur complement
S71S is similar to the matrix

Sy = (KM;UC +

Ml/QSl—ISMfl/Q — (M71/2S1M71/2)71(Mfl/ZSMfl/Q)' (46)

It therefore follows that

-1

Lo ey ajc)) (CEIC+ B p)

1+«
B B

= (505;10 + 1+ +VBA+a)(CES + 5;16))71 (Bce'C+ 1,p),

S71S ~ (cgalc+ EL+
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where ~ implies similarity transformation and C := M~/2KM~1/2. Now, observe
that the matrix C is symmetric and positive definite so that A(C) C (0, +00) . Consider
now the Raleigh quotient

B o7 [BCESIC + Ip] @
o7 [Beeste + (1+ a)eat + /B + o) (C&a* +E370) | @

R(z) :

But then, x(£7!) = 1 + «, and hence, by Proposition |1} we have that
2

VE(C)+1
2T (CEST+E,1C) >0, for a+1< VA0 +1 .

Kk(C) —1
This, in turn, implies that the denominator of R(x) is also strictly positive. Hence,

T —1 1 —1
R(z) < e [BCESIC+ (1 +)E @

2T [/3ceglc +(1+a)éat + B+ ) (C& + 5510)} x

<1,

from which we deduce that Apax := max R(z) < 1.
Now, observe that 27CE e = 7€ Cx. Moreover, for any two vectors zi, zo of
appropriate dimensions, Cauchy-Schwarz Inequality implies (2] 22)2 < (27 21) (24 20).

Thus, setting le = xTCEJI/Z and zo = 5‘;1/2% we obtain

(wTCEC:le < (z'cel'Ca) (2T E ). (47)
Hence, using , together with the fact that (a+b)? < 2(a®?+b%), a,b € R, one gets
T [BCESIC + Ip) @

2T [50&:10 +(1+a)ér + B+ ) (C& + sglc)} z
2T BCE;Car + 2T Iy pa

R(z) =

>

[81/2(xTCET Ca) /2 + (1 4 ) /2(aTEx ') 1/2]?
> xTBC(S‘;lC% + l’TIJplL'
~ 2[BaTCELCa 4+ (1 + )T EL 1]
- 2T BCE;ICx + 2T E 1
~ 2[BaTCEL Ca 4+ (1 + )T EL ]

Te—1

> xtE _ 1 (48)

21+ a)zT e 2(1+a)’

which shows that Ay, := min R(xz) > m, thereby concluding the proof of the
theorem. O]

Note that, in the context of a deterministic optimal control problem, Pearson and
Wathen in [24, Theorem 4] have independently obtained, specifically for a = 0, a
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similar result as that of Theorem [3] We, however, point out herein that, in addition
to the generalization of the said result, ours yields a sharper bound than the one that
these authors obtained. Moreover, with the exception of the parameter «, the result
of Theorem [3]is independent of the discretization parameters in the system.

The following result is an immediate consequence of Theorem

Theorem 4. Let A be the KKT matrix given by and define Py by
A 0
Po= { 0 S } !
where A and Sy are given, respectively, by and . Moreover, assume that

. Then, the eigenvalues of

2
a < <R$E) — 1, where C is as defined in Theorem

the matriz Py * A satisfy

MNP rA) = {1} Uz~ UTt, (49)

where

I = (;(1—\/5),;<1—,/1+1ia> It = [; <1+ 1+1ia>,;(1+\/3)>.

Proof. First, we note that Py ! A shares the same eigenvalues with the symmetric
matrix given by

—1/2RT ¢—1/2
Po—l/zApo—l/z _ l I A B*S; ] .

S72BA-1/2 0

Now, using [10, Lemma 2.1], we know that the eigenvalues of 730_1/2,4770_1/2 are either
1 or have the form % (1 ++v1+ 432) , where s is a singular value of X := S;1/2BA_1/2;

in other words, s2 is an eigenvalue of X7 X. Since S; 'S is similar to X7 X, the result
follows immediately from Theorem O

The robustness of S; notwithstanding, we cannot implement it as it is, as this is
equivalent to solving the forward problem twice per iteration due to the presence of
Z = K+ M, and its transpose. Hence, we need to derive an appropriate approxima-
tion for Z. More precisely, observe first, from , that

zZ = K+ M
5
14+« al =
1=0 1=0
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with K = Ko+, /HT"‘M, K; =K, i=1,...,N. But then, we can now approximate
Z using similar preconditioners for the stationary forward problems considered in, for
example, [25] 32]:

Zy =Gy ® f(o, (51)
or
Y. trace(KT Ky) -
2= —— =L G0 Ky, (52)
5 trace(Ky Ko)

Note that for a practical algorithm, S; is approximated using multigrid techniques for
Ky in both Zy and Z;. The preconditioner is the so-called mean-based precon-
ditioner. It is block diagonal and is best suited for systems for which the variance
of the random input is small relative to its mean. Its performance deteriorates with
increasing variance. This is quite intuitive since from , and , we can see
that as o increases, the off-diagonal blocks of the global stochastic Galerkin matrix
Zi]\il G; ® K; become more significant and they are not represented in the precondi-
tioner. The latter was proposed by Ullmann in [32] to circumvent the shortcomings
of the former in the forward problem. Both of them have been successfully applied
to a time-dependent forward problem considered in [2]. It is, however, more expen-
sive to implement Z; than the mean-based preconditioner. Hence, in our numerical
experiments, we shall stick to the mean-based preconditioner.

In a nutshell, we outline below the dominant operations in the application of our
proposed block-diagonal preconditioner P in .

e (1,1): 1 Chebyshev semi-iteration for the mass matrix M.
e (2,2): 1 Chebyshev semi-iteration for the mass matrix M.
e (3,3): 2 multigrid operations: 1 for Zy and 1 for its transpose.
e Total: 2 Chebyshev semi-iterations and 2 multigrid operations.
Having been equipped with a suitable preconditioner, we proceed to the next section

to discuss our Krylov subspace solver.

2.2 Computing low-rank approximation of the solution to the
stationary problem

As we have already pointed out in Section the MINRES algorithm is an optimal
solver for the system . Hence, we will use it, together with , to solve ([30)).
In particular, our approach is based on the low-rank version of MINRES presented in
[28]. In this section, we give a brief overview of this low-rank iterative solver. Now,
observe first that using the identity

vec(WXV) = (VT @ W)vec(X), (53)
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where
T1

vee(X)=| : | e R™Y
Lo

for any X = [x1,...,Zmn] € R™ ™, the linear system can be rewritten as AX =R,
where

N
Go®M 0 — Z G;®K;
i=0
A= 0 B(Go @ M) Go® M )
N
S GieK  GooM 0
i=0
vec(Y) vec(Ry)
X=| vecU) |, R= 0 ;
vec(F) vec(R3)

and
Y =[yo,--syp-1], U=[uo,...;up1], F=Ifo,...,fp1],
Ry = vec ' ((Go ® M)y), Rz =vec '(d).
Hence, implies that

N
MYGT - 3 K, FGT
=0 Ry
AX = vec BMUGEY + MFGY = vec 0 . (54)
N R
- S K. YGT + MUGY s
=0

1
Our approach is essentially based on the assumption that both the solution matrix
X and the right hand side matrix R admit low-rank representations; that is,
Y = Wy Vi, with Wy € R7*F1 15 € RPXR
U= WUVg, with Wy € RJsz, Vu € RExk2 (55)
F = WFVI?, with Wg € RJXk3, Vi € RPXk3,

where ki3 are small relative to P. Substituting in and ignoring the vec
operator, we then obtain

N
MWy VIGT — 3 K;WpVEGT

=0 Ri1RY,
BMWyVIGT + MWeVIGT | =| o |, (56)
N T T T AT R31 R,
S KW VEGT + MWy VEGE
=0

where R11R1T2 and R31R§2 are the low-rank representations of the Ry and Rs, respec-
tively.
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The attractiveness of this approach lies therefore in the fact that one can rewrite
the three block rows in the left hand side in , respectively, as

N ViFGT
(first block row) [ MWy =3 K;Wp ] }; T |
i=0 Vr G;
VIGT
(second block row) [ BM Wy MWpg ] gﬂ g ; (57)
N vIrqgr
(third block row) [ - > KWy MWy ] 1; f[ ’
=0 Vi Go

so that the low-rank nature of the factors guarantees fewer multiplications with the
submatrices while maintaining smaller storage requirements. More precisely, keeping
in mind that
X1 X7,
T = vec Xo1 X1,
X3 X%

corresponds to the associated vector x from a vector-based version of MINRES, matrix-
vector multiplication in our low-rank MINRES is given by Algorithm [2] Note that an

Algorithm 2 Matrix-vector multiplication in low-rank MINRES

Input: Wiy, Wia, War, Waa, W3y, X3
Output: Xi1, Xi2, Xo1, Xo2, X351, X359

X = |MWn - JZV: Kz'Wal]
Xi2 = [:Gan Giﬁ/gﬂ

Xo1 = |BGoWa1  — ]ZV: KiW31:|
Xoo = [:GOW22 GOV[;?)_QT

Xa1 = |— % KW MWm}
X3p = [Ciﬁ:/(l)Q GoWaa]

important feature of low-rank MINRES is that the iterates of the solution matrices Y, U
and F in the algorithm are truncated by a truncation operator 7. with a prescribed
tolerance e. This is accomplished via QR decomposition as in [I6] or truncated singular
value decomposition (SVD) as in [2] 28].

The truncation operation is necessary because the new computed factors could have
increased ranks compared to the original factors in . Hence, a truncation of all the
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factors after the matrix-vector products, is used to construct new factors; for instance,

o al WLGT
(X1, Xio] :== Te ([X11, X12]) = T¢ MWy, —;Kin [W?EGZT} .

Moreover, in order to ensure that the inner products within the iterative low-rank
solver are computed efficiently, we use the fact that
(z,y) = vec (X)" vec (Y) = trace (xTY)

to deduce that

T
trace (XlXQT) (YlYZT) = trace [ Y/ Xo XTV1 |,
———— —— —— ——
Large Large Small Small

where X = X; X7 and Y = V1Y, which allows us to compute the trace of small
matrices rather than of the ones from the full model.

For more details on implementation issues, we refer the interested reader to [2], 28].
In Section 4] we use numerical experiments to illustrate the performance of low-rank
MINRES, together with the preconditioners discussed in Section [2.1

Next, we proceed to Section [3| to present a time-dependent analogue of the model
problem considered so far.

3 A stochastic parabolic optimal control problem

In an attempt to extend our discussion on the above model problem to a time-
dependent case, we henceforth replace L?(D) in @ by the space

T
L*([0,7],D) = {f € L*(D) : / [f(1))* dt < OO},
0
and then consider a parabolic SOCP now given by J(y(t,x,w)),u(t,x,w)) subject,
P-almost surely, to

ay(t7 X7 w)

o - V- (a(x,w)Vy(t,x,w)) = u(t,x,w), in (0,7] xD xQ,

y(t,x,w) =0, on (0,7] x 9D x Q, (58)
y(oawi) = Yo, in D x Qa

where the random control function satisfies
/ u(s, -, w) dP(w) < 400, a.e,
Q

and, as before, a(x,w) is assumed to be uniformly positive in D x 2. We note here that
the time-dependence of this problem introduces an additional degree of freedom which
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makes the system matrix here (a lot) larger than the system matrix in the steady-state
case.

We use the trapezoidal rule for temporal discretization (as was done for deterministic
problems in e.g. [23| 28]) and SGFEM in the spatial and the stochastic domains to
get the following discrete objective function

Ly = 9) " Maly = 3) + —yT Myy + ﬁuTMzm (59)

where

M, = blkdiag (M, M, ..., M, M),
(60)
M, = blkdiag (§ My, My, ..., My, s M,)

with M and M; as defined in and respectively. Note that My = M. Here,
denoting the number of time steps by n;, we also note that

y1 y1 ux
y=| i |, y=| i |adu=| : |,
Yn, Yn. Uy,
with yiayhui € RJPXl, 1= ]., ey, Nt

For an all-at-once discretization of the state equation , we use the implicit Euler
method together with SGFEM to get

Kiy —tNu=d,
where
L M Myo
-M L M 0
ICt = . . ) N = . ) d= . y
-M L M 0

where £ := Gy ® (M + 7Ky) + TZf\;l G; ® K;. Observe that the matrix X, in this
case is not symmetric, unlike the matrix K in the stationary case.

Applying first order conditions to the Lagrangian functional for this constrained
optimization problem yields

TMy 0 _K:? y TM.y
0 BrMsy tNT u | = 0 ) (61)
—ICt TN 0 f d
where, from and ,
My = Mi+aM,
= DM +a(DOIM)=DRG, @M=D ® M,, (62)
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with G, as defined in , and

1 1
D =di —1...,1. = R7exm
dlag<2a ’ 72> € (63)
We note here that
N
Ke=(In, ® L)+ (COM) =1, @ | D Gi® K| +(C®Go® M), (64)
i=0

where Ko = M + 17Ky, K; = 7K;, i =1,...,N. The matrix C € R™*"t comes from
the implicit Euler discretization and is given by

and I,,, is an identity matrix of dimension n;. The use of other temporal discretizations
is, of course, possible. The Crank-Nicholson scheme, for instance, can be written in a
similar way. Moreover,

N=1I1, G @M, My=D®G)® M. (65)

Hence, each of the block matrices Ky, N', M; and My belongs to R7FnexJPn: - gince
Gy e RP*XP i =0,...,P—1,and M,K; € R’/ i =10,...,N. So, the overall
coefficient matrix in (61]) is of dimension 3JPn; x 3JPn;.

As can be seen flro7 for instance, the time-dependent problem leads to an ad-
ditional Kronecker product. Indeed, although the low-rank solver presented in the sta-
tionary case reduces storage problems in large-scale simulations, the low-rank factors
become infeasible in higher dimensions. Further data compression can, fortunately, be
achieved with more advanced high-dimensional tensor product decompositions. To-
gether with preconditioned MINRES, we henceforth solve the linear system discussed
in this section using an elegant and robust tensor format called Tensor Train (TT)
format which was introduced in [20]. To that end, we proceed next to Section to
give an overview of the TT format.

3.1 Solving the optimality systems from the unsteady problem

First, we recall that a tensor y := y(i1,...,%4), tx = 1,...,ng isan ny X ng X ... X ng
multi-dimensional array, where the integers nq,ns,...,ng are called the mode sizes
and d is the order of y. The tensor y admits a tensor train decomposition or TT-
format [20] [7] if it can be expressed as

y(it, ... iq) = y1(i1)y2(i2) - - - yalia),
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where yp(ix) is an rg_; X 7, matrix for each fixed ig, 1 < i < mg. Moreover, the
numbers r, are called the TT-ranks, whereas yy(ix) are the cores of the decomposition.
More precisely, yi(ir) is a three-dimensional array, and it can essentially be treated
as an r,_1 X ng X 1y array with elements yg(op_1,ng, ag) = y&’i’,h% (ix). Here, the
boundary conditions g = r4 = 1 are imposed on the decomposition to make the
matrix-by-matrix products a scalar. The decomposition can be expressed in index
form as

T1...Td—1

y(it,. .. id) = Z yi(ao,n1, ar)ya(ar,ne, az) - ya—1(aa—1, 14, aa),  (66)

almad,_1:1

where ag = ag = 1. It turns out that TT-decomposition yields a low-rank format for
tensors as it is derived by a repeated application of low-rank approximation [20]. To
see this [g], let

Go - lg =12 + (i3 — 1)77,2 —+ -4 (id — 1)n2n3~--nd_1. (67)

Then, by regrouping of indices, one can rewrite y as a matrix Yy € R™*"2""d with
Yi(i1,42---tq) = y(i1,...,4q4). Thus, applying a low-rank SVD to the matrix Y7 yields

Vi US V', Uy e RMX7 1 @ R maxr,

The first factor U; is of moderate dimension and can be stored as y&ll) (i1) = Uy (41, 1),
where a; = 1,...,71. The remaining matrix ElVlT depends on a7 and is - - -iq. Next,
we regroup these indices as follows

Ya(aniz, iz - iq) = S1(a1, 1)V (a1, iz - - - ia),
and compute the next SVD:
Yo 0 UpSo Vi, Up € RM™2X72 1, € R1e7 X2,

Again, U can be reshaped to a 3D tensor y&?a2 (i2) = Usz(aiia, a2) of moderate
size, and the decomposition also applied to YaVy . Proceeding in this manner, one

eventually obtains the TT format:

T1...Td—1

y(in,..ig) = >y )yPa, )y, ey (a),  (68)

(xl...ad,1:1

with the total storage of at most dnr? memory cells, where 7, < r, n; < n. In partic-
ular, if r is small, then this requirement is much smaller than the storage of the full
array, n?. A similar construction can be made for discretized operators in high dimen-
sions. To this end, consider a matrix A = A(iy - --ig, j1 - - - jq) € R na)x(mna) e
decompose A as follows:

Ri...Rq_1
A(ir - ia, 1 Ja) & Z AEall)(ilajl)Ag)ﬁQ (i2,J2) - "A(g?,l(id,jd)» (69)
Bi..-Ba—1=1
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which is consistent with the Kronecker product A = A® @ A®) in the case d = 2 and
Ry, =1, and allows a natural multiplication with returning the result in the same
format.

As pointed out in [7], the TT-format is stable in the sense that one can always find
the best approximation of tensors computed via a sequence of QR and SVD decompo-
sitions of auxiliary matrices. The TT-decomposition algorithm is implemented in the
TT-toolbox [2I] and comes with a number of basic linear algebra operations, such as
addition, subtraction, matrix-by-vector product, etc. Unfortunately, these operations
lead to prohibitive increase in the TT-ranks. Thus, one necessarily has to truncate (or
round) the resulting tensor after implementing each of the operations. This enhances
the efficiency of the method when used with any standard iterative method such as
MINRES. We point out that although solving the KKT system in TT-format (and, in
general, with low-rank solvers) introduces further error in the simulation due to the
low-rank truncations, the relative tolerance of the truncation operator can be so tight-
ened that the error will become negligible. This is investigated in [2] for a low-rank
conjugate gradient iterative solver; see also e.g. [7, [8] for TT iterative solvers.

We remark here that there are, of course, other tensor formats such as canonical,
hierarchical and Tucker formats which could be used to represent tensors [12] and
hence solve our linear systems. However, our choice of TT-format (or TT toolbox)
is due to its relative elegance and convenience in implementation. The details of
its implementation are found in [2I]. A comprehensive overview of low-rank tensor
decompositions can be found in [I2] and the references therein. In our numerical
experiments, we use preconditioned MINRES, together with the TT toolbox, to solve

the linear system .

3.2 Preconditioning the optimality system

As in the case of the optimality system associated with the stationary model problem,
we need a good preconditioner to solve (61)). To this end, we will proceed as before
and rewrite the saddle point system as

_ TM1 0 _
A_[ 0 T5M2],B—[1Ct7'./\/}, (70)
in the notation of . Next, we are interested in a block diagonal preconditioner to
approximate . More precisely, we seek a preconditioner of the form

Ay
P= Aa BE

S

where the blocks A1 ®~ TDRG, @M and As =~ 78D ®Gy® M, and as we noted before,
both approximations could be accomplished by applying a Chebyshev semi-iteration
on the mass matrix M in the blocks. The matrices D, Gy and G, are easy to invert
since they are diagonal matrices. Moreover, S is an approximation to the (negative)
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Schur complement S; = BA~'BT| that is,
.
B

As in the time-independent case, we consider the following approximation of the
Schur complement:

Sy = %icthllctTJr NMGINT. (71)

§ = % (Ictw\?lu) M (Ict+Mu)T, (72)

where M, is again determined via the ‘terms-matching’ procedure so that both the
first and second terms in S; and S are matched, but the cross terms in S are ignored;
that is, we have

72

B

from which we deduce that M, = YN, with v = 71 HT“, by using a similar arguments

MMM, = —NMFNT,

as before, so that

L1 T+a T+a, .\
S:T(ictJrT BN)Mll(/ctJrT 3 ) (73)

=Z

Moreover, as in the stationary case, we have the following result regarding the eigen-
values of the preconditioned Schur complement S~15;.

Theorem 5. Let o € [0, +00). Then, the eigenvalues of 518, satisfy

2
MSTLS) {1 1), Va < <V”(’C)“> —1, (74)

21+ a)’ K(K) —1

where K = Zilio G; ® K;.
Proof. Let I, := I, and observe first from that we can rewrite K; as

N
Ki=(I+C0)@(GoaM)+I®7y (GieK)=Jo@M+rIaKk, (75)
=0
where
1
-1 1
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and /C, the coefficient matrix of the stationary forward problem, is positive definite.

Now, using , , , , we see that

My = DM,
= Do ME,
= DM)(I®E,)
= MyF, = FaMa,

where F, = I ® &,. Next, define the matrix X by
X = (D@ DMy PEM; Y = DV2RD Y2 @ I+ 1T e MTY2M Y2,

Note then that & is similar to Jo ® I+ 71 ® M~'K. Moreover, from and (73)), we
see that S~LS, is similar to

N —1
[(D @ DM;2IM; V4D @ 1)] [(D ® DM; S M7Y*(D 1)] -
—1
[BXFXT 47214 ) F B+ ) (VF 4 FAT)| (BRESAT 7).
Now, consider the Raleigh quotient

o [BXFIXT + 72
T [Mf;le +(1+a)Fat + /B +a) (XF:! +]~';1XT)] z

R(z) :=

But then,
XF I 4+ FXT =DV I+ JOD V2@ + 1T @ MTYA(KES + £ K)M™Y2,

Since the matrix D'/2(Jy + JJ)D~1/? is the sum of two positive definite matrices, it
is therefore positive definite. Besides, by Proposition [1} one gets

2
KESL+EK =0, Va< NAIGORED I
VEK) -1

It follows that XF,! + F,'AXT = 0. Furthermore, it is easy to check that both
XF;IXT and F ! are also positive definite. Hence, using , we obtain

2T [BX}";lX +72(1+ oz)]-"a_l} T
o7 [BXFIXT + (1+ ) Fa' + /B +a) (XFa ' + ]-"JlXT)} z

IN

<1

R(z)

from which we deduce that A\pax := max R(z) < 1.
The proof of A\pin := min R(x) > 2(171+a) follows similar arguments as in the second
part of the proof of Theorem [3] with C and &, replaced, respectively, by X and F,. [
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Remark 1. Note that, using similar arguments as in Theorem [}, we can as well
characterize the spectrum of the preconditioned KKT system in the unsteady case, if
we define A as the global coefficient matrixz and Py as

A 0
Po{o S]

where A and S are given by (@ and , respectively.

It turns out that, if we specifically use Legendre polynomials and piecewise linear (or
bilinear) approximation in the SGFEM discretization of the SOCPs considered herein,
then the following result proved by Powell and Elman enables us to further bound the
parameter « in Theorem [5| above.

Proposition 2. [25, Lemma 3.7] Let the matrices Gy, in be defined using nor-
malized Legendre polynomials in uniform random variables on a bounded symmetric
interval [—v,v], and suppose that piecewise linear (or bilinear) approximation is used
for the spatial discretization, on quasi-uniform meshes. Let (\;, ;) be the eigenpairs
associated with the N-term KLE of the random field an. Then k(KK) < ®/¥, where
® = 3 (a) + 1 and ¥V = c1h?E(a) — 0, with

N
n = coo O Z \/E’H‘Pi(x)”oov
i=1

X

where C'2Y is the maximal root of the Legendre polynomial of degree n + 1, o, is the
standard deviation of the random field a, h is the spatial discretization parameter, and
c1 and co are constants independent of h, N, and n.

We can now state the following result.

Corollary 1. Let o € [0,+00). Then, the spectrum of S-18, satisfies

MS7LS,) © [ Vo < 2 — 1, (76)

1
— 1
2(1+ )’ ) ’
where fi = %, p# 1 andp=+/P/V, with ® and ¥ as defined in Proposition .

Proof. The proof is a direct consequence of Proposition [2| and Theorem O

Next, as the approximation S is impractical, we proceed next to derive its practical
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version. Now, observe from , and that
Z = ICt + ’YN
= [(In,®L)+(CROM)|+v(In, @®M)
I, @[L+AM] + (C @ M)

B N

= Int® <G0®(M+TKO)+TZG1'®K1'>+’Y(G0®M) +(C’®M)
L 1=1
B N

= I,®|Go®((1+7)M+7Ko)+7Y G K|+ (CoM)
L i=1
M N

= 6,®|GeYV+7Y GoK|+(CoGaM), (77)
L 1=1

where Y = (1 +v) M + 7K. Hence, using similar arguments as in Section we can
now approximate Z using

Zy:= (I, ®Go®@Y) + (C®Gy® M). (78)

In practice, we approximate S by applying a multigrid process n; times instead of the
inverse of ) in each of the diagonal blocks of Z; and its transpose.

4 Numerical experiments

In this section, we present some numerical results. The numerical experiments were
performed on a Linux machine with 80 GB RAM using MATLAB® 7.14 together
with a MATLAB® version of the AMG code HSL MI20 [4]. We implement each of the
mean-based preconditioners Zy and 2y as given, respectively, by 1] and using
one V-cycle of AMG with symmetric Gauss-Seidel (SGS) smoothing to approximately
invert K. We remark here that we apply the method as a black-box in each experiment
and the set-up of the approximation to Ky only needs to be performed once. Unless
otherwise stated, in all the simulations, MINRES is terminated when the relative
residual error, measured in the Euclidean norm, is reduced to tol = 10~°. Note that
tol should be chosen such that the truncation tolerance € < tol; otherwise, one would
be essentially iterating on the ‘noise’ from the low-rank truncations, as it were. In
particular, we have chosen herein € = 1078,

First, we present our simulations for the cost functional constrained by the
steady-state diffusion equation as given by . The random input a is characterized
by the covariance function

Cu(x,y) = 02 exp <_|x1£— ml _ |:132€— y2> . Y(xy) € [-1,12
1 2

The forward problem has been extensively studied in, for instance, [25]. The eigenpairs
(Aj,¢;) of the KL expansion of the random field a are given explicitly in [I1]. In the
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simulations, we set the correlation lengths ¢; = ¢ = 1 and the mean of the random
field E[a] = 1.

Next, we investigate the behavior of the solvers (low-rank MINRES and TT-MINRES)
for different values of the stochastic discretization parameters J, P, o, as well as « and
B. Moreover, we choose & = {&1,...,&{n} such that & ~ U[-1,1], and {¢;} are N-
dimensional Legendre polynomials with support in [—1, 1]V. The spatial discretization
uses Qp spectral elements. In the considered unsteady SOCP example (that is, in

Section , the resulting linear systems were solved for time 7' = 1.

| LR-Minres | # iter (t)  # iter (t) # iter (t) # iter (t) |
p 4 481 1985 8065 32513
[f=10"" |
20 9 (32.8) 25 (115.4) 27 (250.5) 29 (736.6)
84 95 (110.7) 27 (380.4) 27 (582.2) 29 (1619.6)
210 95 (141.6) 27 (392.8) 27 (594.69) 29 (1673.9)
[(B=107" |
20 21 (25.7) 21 (113.8) 25 (260.9) 25 (666.8)
84 21 (128.9) 23 (363.7) 25 (607.6) 25 (1438.1)
210 21 (145.6) 23 (385.5) 25 (600.8) 25 (1471.8)
EER |
20 19 (8.2) 21 (174) 23 (67.4) 23 (618.3)
84 19 (18.8) 21 (42.5)  23(229.7) 23 (1313.7)
210 19 (19.6) 21 (44.9) 23 (576.9) 23 (1450.0)
e |
20 17 (10.6) 17 (34.8) 21 (223.7) 21 (578.3)
84 17 (99.9) 19 (306.4) 21 (520.7) 21 (1217.2)
210 17 (115.4) 19 (313.63) 21 (515.6) 23 (1322.6)

Table 1: Results of simulations showing the total number of iterations from low-
rank preconditioned MINRES and the total CPU times (in seconds) with
a=1,3€{1072,1073,107%,107°}, o, = 0.1, and selected spatial (.J) and
stochastic (P) degrees of freedom.

J(h
P (h) 481 (&) 1985(3) 8065 (5) 32513 ()
20(N=3,n=3) [2880 119,100 483,900 1,950,780
84 (N =6,n=3) | 121,212 500,220 2,032,380 8,193,276
210 (N =6,n=4) | 303,030 1,250,550 5,080,950 20,483,190

Table 2: Dimension of global coefficient matrix A in |D here dim(.A) = 3JP.

Moreover, our target (or desired state) in both models is the stochastic solution of the
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forward model with right hand side 1 and zero Dirichlet boundary conditions{ﬂ

Tables[I] and [B]show the results from the low-rank preconditioned MINRES for
the model constrained by stationary diffusion. In Table[2] we give the total dimensions
of the KKT systems in for various discretization parameters used to obtain the
results in Tables[l] The dimensions range between 28,000 and 20 million.

| LR-Minres | # iter (t) # iter (t)  # iter (t) |

P | 20 84 210 \

[ dim(A) =3JP [ 119,100 500,220 1,250,550 |
f=10"3 19 (96.4) 21 (1336.0) 21 (347.93)
g=10""* 17 (86.3) 19 ( 302.6) 19 (305.64)
B=10""° 15 (77.4) 17 (273.6) 17 (283.24)

Table 3: Results of simulations showing the total number of iterations from low-rank

preconditioned MINRES and the total CPU times (in seconds) with «

0, B€{1073,1074,107°}, 0, = 0.1, and J = 1985 (h = 25) spatial degrees
of freedom, and dimension of the KKT matrix A solved.

25

| LR-Minres | # iter (t) # iter (t) # iter (t) # iter (t)
P T st (h=15r) 1985 (h=35) 8065(h=355) 32513 (h= )
[ 0. =0.01
20 17 (7.4) 19 (16.7) 19 (53.4) 21 (544.8)
84 17 (17.0) 19 (39.0) 19 (190.0) 21 (1190.0)
210 17 (18.4) 19 (40.4) 19 (470.0) 21 (1230.2)
o, =04
20 33 (13.8) 37 (28.0) 41 (115.3) 43 (1049.8)
84 35 (33.8) 41 (84.5) 45 (447.0) 47 (2610.4)
210 41 (41.9) 47 (98.4) 47 (782.3) 55 (3161.1)

Table 4: Results showing the effect of significant decrease (o, = 0.01) and increase
(04 = 0.4) in the standard deviation of the random input @ on the low-rank

stochastic (P) degrees of freedom.

preconditioned MINRES with a = 1, 8 = 10~* and selected spatial (J) and

We have solved the linear systems using our proposed block-diagonal preconditioner,
together with the approximation S; for the Schur complement as given by and
. We observe first, from Table |1} that our preconditioner is robust with respect

to the discretization parameters.

Herein, h is the spatial mesh size.

Moreover, as

INote that this is not an ’inverse crime’ as the right-hand side of the forward model used is deter-
ministic, unlike in the state equation.
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illustrated in Table [d] it performs relatively better if the standard deviation o, of the
random input is smaller than when it is increased. Nonetheless, the preconditioner
still maintains its robustness in {0.01,0.4}. For o, > 0.5, we can no longer guarantee
the positive-definiteness of the matrix K corresponding to the forward problem [25].

The results in Tables [ and [f] were obtained with a = 1, whereas those in
a Table [3] were computed with o = 0. We have reported in Table [f] the values of
the tracking term and the cost functional for « = 1 and o, = 0.1. As expected, the
tracking term gets smaller and smaller as the regularization parameter 8 decreases, and
the cost functional also decreases accordingly converging, respectively, to 1.2 x 10™*
and 2.5 x 107

IE | 1072 1077 1076 10-1° \
Iy = e pyerzr | 51x 1077 18X 107" 12x 1077 12x 107"
J(y,u) 1.4x1072 42x107% 25x107* 25x107*

Table 5: Tracking term and the cost functional in the steady-state model for different
values of 3 and with o = 1, 0, = 0.1, J = 1985 (h = 3), P =84 (N =
6,n = 3).

mean target var target

Figure 1: The mean (left) and variance (right) of the target using low-rank precondi-
tioned MINRES for the steady-state model with o, = 0.1,J = 1985 (h =
%), P =84 (N =6,n=3).

Figure [I] shows the mean and the variance of the target function, whereas Figures
and [3] respectively, depict the statistics for the state and control functions computed
with o = 1. Here, we see that the mean of the state visually coincides with the mean of
the desired state. However, as anticipated, the variance of the state is reduced. When
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we set a = 0, we observe that the solver recovers both the mean and variance of the
state as illustrated in Figure |4l This observation, together with the results in Table 3|
further confirms the robustness of our preconditioner for a € {0, 1}.

mean state var state

Figure 2: The mean (left) and variance (right) of the state using low-rank precondi-
tioned MINRES for the steady-state model with o = 1,8 = 1072,0, =
0.1,J = 1985 (h = 55), P =84 (N = 6,n = 3) and truncation tolerance e =
1078,

Next, we present in Table [6] our simulation results for the unsteady diffusion con-
strained model as discussed in Section Here, for o« € {0,1} and different val-
ues of B, we show the outputs of our simulations showing the total CPU times and
the total number of iterations from preconditioned MINRES in TT-format. Also,
DoF=J - P -n, is the size of each of the 9 block matrices in A. That is, the optimality
matrix A is of dimension 3DoF. In particular, we have done the computations with
J=1985 (h = 35), P =56 (N =5,n=3), 0, = 0.1, and different numbers of total
time steps n;.

As in the steady-state case, we see from Table [f] that TT-MINRES, when used
together with our mean-based preconditioner as given by and is quite robust,
but in general yields fewer iterations for & = 0 than for &« = 1. We remark here that
we used a smaller tolerance tol = 1073 in the unsteady case because MATLAB® took
more time because of the rapid the growth of TT-ranks. Although not reported here,
we also got robust two-digit TT-MINRES iterations when we used tol = 107°.

31



mean control var control

Figure 3: The mean (left) and variance (right) of the control using low-rank precon-
ditioned MINRES for the steady-state model with @ = 1,3 = 1072,0, =
0.1,J = 1985 (h = 55), P =84 (N = 6,n = 3) and truncation tolerance e =

1075,
| TT-Minres | # iter (t) # iter (t) # iter (t)
[ [2° 2 2

|
|
[ dim(A) = 3JPn, | 10,671,360 21,342,720 85,370,880 |
’ a=1, tol=10"3 ‘

B =10"° 6 (285.5) 6 (300.0) 8 (372.2)

B =106 4 (77.6) 4 (130.9) 4 (126.7)

B=10"8 4 (56.7) 4 (59.4) 4 (64.9)
[a=0, tol=10"3 ‘

B=10"° 4 (207.3) 6 (366.5) 6 (229.5)

B =10"° 4 (153.9) 4 (158.3) 4 (172.0)

B=10"8 2 (35.2) 2 (37.8) 2 (40.0)

Table 6: Results of simulations of the model with time-dependent diffusion constraint
showing the total number of iterations from preconditioned MINRES in TT-
format and the total CPU times (in seconds) for selected parameter values
and degrees of freedom.

5 Conclusions and outlook

In this paper, we have derived and implemented block-diagonal Schur complement-
based preconditioners for linear systems arising from the SGFEM discretization of the
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mean state var state

Figure 4: The mean (left) and variance (right) of the state using low-rank precondi-
tioned MINRES for the steady-state model with o = 0,8 = 107%,0, =
0.1,J = 1985 (h = 55), P =84 (N = 6,n = 3) and truncation tolerance e =
1075,

stochastic optimal control problems constrained by either stationary or time-dependent
PDEs with random inputs. Moreover, we analyzed the spectra of the derived precondi-
tioners. Our approach to the solution of the KKT linear systems entails a formulation
that solves the systems at once (for all time steps in the unsteady case). This strat-
egy leads, more often than not, to a large system that cannot be solved using direct
solvers. However, combining our proposed preconditioners with the low-rank solvers
considered herein have proven efficient in accomplishing the tasks.

Although the TT-MINRES works quite well for the time-dependent problem consid-
ered in this paper, the rapid growth of the TT-ranks is not a trivial issue. In a related
work, we are currently exploiting some capabilities of the TT toolbox to minimize the
rank growth and hence make the solver a lot more efficient.
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