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Abstract

We consider the Dynamical Low Rank (DLR) approximation of random parabolic
equations and propose a class of fully discrete numerical schemes. Similarly to the
continuous DLR approximation, our schemes are shown to satisfy a discrete variational
formulation. By exploiting this property, we establish stability of our schemes: we
show that our explicit and semi-implicit versions are conditionally stable under a
“parabolic” type CFL condition which does not depend on the smallest singular value
of the DLR solution; whereas our implicit scheme is unconditionally stable. Moreover,
we show that, in certain cases, the semi-implicit scheme can be unconditionally stable
if the randomness in the system is sufficiently small. Furthermore, we show that these
schemes can be interpreted as projector-splitting integrators and are strongly related
to the scheme proposed in [29,30], to which our stability analysis applies as well.
The analysis is supported by numerical results showing the sharpness of the obtained
stability conditions.
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1 Introduction

Many physical and engineering applications are modeled by time-dependent partial
differential equations (PDEs) with input data often subject to uncertainty due to mea-
surement errors or insufficient knowledge. These uncertainties can be often described
by means of probability theory by introducing a set of random variables into the
system. In the present work, we consider a random evolutionary PDE

w+Lw) = f ey

with random initial condition, random forcing term and a random linear elliptic oper-
ator £. Many of the numerical methods used to approximate such problems, require
evaluating the, possibly expensive, model in many random parameters. In this regard,
the use of reduced order models (e.g. Proper orthogonal decomposition [5,6] or gen-
eralized Polynomial chaos expansion [10,26,33,37,39]) is of a high interest.

When the dependence of the solution on the random parameters significantly
changes in time, the use of time-varying bases is very appealing. In the present work, we
consider the dynamical low rank (DLR) approximation (see [4,7,16,22,23,28,32,34])
which allows both the deterministic and stochastic basis functions to evolve in time
while exploiting the structure of the differential equation. An extension to tensor dif-
ferential equations was proposed in [25,31]. The DLR approximation of the solution
is of the form

R
u(t) =i(t)+ Y _UjnY;@0), 10Tl )

j=1

where R is the rank of the approximation and is kept fixed in time, i (¢#) = E[u(¢)]is the
mean value of the DLR solution, {U; ()} =1 is a time dependent set of deterministic

basis functions, {Y; (t)}f:1 is a time dependent set of zero mean stochastic basis
functions. By suitably projecting the residual of the differential equation one can derive
evolution equations for the mean value # and the deterministic and stochastic modes
{U;} le, {Y;} =1 (see [23,34]), which in practice need to be solved numerically. An
efficient and stable discretization scheme is therefore of a high interest.

In [23,34], Runge-Kutta methods of different orders were applied directly to the
system of evolution equations for the deterministic and stochastic basis functions. In
the presence of small singular values in the solution, the system of evolution equations
becomes stiff as an inversion of a singular or nearly-singular matrix is required to solve
it. Applying standard explicit or implicit Runge-Kutta methods leads to instabilities
(see [20]). In this respect, the projector-splitting integrators (proposed in [29,30] and
applied in e.g. [11,12]) are very appealing. In [20], the authors showed that when
applying the projector-splitting method for matrix differential equations one can bound
the error independently of the size of the singular values, under the assumption that
f — £ maps onto the tangent bundle of the manifold of all R-rank functions up to a
small error of magnitude ¢. A limitation of their theoretical result, as the authors point
out, is that it requires a Lipschitz condition on f — £ and is applicable to discretized
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PDEs only under a severe condition ArL < 1 where At is the step size and L is
the Lipschitz constant, even for implicit schemes. Such condition is, however, not
observed in numerical experiments. In [21], the authors proposed projected Runge-
Kutta methods, where following a Runge-Kutta integration, the solution first leaves
the manifold of R-rank functions by increasing its rank, and then is retracted back to
the manifold. Analogous error bounds as in [20] are obtained, also for higher order
schemes, under the same e-approximability condition on f — £ and under a restrictive
parabolic condition on the time step.

In this work we propose a class of numerical schemes to approximate the evolution
equations for the mean, the deterministic basis and the stochastic basis, which can be of
explicit, semi-implicit or implicit type. Although not evident at first sight, we show that
the explicit version of our scheme can be reinterpreted as a projector-splitting scheme,
whenever the discrete solution is full-rank, and is thus equivalent to the scheme from
[29,30]. However, our derivation allows for an easy construction of implicit or semi-
implicit versions.

The main goal of this work is to prove the stability of the proposed numerical
schemes for a parabolic problem (2). We first show that the continuous DLR solution
satisfies analogous stability properties as the weak solution of the parabolic problem
(1). We then analyze the stability of the fully discrete schemes. Quite surprisingly,
the stability properties of both the discrete and the continuous DLR solutions do not
depend on the size of their singular values, even without any e-approximability con-
dition on f — L. The implicit scheme is proven to be unconditionally stable. This
improves the stability result which could be drawn from the error estimates derived
in [20]. The explicit scheme remains stable under a standard parabolic stability con-
dition between time and space discretization parameters for an explicit propagation
of parabolic equations. The semi-implicit scheme is generally only conditionally sta-
ble under again a parabolic stability condition, and becomes unconditionally stable
under some restrictions on the size of the randomness of the operator. As an appli-
cation of the general theory developed in this paper, we consider the case of a heat
equation with a random diffusion coefficient. We dedicate a section to particularize
the numerical schemes and the corresponding stability results to this problem. The
semi-implicit scheme turns out to be always unconditionally stable if the diffusion
coefficient depends affinely on the random variables. The sharpness of the obtained
stability conditions on the time step and spatial discretization is supported by the
numerical results provided in the last section.

A big part of the paper is dedicated to proving a variational formulation of the
discretized DLR problem, analogous to the variational formulation of the continuous
DLR problem (see [32, Prop. 3.4]). Such formulation is a key for showing the stability
properties and, as we believe, might be useful for some further analysis of the proposed
discretization schemes. It as well applies to the projector-splitting integrator from
[29,30] provided the solution remains full rank at all time steps. However, in the rank-
deficient case, our schemes may result in different solutions. We dedicate a subsection
to show that a rank-deficient solution obtained by our scheme still satisfies a suitable
discrete variational formulation and consequently has the same stability properties as
the full-rank case.
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The outline of the paper is the following: in Sect. 2 we introduce the problem and
basic notation; in Sect. 3 we describe the DLR approximation and recall its geometrical
interpretation with variational formulation. In Sect. 4 we describe the discretization of
the DLR method and propose three types of time integration schemes. We then derive
a variational formulation for the discrete DLR solution and show its reinterpretation as
a projector-splitting scheme. Section 5 is dedicated to proving the stability properties
of both continuous and discrete DLR solution. In Sect. 6, we analyze the case of a
heat equation with random diffusion coefficient and random initial condition. Finally
in Sect. 7 we present several numerical tests that support the derived theory. Section
8 draws some conclusions.

2 Problem statement

We start by introducing some notation. Let (I', F, p) be a probability space. Consider
the Hilbert space Lf, = L%(F) of real valued random variables on I" with bounded
second moments, with associated scalar product (v, w) = fr vw dp and norm
vl 2 = [{v, v) L2 Consider as well two separable Hilbert spaces H and V with

scalar products (-, -) g, (-, -)v, respectively. Suppose that H and V form a Gelfand
triple (V, H, V'), i.e. V is a dense subspace of H and the embedding V < H
is continuous with a continuity constant Cp > 0. Let L%(F; V), L%(F; H) be the
Bochner spaces of square integrable V (resp. H) valued functions on I" with scalar
products

<U7 w)H,L% Z/ <Ua w>H dp’ vV, w € L%(Fa H)
r

(v, why 12 =/ (v,wyy do, v,we Lf)(l“; V),
r

respectively. Then, (L%(F; V), L%(F; H), L%(F; V")) is a Gelfand triple as well
(see e.g. [27, Th. 8.17]), and we have

olli ez < Cellvlly 2 Yo e LyT: V). 3)
We define the mean value of arandom variable v as E[v] = f r v dp, where the integral
here denotes the Bochner integral in a suitable sense, depending on the co-domain of

the random variable considered. In what follows, we will use the notation v = E[v] and
v* := v — v. Moreover, we let (-, ~)V/V’L% denote the dual pairing between L% Tr; vH

and L2(I'; V):

(K, v)yry 13 = /F (K@), v(@®)),,, dp(@), Ke L3I V'), velLi(I;V).

With this notation at hand, we now consider a random operator L with values in the
space of linear bounded operators from V to V’ that is uniformly bounded and coercive,
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i.e. a Borel measurable function

L:T = &V,V)

o+ L(w)
such that there exist Cz, Cp > 0 satisfying

(L@)v,v),,y, = Celvl} YoeTl, YveV, 4)
(L(@)v, w),, < Callvlviwlly Vo eT, Yv,we V. (%)

Associated to the random operator L, we introduce the operator £, defined as

L:L3T:V)— LT V)
ur— Lw): Lum)(w) =Lwuw) eV VYoel.
Notice that for any strongly measurableu : I' — V themapw € I' =~ L(w)u(w) € V’
is strongly measurable, V' being separable, see Proposition A in the appendix. From

the uniform boundedness of L it follows immediately that, if u is square integrable,
then L(u) is square integrable as well and ||£(”)||L},(r;v’) < CB”””L%(F;V)’ Yu €

L%(F; V). The operator £ induces a bilinear form on L% (I"; V) defined as

(v, w)g, = /F (LO) (@), w(@),ydo@),  v,we LAT; V),

which is coercive and bounded with coercivity and continuity constant C, and Cp,
respectively, i.e.
(v, V)2, = Celvll}
9 [,,p - [, V,L%’
(,viep = Colully 2llvlly, L2
Then, given a final time 7 > 0, a random forcing term f € LZ(O, T; L%(F; H))
and a random initial condition uy € L%(F; V), we consider now the follow-

ing parabolic problem: Find a solution uyye € LZ(O, T; L%(F; V)) with ttge €
L%(0,T; Lf, (T'; V")) satisfying

(lf.‘truev v)V’V,L% + (ﬁ(utrue)7 U)V/V,L% = (f’ U>H,LI%’
Yve LI V), ae.t€(0,7] (6
e (0) = ug.

The general theory of parabolic equations (see e.g. [38]) can be applied to problem
(6), at least in the case of L%(F; V), L%(F; H), L%(F; V') being separable, e.g. when
I" is a Polish space and F is the corresponding Borel o-algebra. We conclude then
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that problem (6) has a unique solution uy. Which depends continuously on f and
up. We note that the theory of parabolic equations would allow for less regular data
feL*0,T; L% (I'; V') and ug € L%(F; H). However, in this work we restrict our
attention to the case f € L*(0, T; L2(I'; H)), ug € L2(I'; V).

3 Dynamical low rank approximation and its variational formulation

Dynamical low rank (DLR) approximation, or dynamically orthogonal (DO) approx-
imation (see e.g. [23,24,34]) seeks an approximation of the solution ue of problem
(6) in the form

R
() =a(t) + Y Uj0Y;(t). te[0,T] )
j=1

where u(r) € V, {U; (t)}f=1 C V is a time dependent set of linearly independent
deterministic basis functions, {Y; (t)}je e L% is a time dependent set of linearly
independent stochastic basis functions. In what follows, we focus on the so called

Dual DO formulation (see e.g. [32]), in which the stochastic basis {Y; (t)}j=1 r C Lf)
is kept orthonormal in (-, -) I at all times whereas {U j(t)}fz | are only required to

be linearly independent at all times. We call R the rank of a function u of the form
(7). To ensure the uniqueness of the expansion (7) for a given initialization u(0) =
u(0) + Zle U;(0)Y;(0), we consider the following conditions:
(i), Yj0))2 =8ij,  ElY;(01=0, Vl<i,j<R, Vie[0,T] (8)
and the gauge condition (also called DO condition)
Y (1), Yj(t))L% =0, VI<i,j<R, Vte(0,T) )
(see [19]).

Plugging the DLR expansion (7) into the equation (6) and following analogous
steps as proposed in [34] leads to the DLR system of equations presented next.

Definition 1 (DLR solution) We define the DLR solution of problem (6) as

R
u(@) = i) + Y Uin)Yi(t) € Ly(T; V)

i=1

where i, {Ui},R: 1 {Y,-}ZR | are solutions of the following system of equations:

(i, v)yry + EIL@)], v)yry = (E[f], v) YvoeV (10)
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U;, v)yry + EIL@Y;1, v)yry = ELFY1 v)a YoeV,j=1,....R
(1)

R
Vi M P @, Uy — (U | =0 L3 j=1.. R
i=l1

(12)

with the initial conditions i(0), {Y,-(O)}le, {U]-(O)}j?:l such that @#(0) € V,
{Y; (0)}5?:] satisfies the conditions (8), {U; (0)}5?21 are linearly independent in V,
and u(0) + Zle Y;(0)U;(0) is a good approximation of ug. In (12), the matrix
M e RR*R g defined as M;; = (U;,Uj)g, 1 <i,j < R and PJL) denotes the

orthogonal projection operator in the space L%(I‘) on the orthogonal complement of

the R-dimensional subspace ) = span{Yy, ..., Y}, i.e.
R
Pylvl=v—"Pylvl=v-> (v, Yi)2Y;, forve L?. (13)

J=1

For the initial condition one can use for instance a truncated Karhunen-Loéve expan-
sion u(0) = u(0) + ZiR:l U; (0)Y;(0) where (0) = E[ug], {U; (0)}}'?:1 are the first R
(rescaled) eigenfunctions of the covariance operator C,,, : H — H defined as

(Cugv, w)g = El{uo — u(0), v} {uo —u(0), wynl Vv,we H

and Y; = (ug — u(0), U;) g (the eigenfunctions are suitably rescaled so that IE[YiZ] =
1). We note that for ug € L%(F; V), the eigenfunctions {U; (O)}I.R’:1 arein V.

In what follows we will use the notation U = (Uy, ..., Ug)andY = (Y1, ..., YR).
Then, the approximation (7) reads u = u + UYT.

The rest of the section gives a geometrical interpretation of the DLR method and
derives a variational formulation, following to a large extent derivations from [32].
Such geometrical interpretation and consequent variational formulation will be key to
derive the stability results of the numerical schemes, discussed in Sect. 5.2. We first
introduce the notion of a manifold of R-rank functions, characterize its tangent space
in a point as well as the orthogonal projection onto the tangent space.

The vector space consisting of all square integrable random variables with zero
mean value will be denoted by L,%),o = L%,O(F) C L%(F).

Definition 2 (Manifold of R-rank functions) By Mpr C L%QO(F; V) we denote the

manifold consisting of all rank R random functions with zero mean

R
Mg = |u* € L2y V)| v* =S UiY; = UYT,
i=1 (14)

(Y;, Yj)L% =6, VI <i,j <R, {U,-},R:1 linearly independent].
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It is well known that M admits an infinite dimensional Riemannian manifold struc-
ture ( [15]).

Proposition 1 (Tangent space at UY T) The tangent space Tyyt Mpg atapointUYT €
Mg can be characterized as

R
Tyyt Mg = |3v €L, (i V) |8v =" U;sY; +8U; Y.
i=1
SU €V, 8Yi € L2, (85, V) =0,V <i, j < R}. (15)
Proposition 2 (Orthogonal projection on 7yt Mpg) The L%’O(F; H)-orthogonal pro-

Jjection My yt[v] of afunctionv € le) (T, H) onto the tangent space Tyyt MR is given
by

R R
Muyrlvl =) (v, )2 Yi + Py [Zw, U,»>H<M—1UT>,}

i=1

(16)

i=1

= Pyl + Py[Pulvl] = Pylvl + Pylv] — Py[Pulvl]

where U = span{Uy, ..., Ur} and Py[-] is the H-orthogonal projection onto the
subspace U.

For more details, see e.g. [32]. Note that [Tyyr[-] can be equivalently written as
Myyr[] = Pyll+ PLL{ [Py[-1]. In the following we will extend the domain of the
projection operator [Ty yr. Further, we will state two lemmas used to establish Theorem
1, which presents the variational formulation of the DLR approximation.

The operator [Tyt can be extended to an operator from L% (T; V) to L% Tr; vh
as

MyyrlK] = (K, ¥) 2 Y7 + Py, U)yyyM™'UT] VK € Lo(T: V).
The extended operator satisfies the following.
Lemma1 Let UYT € Mg. Then it holds

(K, QuyrlvDyry 12 = [yyt KL v)yry 12, Yo € L3 V), Ke L3I V).
(17)

Proof First, we show that
(K, Pylohyry. iz = (PyIKL v)yry 12 Vv e L33 V), K e Ly(IT: V).

@ Springer



Stability properties of a projector-splitting scheme for dynamical... 981

Indeed,

R
(K, PylvDyry, 12 = ./r (IC’ Z(v, E>L%K)V’Vdp
i=1

(K, (v, Y)LzY)V,Vdp

I
=
5—

I
-

I
=
5—

I
—

R
(ICYi’<U7 Yi)LZ V/V Z IC Y L2 U Yi)L%)V/V

I
™~
—

I
—

((/c Yi)13Yi, v)yndp = (Py[K], v)yry 12

where in the forth step we applied Theorem 8.13 from [27].
Now we proceed with proving (17)
(K, TuyrloDyy 1z = (K, Pylvl+ P PulviDyry i3
= (Py[KL. v)yry 13 + (PyIKL PulvDyy 3
= (PyIKl. U)V/V,L;, + (P)LJUC]’ @, U)HM_IUT)V’V,L%

U)wv,Lg, +,/r(Pﬁm’UM_l)wv(UT’”)HdP
= (PylKL v)yry 12 + ((PyIKL. Uy M~ UT, U)wv,Lg

= (ITyy+[K], v)v/v)L%.

= (PylKl,

—

O

We are now in the position to state the first variational formulation of the DLR equa-
tions.

Lemma2 Let U, Y be the solution of the system (11)—(12). Then the zero-mean part

of the DLR solution u™ = UYT satisfies

@ + e [L£5@) = f*1, v)yry 12 =0, Vo e Ly V). (18)

Proof First, we multiply Eq. (11) by Y'; and take its weak formulation in L%. Summing
over j results in

(OYT+E[(Lw - A)Y]YTow) =0 VoeV.we L]
"
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Notice that E[ (£*(u) — f*)Y] = E[(L(u) — f)Y] since Y C L,%,0~ Analogously, we
multiply (12) by U; and take its weak formulation in V'

R
Y. MY P (LF ) — £ U, —
(v;7; + > Uy Py @ = Uy o) =0
1=
YveV, we L%.
Summing over j, this leads to

(UYT +p$[(g*(u) — U)V,VM—luT], vw) ,=0 YweV,wel}

V'V.L3

Summing the derived equations we obtain

d
SuyT L) — £ _ . 2
<dt(UY ) + My [L7 () — 7], Z)v 0 Vzespanfow:veV, weLy}

'V,L2

In particular, this holds for any z being a Bochner integrable simple function, the
collection of which is dense in L%(F; V) (see [27, Th. 8.15]). O

We can finally state the variational formulation corresponding to the DLR Eqgs. (10)-
(12).

Theorem 1 (DLR variational formulation) Let u, U, Y be the solution of the system
(10)—(12). Then the DLR solution u = u + UYT satisfies

(i + L@, v)yy o =(F 0hgrz,  Yo=0+0", 0V, v € T Mg. (19)
Proof Based on Lemmas 2 and 1 we can write

(@, v)V’V,L% + (M [£7 ) — £, v)V’V,L%

= (", v)V,V’L% + (L*) — f*, nu*[v])v,V’L% =0, VvelLI:V).
Since IT,«[v] = v, Yv € T, Mp, this results in
(0" + L") — £, v)V,V’L% =0, VveTxMpg,
which can be equivalently written as

@+ L) — [ w+v)yy, 2 =0, YweV,VveTsMg,  (20)
P

exploiting the fact that (u* + L) — f*, w) vz = 0, Yw € V. Likewise, Eq.

(10) can be equivalently written as

(i +ELL@W) = fl. w+v)y,y, . =0, YweV, YoeTMg (1)
i
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exploiting the fact that (ﬁ +E[L@w) — f1. v) 1y ;2 =0as E[v] =0 Vv € T« Mg.
p
Summing (20) and (21) leads to the sought Eq. (19). O

Recently, the existence and uniqueness of the dynamical low rank approximation
for a class of random semi-linear evolutionary equations was established in [19] and
for linear parabolic equations in two space dimensions with a symmetric operator £
in [3].

4 Discretization of DLR equations

In this section we describe the discretization of the DLR equations that we consider in
this work. In particular, we focus on the time discretization of (10)—(12) and propose a
staggered time marching scheme that decouples the update of the spatial and stochastic
modes. Afterwards, we will show that the proposed scheme can be formulated as a
projector-splitting scheme for the Dual DO formulation and comment on its connection
to the projector-splitting scheme from [29]. As a last result we state and prove a
variational formulation of the discretized problem.
Stochastic discretization

We consider a discrete measure given by {wx, Ak} k—1» 1-€. a set of sample points
{a)k}k ; € I'with R < N < 0o and a set of positive weights {Ak}k 1 Ak >0,

Z t=1 A = 1, which approximates the probability measure p

N
0 =Zkk3wk X p.
k=1

The discrete probability space I = {a)k},’y:l, Zﬁ, 0) will replace the original one
(I, F, p) in the discretization of the DLR equations Notice, in particular, that a
random variable Z : I — R measurable on (F 2r 0) can be represented as a vector

z € RV with 2k = Z(wg), k =1, , N. The sample points {a)k}k:1 can be taken
as iid samples from p (e.g. Monte Carlo samples) or chosen deterministically (e.g.
deterministic quadrature points with positive quadrature weights). The mean value of
a random variable Z with respect to the measure p is computed as

N
E;(Z] = Z Z ().

We introduce also the semi-discrete scalar products (-,-), ;2 with x = V, H and
their corresponding induced norms || - ||, ;2. Note that the semi-discrete bilinear form
*Th

(-, *)c,p defined as
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984 Y. Kazashi et al.

N
(v, w)ep =Y Ll@)vion)w@n)i
k=1

is coercive and bounded, with the same coercivity and continuity constants C., Cp,
defined in (4), (5), respectively.
Space discretization

We consider a general finite-dimensional subspace V, C V whose dimension is
larger than R and is determined by the discretization parameter /. Eventually, we will
perform a Galerkin projection of the DLR equations onto the subspace V},. We further
assume that an inverse inequality of the type

C1
Iolly ;2 < — vl 2, YveV,®L3 (22)
p h?P p 14

holds for some p € N and Cy > 0.

Time discretization For the time discretization we divide the time interval into N
equally spaced subintervals 0 = 7y < #; < --- < ty = T and denote the time
step by At := t,41 — t,. Note that the DLR solution u = u + UYT appears in
the right hand side of the system of Egs. (10)—(12) both in the operator £ and in the
projector operator onto the tangent space to the manifold. We will treat these two terms
differently. Concerning the projection operator, we adopt a staggered strategy, where,
given the approximate solution u” = @" +U"Y"", we first update the mean " t!, then
we update the deterministic basis U"*! projecting on the subspace span{Y"}; finally,
we update the stochastic basis Y”*! projecting on the orthogonal complement of
span{Y”} and on the updated subspace span{U"*!}. This staggered strategy resembles
the projection splitting operator proposed in [29]. We will show later in Sect. 4.4 that
it does actually coincide with the algorithm in [29]. Concerning the operator £, we
will discuss hereafter different discretization choices leading to explicit, semi-implicit
or fully implicit algorithms.

4.1 Fully discrete problem

We give in the next algorithm the general form of the discretization schemes that we
consider in this work.

. . . . — R .
Algorithm 1 Given the approximated solution uj, ; = i" + > = UTY7 at time 1,
with

-n n n 2
" Ut e Vi, Y elLl

(VY2 =8, Epl¥f1=0, V1<ij<R:

1. Compute the mean value i *! such that
~n+1 —-n

u —u R n n+ly _ en,n+l —
(= w), + (Bslea) pouyih = 4 1w) =0 @3)

Yv, € Vj.
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Stability properties of a projector-splitting scheme for dynamical... 985

2. Compute the deterministic basis f/}’“ forj=1,..., R
gttt —pn
J J . n n+ly _ enn+lyyn _
L ——Low) 4 (Bl oyt = Y Lw) =0 @4
Yv, € V.

3. Compute the stochastic basis {f’j’“l } le such that

fn—i—l _yn

Y 1 1 +1 n+1* i+l _
W P [ (L5 ot = 0 | = 0. 25)

h.p
where M1 = (1T gty PﬁLyn [-]is the analogue of the projector defined
in (13) but in the discrete space L%.

4. Reorthonormalize the stochastic basis: find (U"*!, Y"1y s.t.

R R
YI-H_IU'.H_I — )7r_t—&-101_1+17 Yn+1T’ Yn+l —1d. 26

5. Form the approximated solution at time step #,41 as

R
MZJI%I — lzn-H + Z Uj{l+1 er_erl. 27)
j=1

The expressions E(uz’[;, u’,f;l) and f™"*1 stand for an unspecified time integration
of the operator £(u(¢)) and right hand side f(z), ¢ € [t,, t,+1] and v* denotes the
0-mean part of a random variable v € L% with respect to the discrete measure g, i.e.
v*=v—E;[v].

The newly computed solution u’,f;l belongs to the tensor product space V), ® L%,
since we have i t!, U}’+1 € VyandY; € L%, 1 < j < R. Note that Eq. (25) is set in
L%. Since L% is a finite dimensional vector space isomorphic to RV , Eq. (25) can be

rewritten as a deterministic linear system of R x N equations with R x N unknowns.

This system can be decoupled into a linear system of size R x R for each collocation

point. If the deterministic modes U"*! are linearly independent, the system matrix is

invertible. Otherwise we interpret (25) in a minimal-norm least squares sense, choosing

a solution Y"1 if it exists, that minimizes the norm || Y"1 — y” [l ;2. This is discussed
P

in more details in Sect. 4.3.
The following lemma shows that the scheme (23)—(25) satisfies some important
properties that will be essential in the stability analysis presented in Sect. 5.

Lemma 3 (Discretization properties) Assuming that a solution (Y"T!, U1, gty
exists, the following properties hold for the discretization (23)—(25):
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1. Discrete DO condition:

yr —yr
<#,Y}‘ =0, VI<i, j<R (28)
L2

2. Ep[¥"+ =0
3.y Ty, =1d
P

Proof 1. In the following proof we assume that the matrix M"+! = (U"+17 "+l
is full rank. For the rank-deficient case, we refer the reader to the proof of Lemma
8. Let us multiply Eq. (25) by Y”" from the left and take the L%-scalar product.

Since the second term involves P+ 5 yns the scalar product of Y" with the second

term vanishes which, under the assumption that M”+! is full rank, gives us the
discrete DO condition

[y M> _o.
At L
2. This is a consequence of the fact that we have E;[Y"] = Oand E [([,* (", u"th—
fn,n+l*’ 0n+1)V’V] -0.
3. This is immediate from the discrete DO property and (Y"", ¥") 2 =1d.
il
O

To complete the discretization scheme (23)—(25) we need to specify the terms
L(uy e "'H) and f™"*+! The DLR system stated in (10)—(12) is coupled. There-
fore an 1mp0rtant feature we would like to attain is to decouple the equations for
the mean value, the deterministic and the stochastic modes as much as possible. We
describe hereafter 3 strategies for the discretization of the operator evaluation term
Luj; 5, uyh, and the right hand side f""*!.

Explicit Euler scheme The explicit Euler scheme performs the discretization

Ly 5wyt = L), = ).

It decouples the system (23)—(25) since, for the computation of the new modes,
we require only the knowledge of the already-computed modes. The equations for
the stochastic modes { Y;’H} 5?:1 are coupled together through the matrix M"*! =

(U1, gty g e RRXR byt are otherwise decoupled between collocation points
(i.e. N linear systems of size R have to be solved).
Implicit Euler scheme The implicit Euler scheme performs the discretization

E(”Z’p, n+1) — L(un+1) fﬂ,ﬂ+1 — f(tn-‘,-])

@ Springer



Stability properties of a projector-splitting scheme for dynamical... 987

This method couples the system (23)—(25) in a non-trivial way, which is why we do not
focus on this method in our numerical results. We mention it in the stability estimates
section (Sect. 5.2) for its interesting stability properties.

Semi-implicit scheme Assume that our operator £ can be decomposed into two parts

L(u) = Laer () + Lstoch (1),

where Lge : V — V' is alinear deterministic operator such that it induces a bounded
and coercive bilinear form (-, -) ¢, on V

(U, V) £ge = (Laet@), V)yry, u,veV (29)
and that its action on a function v = vjvy withv; € V, vy € L% is defined as

Let (V) = Lger(v1)v2.

Then, Lge; is also a linear operator Lge L%(F; V) —> L%(F; V') (as well as Lger :
L%(f; V)~ L%(f‘; V")) and induces a bounded coercive bilinear form on L%(F; V)

(U V) Lo p = / (Laet(w), v)yry dp.
r
We propose a semi-implicit time integration of the operator evaluation term
1 1
Ly gy 5D = Laeuy 5) + Lsiocn (1), ;) (30)

whereas for f"*! we can either take f""*t! = f(t,41) or "t = f(1,) or any
convex combination of both. The resulting scheme is detailed in the next lemma.

Lemma4 The semi-implicit integration scheme (30) combined with the general steps
(23)—(25) is equivalent to the following set of equations

nl ntl
@ on) g+ A op) £y,

= (ﬁn, vh)H - Al(Eﬁ[ﬁstoch(uzyﬁ) - fn,n+1]7 Uh)V,V Vvh < Vh
31)
(O vn) i+ AHOT g £y,
= (U} vn)u — A EG[(Lsoen )y 1) = " TOYI L vp)yry VYop € Vi (32)
(7 — ) (i s @, G )

= — APy [ (Lloen W), ;) = " 0" Dyry] in L. (33)

stoch

@ Springer



988 Y. Kazashi et al.

Proof The equation for the mean (23) using the semi-implicit scheme (30) can be
written as

l/_tn_H — " ntl
(), + EslLaa@ D) 01) .,
T
+ (B[Laee "Y' wn) oy = —(BplLaoen @)y 5) = "1 0n) oy

I

Noticing that

- 1
= (Edet(”n_H)a vh)V/V = @ vp) g,

Ty = (Lo (U"THEZ[Y" 7, v4) 0, =0

gives us Eq. (31). Concerning the equation for the deterministic modes we derive

rrn+1 n
<Uj —Uj

an+1
At ) Uh>H + (Eﬁ [‘Cdet(un )Y;l]s U/’l)v/v

T3
+ (B[ Laat @Y™ YT, vy )

v'v

Ty
= —(Bpl(Lstocn ey ) = " HYT1, 08) 0y -

The term T3 vanishes since E;[Y"] = 0 and the term T4 can be further expressed as
T4 = (Ede[(l}n-‘r])Eﬁ[j;nJrlTY;]s U/’l)v/v = (‘Cdet(ﬁ7+l)3 v/’l)v/v
= (U;l+l’ Uh)ﬁdet’

where we used the discrete DO condition (28). Finally, the stochastic Eq. (25) can be
written as

(?nJrl —_y"

1 1 Sl patlTy
() + P | (Lia @ P 0, |

Ts
+ ,P;_’yn I:(‘Czet(ﬁn+l)’ 0n+l)v/v:|
Ts

a1l
— _P/Jiynl:(ﬁ:toch(uz’ﬁ) _ fn n+1 , Un+ )V/V].

The term T5 vanishes since Lﬁet(ﬁ"“) = 0. As for Tg, we derive

@ Springer



Stability properties of a projector-splitting scheme for dynamical... 989

Te = (La(@"THY"T, 0",
_ (Edet([jn-‘rl)Eﬁ[?n-‘rlT Y"] YnT’ UH-H)V’

—_—  —— v
1d
_ pﬁL’yn[(ﬁdet(UnH)]Eﬁ[?nHTL UHH)V/V]
———

=0
— <0n+1’ Un+l>£dct(?n+l'r _ YnT)

which leads us to the sought Eq. (33). O

We see from (31)—(33) that, similarly to the explicit Euler scheme, the equations
for the mean, deterministic modes and stochastic modes are decoupled. If the spatial
discretization of the PDEs (31) and (32) is performed by the Galerkin approximation,
the final linear system involves the inversion of the matrix

Aij ={@j, 0i)H + D@}, 0i) Lo

where {¢;} is the basis of Vj, in which the solution is represented. Both the mass
matrix (¢, ¢;)z and the stiffness matrix (¢;, ¢;) z,,, are positive definite and do not
evolve with time, so that an LU factorization can be computed once and for all at
the beginning of the simulation. Concerning the stochastic Eq. (33), we need to solve
a linear system with the matrix M+ + Ar(T"+!7, "+1) . for each collocation
point wy, unlike the explicit Euler method, where the system involves only the matrix
M"™!. The matrix M" ! + Ar(U" 17, 0"y ¢, is symmetric and positive definite
with the smallest singular value bigger than that of M"*!. Notice, however, that if
M1 is rank deficient, also the matrix M"+! + Ar(U"+17 U+ ;. will be so.
Note that there exists a unique discrete DLR solution for the explicit and semi-
implicit version of Algorithm 1 also in the rank-deficient case (see Lemma 9 below).
The existence of solutions for the implicit version remains still an open question.

4.2 Discrete variational formulation for the full-rank case

This subsection will closely follow the geometrical interpretation introduced in Sect.
3. We will introduce analogous geometrical concepts for the discrete setting, i.e. man-
ifold of R-rank functions, tangent space and orthogonal projection, and will show in
Theorem 2 that the scheme from Algorithm 1 can be written in a (discrete) variational
formulation, assuming that the matrix M"*! stays full-rank.

Definition 3 (Discrete manifold of R-rank functions) By /\/l};e’/3 C Vi®L> o Wedenote
the manifold of all rank R functions with zero mean that belong to the (possibly finite
dimensional) space V), ® L%, namely
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R
h
MR"’z{v th®L20|v ZUiYia {Yi}iRzlcl‘%,O (34)
i—1

(Yi,Yj);2 =68, V1 <i,j <R, {Ui},R=1 C Vj, linearly independent}.
P

Proposition 3 (Discrete tangent space at UYT) The tangent space TUYTM/;{:/)\ at a
point UYT € ./\/l P is formed as

R
Tyyr MP = {5v € Vi ® LYo |6v =Y UisY; +8U;Y;,
i=1

SUj € Vi, 8Y; € L3, (8Y;.Y));2 =0, VI <i.j < R}. 35)
’ 14

The projection I'I}L',’)'éT is defined in the discrete space V; ® L% analogously to its
continuous version (16). It holds

et i® L3 — TyytMi? c Vi@ L3, vUYT e ME%.
A discrete analogue of Lemma 1 holds, i.e.

(K. TG Dyry 12 = (T KL 0 yry 2.

vvevh®Lﬁ,/c€v,;®L§. (36)

The solution of the proposed numerical scheme (23)—(26) satisfies a discrete vari-
ational formulation analogous to the variational formulation (19). To show this, we
first present a technical lemma which will be important in deriving the variational
formulation as well as in the stability analysis presented in Sect. 5.

Lemma5 Let ”Z . ”+1 be the discrete DLR solution at t,, t,+1, respectively, from

n+1,%

h.p * satisfy

the scheme in Algorlthm 1. Then the zero-mean parts u,, ;‘3, u

* h,p
1. Mn A S Tl}’H’lY”TMR .

n+l * h,p
2. hp eTn+1YnTMR .

Proof 1. The solution ”Z; can be written as
uys = ortloT + Uty

Since (0T, Y"");2 = 0, using the definition (35) we have
P

n,* h,p
uh,ﬁ € TU;H—] ynTMRp
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2. The newly computed solution uﬁ)l can be expressed as

uz—;l* — 0n+](?n+l _ Yn)T + f/'n+lY”T.
Based on (28) in Lemma 3, we know that (Y"*!7 — y"" ¥") > = 0, i.e. again
P
using the definition (35) we have uZH € Tniiynt /\/lR )
O

Remark 1 Note that for any function of the form v = U"*'KT or v = JY"' with
K & (LHR, T € (Vi)R, itholds v € Tgu1y, My since we have

JY" =0T 4 gy, Es0TY"]=0
U"KT = 0" Py [KDT + U™ Py yn[KDT, (Pl KDT, Y") 2 2 =0.

Since 7+ {nt+lynT ./\/l ? is a vector space, it includes any linear combination of u p

and u"Jrl *. The following lemma is an analogue of Lemma 2 and will become useful

when we derive the discrete variational formulation.

Lemma6 Let u" 5 "H be the discrete DLR solutions at times t,,, ty+1 as defined in

Algorithm 1. Then the zero-mean parts u”J;l , Z 5 satisfy

(u, s —ujp )*
( h.p h,p +1_[hp

Iy eyt [E*(uh n+1 fn 1% ]’ Uh) -0

V/'V,L2%
14

Vo, € Vi ® L 37)
Proof Multiplying (24) by Y j” and summing over j, we obtain

Un—i-lynT —u®
R w) o+ (BplLG 5= = oty ) =
At " a r h.p vy

Yv, € V. (38)

> %

Noticing that
Eﬁ[(ﬁ(uz,ﬁa n+1 fn n+1)Yn]YnT _ ,5[(['*(112”5, n+1 fﬂ n+1*)Yn]YnT

— D. *00 N n+1 n,n+1*
= p,yn[ﬁ (uh,p h,o f ]

and taking the weak formulation of (38) in L% results in

7 1 T s
(Un+ Y, vh)H’L;ZS = <“Z:i,’ Uh)[-] L%

+00 (P yn ™" = L5 5, i D1 vn) oy 1z Yune Vi ® L3 (39)
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Similarly, multiplying (25) by U"t!, and further writing (25) in a weak form in L%,
we obtain

un+1,* _ 0n+1YnT

(=
At
+P3, p" [(ﬁ*(”h P’ Ztil) - fn’nH*’ 0n+])V’V(MH1)710n+]T]’ w>L% =0,
p
vw e L2, (40)
Since
PLW [(E*(uh 5 n-i—Al) fn,n+l*’ 0n+l)V,V(Mn+l)—10n+lT:|
= Payu [ Prun [LG) s i D) = 400,
taking the weak formulation of (40) in V}, results in
(MZ:;L*, Uh)]-[)L% = ([]nJrl YnT, Uh)H,L%
+A1 Py [P L = £20, 5w DI va)yry 2
Yo, € Vi ® L%. 41)
Finally, summing Eqgs. (39) and (41) results in (37). O

We now proceed with the discrete variational formulation.

Theorem 2 (Discrete variational formulation) Let u h.p and u"+1 be the discrete DLR

solution at times ty, ty+1, respectively, n =0,..., N — 1, as deﬁned in Algorithm 1.
Then it holds

n+1 n
uhﬁ _uhls n n+l n,n+1
( N J ”h)H,L% + (‘C(uh,p ) vh)v’v 2= (f T Uh)H,LZJ
p p
_ L - hp
Vv, = vy + vj, with Uy, € Vj, and vy, € TUnJrlYnTMRp. (42)
s
Proof Thanks to Lemma 5 we have (u”“ —uy ﬁ)* € Tg,,HYnMR’p, and we can
derive
n+1 nooyk n+l _ o n yx
y 5 — Upp) hp y 5 — Uhp)
k) vh = l_[ Tn+1 T\ . | Uh
At H L;g untiyn At H,Lf3
+1 noo\x
@' —u” ) .
h,p h,p h,p >
=(—— " TI- 4
(el ), L @)

*Tp
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and formula (36) gives us

h,p %, n n+ly _ rnn+l*
(HU"HY"T[‘C Wy po ) = f - vn V'V,L%
o

(‘C*(uhp n+1 — n+1* , Un+1ynT[ h]) 44)

viv,L2
P
Summing (43), (44) and applying Lemma 6 results in

_ n *
R ”h.ﬁ)
At
h,p
Yy, € TU'H'] ynT MR’O.

1 1
 n)y, L + (L7 5 n+ - ”h)v'v,L% =0

Now summing this to Eq. (23) we obtain

—n+1 n+1 u O)*
<”h,ﬁ s — )

,w v
A7 n+ /1>

( [E(l/th p n+1) fn n+1] 4 E*(Mh 5 I’l+1) fn,n-ﬁ—l*’ w), + Uh)V/V’LZA
)

HL%

=0 Yw eV, Vy, € TUVH.]Yy,T MR’p (45)

which is equivalent to the final result (42). In (45) we have employed

+1 nooyk
@ —u” )
h,p h,p > * n+1 n,n+1*
, Wh E (M - ’ , Wi 2 = O
< At H,LZ ( h f 1)V,V,Lﬁ
Ywy € Vi
—n+1 n
u, ~ —u't .
h,p h,p > n+1 n,n+1
— ", U S[L(u I, vn =0
< At H’LE ( ( h,p’ f )V’V,Lﬂ3
h,p
Vvh S TO!z+lynTMRpa
which holds as E[v,] = 0, Vv, € 7; ,mY,,TM . O

Remark 2 The preceding theorem applies to a discretization of any kind of the operator
L e LIZ,(F; V"), not necessarily elliptic or linear, as assumed in Sect. 2, as long as
Lemma 1 holds.

4.3 Discrete variational formulation for the rank-deficient case
The discrete variational formulation established in the previous section is valid only

in the case of the deterministic basis "1 being linearly independent, since the proof
of Theorem 2 implicitly involves the inverse of M"+! = (U7 U"*1)y. In this
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subsection, we show that a discrete variational formulation can be generalized for the
rank-deficient case.

When applying the discretization scheme proposed in step 3 of Algorithm 1 with a
rank-deficient matrix M"t! , we recall that the solution Y"*1is defined as the solution
of (25) minimizing || Y"*' —¥" ||, » . Note that minimizing || Y"*! —¥" |, » is equivalent

p p

to minimizing the norm 1Y (@) — Y™ (k) lgr for every sample point wy, k =
1,..., N, where || - ||]%§R = (-, -)rr denotes the Euclidean scalar product in RR.
In what follows we will exploit the fact that the vector space L% is isomorphic

to RY. In particular, it holds that (Y"*! — Y")T e RR*N where each column of
(Y"1 — ymT s given by (Y"t! — Y") (), k = 1, ..., N. With a little abuse of
notation, we use U"*! : RR — V}, to denote a linear operator which takes real
coefficients and returns the corresponding linear combination of the basis functions
Ut By U171 v, — RR we denote its dual.

Lemma 7 Forany discrete solution yntl of Eq. (25) that minimizes the norm || yntl—
Y" ||, 2, it holds that every column of the increment (Y"1 — Y™ lies in the (-, ORR-
P

orthogonal complement of the kernel of M"+1, i.e.

(?}'H»] _ YH)T c (ker(Mn+])l)N,

where ker(M"t1) = {v e R : M1y = 0).

Proof Seeking a contradiction, let us suppose that (Y"1 — y")T ¢ (ker(M "“)J—)N.
Let

VAR ?n+lT - 'Pker(ll;lwl)[?nJF]T - YnT] 7’é ?n+l’ (46)

where Py, jini1)[V] € REXN for v € RR*N denotes the column-wise application

of (-, -)gr-orthogonal projection onto the kernel of M"*1_Then, such constructed Z
satisfies

IZ = Y (@) llrr = 1Y = Y" = Py, [V = Y1) (@)

< 1" — Y™y () g,
and solves (25):
R I A Ol
= —ArPLy,, [(ﬁ*(uz,ﬁ’ e e R A 0H+I)V’V]

— _Atpé_’yn [(ﬁ*(“Z,a’ ﬁn+l + [jn-‘rlzT) _ fn,n-‘rl*’ Un-i—l)v/v]’

where in the last step we used that ker(M" 1) = ker(U™*!). This leads to a contra-
diction that Y"1 was the solution minimizing ||Y"*! — Y|, .. ]
P
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When showing the equivalence between the DLR variational formulation (19) and
the DLR system of Eqgs. (10)—(12) in the continuous setting, the DO condition (9)
plays an important role. In an analogous way, the discrete DO condition (property
1 from Lemma 3 for the full-rank case) plays an important role when showing the
equivalence between the discrete DLR system of equations and the discrete DLR
variational formulation.

Lemma 8 Any discrete solution Y"+' of Eq. (25) which minimizes the norm | Y"1 —
Y|, 2, satisfies the discrete DO condition
p

(5w =0

P

Proof Let Y"*+! be a solution of (25) minimizing || Y"*! — Y"|| ;> . Thanks to Lemma 7
p

we know that
(P11 - ym)T e (ker(A;[n—H)J_)N
Now, let #7"+1" denote the pseudoinverse of M" L. Since
M gty =
for any v € ker(M"*+1)L, the solution Y”*! of Eq. (25) satisfies

?n_;,_lT _ YnT _ AtM”+1+P;jyn[(£*(MZ’ﬁa uz:;l) _ fn n+1* Un+l)V’V] (48)

Thus, if we have
* o~ ~ +
E- [YnT <,Pj_yn [(E*(uh n+1) fn,n—H , Un+l)V/V]Mn+1 ):I — 0’

then the statement will follow. But for the column space of

,PpLynl:(AC*(u X Z—i/—)l B f}’l,nJrl*’ []n+1)V’Vi|Mn+l+ c RNXR it holds

Span{’P yn[(ﬁ*(”h n+1 _ prnl” UHI)V/V]MHﬁ}
C span{P yn[(ﬁ*(uhp’ Z-;l) ol ’Un+l)V’V]} c ygL

with ygl C RV being the orthogonal complement to )" in the scalar product (-, -) ;2.
o

Now the proof is complete. O

In the following lemma we address the question of existence of a unique solution
when applying the explicit and semi-implicit scheme.
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Lemma9 For the explicit and semi-implicit scheme, as described in Sect. 4.1, there
exists a unique discrete solution Y"1 of Eq. (25) minimizing the norm | Y"1 —y" || 12
P

Proof We will start with the semi-implicit scheme. By virtue of Lemma 4, under the
discrete DO condition (47), applying the semi-implicit scheme to Eq. (25) is equivalent
to solving equation (33). We will first focus our attention to Eq. (33) and show that
there exists a unique solution minimizing || yrtl —yn 12~ This solution will satisfy

the discrete DO and consequently is a unique minimizing solution of (25). Equation
(33) can be rewritten as

B —y"T =RHS in L%, (49)
where

B =M"" 4 A" 0
RHS = _AI(UHIT’ 7)/%,37" [Leoen W) 5) — fn’nH*])vv"

Since RHS above lies in the range of U1 which is the same as the range of B, a
solution of (49) exists.
Moreover, since the matrix B is positive definite on the space ker(B)=, any solution

can be expressed as (Y"1 — Y + W)T with WT € (ker(B))N and a unique Y17 ¢

RAN such that (77! — y")T € (ker(B)L)".
The solution Y”*! minimizes each column ||(Y"*+! — Y (w)llgr, k=1,..., N
and thus it is the unique solution of (49) that minimizes norm ||Y ntl_yn 12
p

We observe that the established solution Y+ of Eq. (49) satisfies the discrete DO
condition (47). The argument is analogous to the proof of Lemma 8, but instead of
M"+1 here we take B. Therefore, the statement for the semi-implicit scheme follows.

The explicit case can be shown by following analogous steps with

B — Mn+l

RHS = —At(0"H!7, Pry, [L¥ () ) — N .

Now we can proceed with showing the discrete variational formulation. It is not
generally easy to deal with the notion of a tangent space at a certain point on the
manifold in the rank-deficient case. In the following theorem we will, however, show
that an analogous discrete variational formulation holds. Given U € (V)R and Y €
(L%’O)R , we define the vector space Tyyr as

R
Tyyr = {(SU eVy® L%,O | Sv = ZU,‘&Y[ +6U;Y;
i=1

SU; € Vi, 8Y; € L2, (8;, Yj)2 =0 Vi j= 1,...,R}.
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Itis easy to Verify that, analogously to Lemma 5, the (possibly rank-deficient) discrete

DLR solutions u}, pand u"ﬁl at times 1y, t,,4 1, as defined in Algorithm 1 satisfy
u e T; w'tl e T (50)
h,p yn+lynT, h P ygn+lynT -

Theorem 3 Let u), P and ”ZJ;SI be the (possibly rank-deficient) discrete DLR solution
at times ty, t,+1, respectively, n =0, ..., N — 1, as defined in Algorithm 1. Then the
following variational formulation holds

n+1 n
Unp ~Unp n o on+l nn+1
( N ’ vh)H,L% + (ﬁ(”h,ﬁ’ 5 ) vh)V’V,L% = (f ’ vh)H,L/ZS’
Yo, = Uy + v with vy € Vi and vy, € Tgaiiynt . (51

Proof First, consider Eq. (24) with v, = (7}“'1. Summing over j results in

( [(ﬁ*(l/lh 5 n+1) fn,n-l—[*)Yn]’ Un-H)V’V

Alt ((U"T Un+l> Mn-i—l)‘ (52)

Let us proceed with the Eq. (25):

in—i—l —_y"

_ +1 1 +1 n+1* a4l
0= Iy Mn +73 yn[(‘c*(uhp n )_fl’l n ’Un )V/V]
v+l

o Yn"r — Y” M”+1 + (E*(un . Ml’l-‘rl) _ fn,n+1* 0n+1)
- At h,p> " h,p > v'v

— Y (BpL(L* iy jupthy — oy T, 0y
B )711+1 (0n+177 ﬁn+l>H _ YnMnJrl + YnMn+1 _ Yn<UnT, f]n+1)H

At
+ (‘C*(MZ/B’ uz—;l) _ fn,n+l i 0n+1)v/v

(Mn+1 —u" )*
_ h,p h,p ~n+l> ( kN n+ly _ rnn+l* ~n—i—l)
e v s B (A A B T I

Taking a weak formulation in L% o results in

(uZ*Zl —uy )" .
< - At : ’ wh)H L2 (C*(uh p nH) fn’nﬂ ’ wh)v’v L2 =0
> >7p
vw, = U"TI8YT, §Y € (L% Ok (53)
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Concerning Eq. (24), we proceed as follows: Yy, € (Vj,)R

pgrtl —pn " »
= (— . n n _nn n
0= (" ui),, + (BALG 52D = 7 HY " w)
(ﬁnﬂEﬁ[meTY"] — U"E,[Y"'Y"
- ,vh>
At

+ (Bl pouyth = oy )

%

n+l _ . n \x
(um3 uy [))

= i Y"T>
< At vh H,Lf3
(Lo pu =yt Ve e (VR (54)

V'V,L2
P

where in the second step we applied IE/;[? n+1Tyn] = 1d which holds thanks to the
discrete DO condition from Lemma 8. Summing Eqgs. (53) and (54) we obtain

kN n+ly _ rnn+l* _
5 u)h>11’L?3 + (‘C (uh,ﬁ’ uh,ﬁ) f ) wh)V’V,L% =0

th € T(:/n+lynT .

The rest of the proof follows the same steps as in the proof of Theorem 2, i.e. summing
the mean value Eq. (23) and noting that some terms vanish. O

Remark 3 Thanks to the observation that ker(M"*1) = ker(U"*!), we can easily see
that any discrete solution Y"*! of Eq. (25) leads to the same discrete DLR solution
”Z,J:Sl = L_‘Z,J:al + U"Hy"+1T Therefore, the result of the preceding theorem as well as
the stability properties shown in Sect. 5 hold for the discrete DLR solution obtained
by any of the solutions of Eq. (25).

4.4 Reinterpretation as a projector-splitting scheme

The proposed Algorithm 1 was derived from the DLR system of Egs. (10)—(12). This
subsection is dedicated to showing that this scheme can in fact be formulated as a
projector-splitting scheme for the time discretization of the Dual DO approximation
of (6). Afterwards, we will continue by showing its connection to the projector-splitting
scheme of the first order proposed in [29,30] and further analyzed in [20].

In what follows, we will focus on the evolution of ”Z;’ i.e. the 0-mean part of the

discrete DLR solution “Z 5

Lemma 10 The discretized system of Egs. (24)—(25) can be equivalently reformu-
lated as
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(g, 5o vn) g 12 = W) 5 vn) g g2
h,p H.L% h.p H.L3

+ APyl f" T = L5 o DL o)y 2 (55)
o

n+1,x T
hp vh)H’L?3 = (uh,m Uh)y’L%

+ At(P;:yn [Pz;{n+l [fn’n+l - E* (uz,ﬁ’ uz:‘;l)]]a vh)V/V,L% )

Yo, € Vi ® L%,
(56)

(u

where ity 5 = grtiynt,

Proof These equations are essentially Egs. (39) and (41), which are shown to hold in
the proof of Lemma 6. O

We recall that from Lemma 2, the zero-mean part of the continuous DLR approxi-
mation u* = UYT satisfies

(" + T (L% () — f), U)V’V,L%
= (@ + Py[L*w) = f*1+ PylPulL @) — f*11. )y 12 =0,
Vv e L3I V).

Lemma 10 therefore shows that the time integration scheme corresponds to a projection
splitting scheme in which first the projection Py,[L* (1) — f*] and then the projection
Pf;[?’u[ﬁ*(u) — f*]] are applied.

4.4.1 Comparison to the projection scheme in [29]

There are several equivalent DLR formulations. The DO formulation, proposed and
applied in [34-36], seeks for an approximation of the formug = UYT with {U;} fz 1 C

V}j, orthonormal in (-, -)gy and {Y j}f=1 C L% linearly independent. The dual DO
formulation, on the contrary, keeps the stochastic basis {Y; } le orthonormalin (-, -}, 2
P

and {U,} 5?:1 linearly independent. The double dynamically orthogonal (DDO) or bi-

orthogonal formulation searches for an approximation in the form ugp = USVT with

both {Uj}f=1 C Vp, and {Vj}f:1 - L% orthonormal in (-, -) g, (-, -) ;2 , respectively,
p

and § € RE*R 3 full rank matrix (see e.g. [7,8,23]). In [9,32] it was shown that these
formulations are equivalent. In our work we consider the dual DO formulation with
an isolated mean so that the stochastic basis functions are centered.

A first order projector-splitting scheme introduced in [29,30] and further analyzed in
[20] is a time integration scheme successfully used for the integration of dynamical low
rank approximation in the DDO formulation. This subsection provides a detailed look
into the comparison of the Algorithm 1 and the discretization scheme from [29,30].
We will see that, if the solution is full rank, these schemes are in fact equivalent.
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We will adapt the algorithm from [29] to approximate the DLR solution in the DDO
form with an isolated mean, i.e.

ur(t) = ig(0) +UNOSOVOT € Vy® L3 (57)

Having an R-rank solution u , the basic first-order scheme from [29] requires
the knowledge of the solution u"+1 which is used in evaluating the term AA =

h,p
uZ‘Zl uy s . To deal with differential equations where u htal is a-priori unknown, we

will consider a general scheme where

where f™"*! and Ly -, Z:l) can be any of the explicit, implicit or semi-implicit
discretizations detalled in Sect. 4.1. Adopting the notation from [29], the splitting

scheme from [29,30] for a DDO approximation of (6) results in the following 6-step
algorithm.

Algorithm 2 Let ”Z,ﬁ =u" 4+ UpSo VOT of the form (57).
1. Compute the mean value u" 1 such that

@ o) = (@ o+ S (B £ )
Yv, € Vj.

V'V

2. Solve for K| such that

(K1, vn)a = (UoSo, vn)u +
(B[ = L7y D)ol wi) L Von € Vi

3. Compute U; € Vj,, Si € RR*R guch that
U 3'1 = K and Uj is orthonormal in (-, -) .
4. Set

S0 = § — At(Ul CE[(f" 1 ﬁ*(“};,,,a, n+]))VO]) oy

5. Compute L € L% such that

Li=VoSJ + bt (0 = L2y thvn)
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6. Compute V| € L% o S1 € RF*R such that
VlSlT = Liin L% o and Vi is orthonormal in (-, -) 2.
’ p

An+

u, is then defined as
0

The new solution

~ 1 o
MZ‘; ko un-’rl + U] Sl V]T.

Now, let us compare the previous steps to Algorithm 1. We can easily observe that
"™ = "+ Since Y" = Vp, we can see that Eq. (24) is equivalent to step 1 with
U" = UpSy, i.e. K; = U"T!. Further, we have

A A

Mn+l <Un+1T Ul’l+]> — SE’(UlTy Ul)HSl — Swil'Sl
Equation (25) can be reformulated as

fn+1§1T§1 _ yn§1T§1 + At(f”’"“ £*(uh » u ) Ul)V/vS

Y B[y (T = Ll "“))] Dy S

which, provided S 1 is invertible, is equivalent to

Yn—',—lST VL <ST (]E[;[Y"T (fn,n-‘rl* _ E*(uz,ﬁ’ MZ-:;]))]’ UI)V’V)
AL = £ st Uy

Note that the expression in brackets in the first term on the right hand side is exactly
the transpose of Sy from step 3:

Swir _ At(Eﬁ[YnT (fn,n+l* _ ‘C*(MZ n+l))] )V’V — Sw(‘)r,

from which we deduce
_ ontleT
Li=Y" S
Finally, we have

122;1’* =U1S; VlT = U1L]T = U §; YT = gyt = “Z,J:a]’*'

We conclude that the scheme in Algorithm 1 and the scheme in Algorithm 2 coin-
cide in exact arithmetic, provided the matrix S is invertible. However, the numerical
behavior of the two schemes differs when S is singular or close to singular. For M"+!
close to singular, solving Eq. (25) might lead to numerical instabilities. This prob-
lem seems to be avoided in the projector-splitting scheme from [29,30], as no matrix
inversion is involved. Such ill conditioning is however hidden in performing step 3
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of Algorithm 2, since the QR or SVD decomposition can become unstable for ill-
conditioned matrices (see [17, chap. 5]). In the case of a rank deficient basis (O,
Algorithm 1 updates the stochastic basis by solving Eq. (25) in a least square sense
while minimizing the norm ||17 ntl_yn 12- The previous subsection showed that

such solution satisfies the discrete Variationeﬁ formulation which plays a crucial role
in stability estimation (see Sect. 5.3). On the other hand, Algorithm 2 relies on the
somehow arbitrary completion of the basis {U;} in the step 3. In presence of rank defi-
ciency, the two algorithms can deliver different solutions (see Sect. 7.3 for a numerical
comparison).

Remark 4 Note that the ordering of the equations in Algorithm 1 is crucial. When
dealing with the DO formulation, i.e. orthonormal deterministic basis and linearly
independent stochastic basis, we shall first update the stochastic basis and then evolve
the deterministic basis. For a reversed ordering the Theorem 2 would not hold.

5 Stability estimates

The stability of the solution of problems similar to (6) are well analyzed (see e.g.
[14]). A natural question is to what extent constraining the dynamics to the low rank
manifold influences the stability properties. In Sect. 5.1, we will first recall some
stability properties of the true solution u,,,, of problem (6). Then, in Sect. 5.2 we will
see that these properties hold for the continuous DLR solution as well. It turns out
that our discretization schemes satisfy analogous stability properties, as we will see
in Sect. 5.3. In particular, we will show that the implicit and semi-implicit version are
unconditionally stable under some mild conditions on the size of the randomness in
the operator. We will state two types of estimates: the first one holds for an operator
L as described in Sect. 2 and a second one additionally assuming the operator L to
be symmetric. Note that in the second case the bilinear coercive form (-, -)z , is a
scalar product on L% (I"; V). In the rest of this section we will assume that a solution
of problem (6), a continuous DLR solution and a discrete DLR solution exist.

5.1 Stability of the continuous problem

We state here some standard stability estimates concerning the solution e of prob-
lem (6).

Proposition 4 Let uywe € L%(0, T; L%(F; V) be the solution of problem (6). Then,
the following estimates hold:

1. T
e (D3 15 + Cee f e (115, 1 dt
: A :

2 Cl% 2 .
= ”utrue(())”Hyle) + C_LHf” LZ(O,T;L%(F;H))’ (58)
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2. if, in addition, L is symmetric and tigye € L2(O, T; L%(F; H)), we have

T
lttrue (THZ, + /0 liitrue ()17 2 d
2
= ||utrue(0)||%j’p + Hf”LZ(O,T;L%(F;H))’ (59)

where Cp > 0 is the coercivity constant defined in (4) and Cp is the continuous
embedding constant defined in (3).
For f =0andt1,t, € [0, T], t1 < tp, we have:

3. ||Mtrue(l‘2)||H,L% < ”utrue(tl)”H,L%v (60)
4. moreover, if L is symmetric and tigue € L*(0, T L%(F; H)), we have

| true (22) 11 2 o= ||utrue(t1)||ﬁp (61)

Proof As for part 1, choose uyye as a test function in the variational formulation (6).
Using [40, Prop. 23.23] results in

1d
2 dr ”“true”H L2 + (Uirue, Utrue) £.p = (S » Utrue) 1, L2 = Cpllfll, L2 lutruelly, L2

2
Cr
”f”H L2 + — ||Mtrue||v L2 forae.t € (O T]

Multiplying by 2 and integrating over [0, 7'] gives the sought estimate. Part 2 is proved
in a similar way by considering e as a test function. We can derive

1
”utrue”H L + = 2dr ”Mtrue“L 0 =(/, utrue)H L2 =Iflu, L2 ”Mtrue“H L2

WPy Miely 1
+
- 2 2

and obtain the result by multiplying by 2 and integrating over [0, T'].
Part 3 and part 4 are consequences of part 1 and 2, where the final integration is
realized over [?1, t2] instead of [0, T]. O

5.2 Stability of the continuous DLR solution

Constraining the dynamics to the R-rank manifold does not destroy the stability prop-
erties from Proposition 4.

Theorem4 Letu € L*(0, T; L2(I"; V) withii € L*(0, T L2(I"; V)) be the contin-
uous DLR solution defined in Definition 1. Then u satisfies the same inequalities (58),
(59), (60), (61) as the true solution uyye.
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Proof

Part 1: Letu =u +UYT withUYT € Mg. Then, we have u* =u — i € T, Mpg.
Indeed, since

R
W= U0+ UY; €L}y:V)
i=1

with (0, Y;) 12 = 0, we can take u as a test function in the variational for-

mulation (19). The rest of the proof follows the same steps as in the proof of
Proposition 4.
Part 2: we express

R
it =Y "U;jY;+U;Y; €TprMg
j=1

since (Y;, Yj)L% =d;;and u* € L%(F; V). As it € V we can consider i as a
test function in the variational formulation (19) and arrive at the sought result.

Part 3 and 4 are obtained analogously. O

5.3 Stabilty of the discrete DLR solution

Now we proceed with showing stability properties of the fully discretized DLR system
from Algorithm 1 for the three different operator evaluation terms corresponding to
implicit Euler, explicit Euler and semi-implicit scheme. For each of them we will
establish boundedness of norms and a decrease of norms for the case of zero forcing
term f.

The following simple lemma will be repeatedly used throughout.

Lemma 11 Let (-,-) : (V;; ® L%) x (Vi ® L%) — R be a symmetric bilinear form.
Then it holds

1
(v,w—v)_E((w,w)—(v,v)—(w—v,w—v))
(w w—v):l((w w) — (v, v) +(w—v w—v))
; 3 ) ) )
(v, w+v) = %((v,v)— (w,w)+(w+v,w+v))
foranyv,w € V ® L%.
5.3.1 Implicit Euler scheme

Applying an implicit operator evaluation, i.e. L(uj, s, u'fﬁl) = C(uﬁal) results in a

discretization scheme with the following stability properties.
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Theorem 5 Let {u), }N _ be the discrete DLR solution as defined in Algorithm 1 with
£(uz . "H) = E(u"“) Then the following estimates hold.:

1. -1
N n+l
”uh»ﬁ” L3 +AarCe Z oz, v L2
n=0
C2 N—-1
P
= IluhpllHLz e > ||f<tn+1)||HL2,
n=0
2. if L is a symmetric operator we have
N—-1 n+1 n
—u" .
h,p h,p
||uh[,||£ﬁ+mzn— o
n=0 )

N-1

< llup 517 5+ 01 Y I f DI, 2
n=0

for any time and space discretization parameters At, h > Q with Cp, Cp > 0 the
coercivity and continuous embedding constant defined in (4), (3), respectively.

In particular, for f =0andn =0, ..., N — 1 it holds:

1
3. ”un—i- ”H L2 = ”uhp”H L27

4. if L is a symmetric operator we have ||u”+] lzp < ||uh p||£ b
Proof Thanks to Theorem 2, we know that the discretized DLR system of equations
with implicit operator evaluation can be written in a variational formulation as

n
ho — “np
( L A[ ps Uh)H,L% +<MZ:;1’ vh)[_‘”l’)‘ = <f(tn+1)’ vh)]_]y[{%s

Vo = Oy + vf with T, € Vi and v} € Ty M52, (62)

n=0,...,N—1.

1. Based on Lemma 5 we take v, = uZJil as a test function in the variational formu-

lation (62). Using Lemma 11 results n

||Mn+1|| ) +2At( n+1 n-‘,—Al>£ .

n n+l
PR P e Ly W ls s W )L

h p”H L3
C3 |
= 200 (f (1) uy )y = Ar—||f(rn+1)||HLz + 81Clluy s ||VL2

Using the coercivity condition (4) and summing overn = 0, ..., N — 1 gives us
the sought result.
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2. Now, consider v, =
lation results in

(uZJﬂl "+1) /At. Using Lemma 11, the variational formu-

n+1 n

u, ~ —ul .2

h.p h,p‘ Lyl n+1

— ||u ~ 4 ||u —u
Y 2At(n %, = 10 + N —ur 517 )
2
it I ), 5, o Z
At H,L% 2 2 H,Lf3

Multiplying by 2A¢ and summing over n = 0, ..., N — 1 leads us to the result.

Parts 3 and 4 follow from parts 1 and 2 without summing overn =0,...,N — 1. O
5.3.2 Explicit Euler scheme

Concerning the explicit Euler scheme (see subsection 4.1), which applies the time
discretization E(uz P u”+1) LW} hp .), the following stability result holds.

Theorem 6 Let {u” A}N be the discrete DLR solution as defined in Algorithm 1 with
E(uz . ""H) = C(u ). Then the following estimates hold.:

N-1
1.
ey 5113, 2+ 1021 — 0 e 2 = < lluj 513, 2t
n=0
2 N—-1
Cr Z Lf )11, 2
n=0
for 0 < k and At, h satisfying
At k C
oF S ae (63)
Ci CB
2. If L is a symmetric operator we have
N At
la Sllzp < M) sll.p + = Z L@, 42
n=0
for At, h satisfying
At < ith 0 2 64
th_CIZCB wi <Kk <?2. (64)

Here Cp, C, Cp > 0 are the coercivity, continuity and continuous embedding con-
stants defined in (4), (5), (3), respectively and Cj is the inverse inequality constant
introduced in (22).

For f =0andn =0,..., N — 1 it holds:
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n+1

My 5 W2 = [, ol

At _ 2Cr

under the weakened condition — < ——=.
h? ~ CIC%

4. If L is a symmetric operator we have

n+1

ey 5 o < lluy 5llz.p0

IIM IIH 2 = llu, 5 7,225

under the weakened condition

At 2
— < .
h?P ~ CiCp

Proof Thanks to the Theorem 2 we can rewrite the system of equations in the varia-
tional formulation

he ’ Uh)H,L‘zS + (”Z,;sv vh)lﬁ,ﬁ = <f(tn)» vh)H,L%’

Vo = i + v} with B, € Vi and v} € g1y M52 (65)

1. Based on Lemma 5 we take v, = “Ztsl as a test function in the variational formu-
lation (65) and using Lemma 11 results in

n+1 n+1 n+1
||Lt ” LZ + ||Mh . Mh p” Lz +2At<uh 5 Unp >Ep

a2 =l 515,

C2
_ nt1 Cp 2 1
=2A1(f (tn), uh,ﬁ )V’V,L/ZS < At Cr ”f(t")”H,L% + AtC[:HMh”é

We further proceed by estimating

n+l n+1 n+l n+l n+1 .
2At(uhp )Ep_ZAt(uhp—uhﬁ,u ) c.p 208 u, I/lhp,\)[”p

Sy, nt 201C fluy ] ||

1
> —2Ach||u”+ — iy sllv2 vz
1 1
> —kArCellup Bl vzt 2Atcg||u"+ ||V =
C2C2
. I1¥B n+l
mxthcﬁ [ uhanLz (66)

where, in the third step, we used the inequality

+1
||un _uz,ﬁ”H,L% _”u _"‘Z,ﬁuv,L%,
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which holds based on assumption (22). Combining the terms, using the condition
(63) and summing over n = 0, ..., N — 1 finishes the proof.

2. Lemma 5 enables us to take MZJ;] uy  asatest function in (65). This results in

1
n+1 2 n n+1 _ n+1
— |lu h,o _“hp” L%+(uh,ﬁ’uhp _uh,o ,ﬁ-(f(tn)vuhp _uhp)HLz
n+1
@, 2wl = 05 o o
< 2+ .
- 2K 2Nt
Using Lemma 11 we obtain
+12 +1
W 5 <l 0+ 2 ||f<tn>||HLz =t 1%
2« n+1 2

s = gl e

2 _K)h2p)|| n+l

At
< 5175+ IS I 2 + (1- Ty

1%
Unplic,p

At

2 2

<l 5175+ —1F @I, o
>p

where, in the second step, we used the assumption (22), (5) and the fact that 1 —

GO (), thanks to the stability condition (64
‘cZepar =V anks to the stability condition (64).

3. The proof of part 3 follows the same steps as the proof of part 1. We have

+1 +1 2
Iy 2y 2 = 51 12+ S = 50, o 280 5

In (66) we choose ¥ = 2 and conclude the result.

4. The proof of the forth property follows the same steps as the proof of part 2. Since
there is no need to use the Young’s inequality in (67), the condition on Ar/h>P is
weakened:

n+1 _ n+l Z oy, 2
I p = W 51+ M = 51 = s = 51 o
2 h* +1 2
< lug 13 5+ (1= e s = 1% 5.
hp"L,p CIZCBAt h,p hp"L,p
As for the estimate in the || - || ; ;2-norm we can derive
T

@ Springer



Stability properties of a projector-splitting scheme for dynamical... 1009

1 +l
a5, 12 = W g1 12 = 5 (1 o0 = W0
+1
+ N +uhp||£p)

2
< M 50 12

n+1 2

where in the last inequality we applied ||u h2 > < Cics

5l < luy 5lic,p for

O
5.3.3 Semi-implicit scheme

This subsection is dedicated to analyzing the semi-implicit scheme introduced in
Sect. 4.1 which applies the discretization £(u), u"J;l) = £det(u )—}-Esmch(u b L).

Apart from the inverse inequality (22) we w111 be using two addltlonal mequahtles
Let us assume there exists a constant Cger > O such that

(U, ) £40.p = Caer (4, 1) .5, Vu eV, ® L. (68)

This constant plays an important role in the stability estimation as it quantifies the
extent to which the operator is evaluated implicitly. Its significance is summarized in
Theorem 7. In addition we introduce a constant Cgch, that bounds the stochasticity of
the operator

[(Lstoch (1), U)va’L%| = Cstoch”’/t”\/’Lf3 ”v”V,L%' (69)

Theorem 7 Let {u), ,6}1]1\/:0 be the discrete DLR solution as defined in Algorithm 1 with
E(uz’ﬁ, ”Z,tal) = Edet(uzzl) + Lstoch (”Z,ﬁ) with Laer and Lgocn satisfying (68) and
(69), respectively. Then it holds

1. i

N 1
ey 515, Lz+mcg(1—f<)§ ey 51 VLz_nuhpn 2t
n=0

AICP

n,n+1
Z If ||HL2

for k > 0 and At, h satisfying

At
o _KCr (70)
h?P C Cstoch
2. If L is a symmetric operator we have
A3
hai e < e sl +— D15, o (71)
Tp
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for At, h satisfying

At - +o00 if Cet >
— 2« ;

2p — ——==— jf C <
20~ | Geni-aca 1 Co

D=9 —

Here Cp, Cp, Cp, C1 > 0 are the coercivity, continuity, continuous embedding and
inverse inequality constants defined in (4), (5), (3), (22), respectively. The constants
Cet, Cstoch were introduced in (68), (69).

For f = 0 and L symmetric we have

n+]

ey 5 s < Ny sllese n=0,....N—1 (72)

with At, h satisfying a weakened condition

At _ oo if Caet >
—_— 2 .

2 —_ [ A

h+#p CIZCB(172Cde:) if Cget <

B =1 —

(73)

Proof The variational formulation of the discrete DLR problem from Algorithm 1
reads in this case

n+1 n
“np " Hnp ntl r n
{ Ar , vh)H,L% + (uh,,é ) vh)cda,,s + ( stoch (4}, 5), vh)V/V,L%
_ [ gn,n+1 _ = e = * oo h,p
= <f , vh)H 12 Yup = vy + v, with vy € Vi and vy, € Tgngnypn Mg
7p
(74)
1. We will consider v;, = u;'l;l as a test function in (74) and we derive
+1 +1 +1
I3 2+ 280w e
2 +1 Loyl
= luf ;1% 2 —||u’,;p =t ol g+ 280y
P
+ 2At(£stoch(uh’ﬁ - “h,ﬁ)’ uh P )V’V L%
2 +1 P +1
< oWy g2 = W = 515 2+ A0 o
n+l
+arCelu NI o
cic?
n+1 ~1 ~stoch n+1 2
Combining the terms and summing over n = 0, ..., N — 1 finishes the proof.
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2. We will proceed by taking v;, = uZJ;I ”Z 5 in the variational formulation (74)

since (u"J;1 Ul ) € TgusiynM Rp (Lemma 5). We obtain

h
1 n+1 n+l1 n 5
E”“h o uh p“ L2 +( uh,ﬁ - uh,,ﬁ>£det,ﬁ (75)
n+l n "+1 n
+ ( stoch(uh ,0) Uy s —Up s )V/V L2 + (Edet(uh ,0) uy 5 —uy ﬁ)V’V L2
1 n
_ +1 _ n 2 n+l _ n n+l _ . n .
= ||um3 Mh,,a”H,L% + (uh,/3 Uy 5o Up s Mh’ﬁ>ﬁdehp
n n+1 n .
+(uh,ﬁ’ ”h,ﬁ u p>ﬁp
_ <f}’l,n+l un+1 _ Mn ) , < gnfn,n%-l”z + _”un+l ”
= g = 5 mz * 3 s = sl e

(76)
Using Lemma 11 we further derive

At
+1 1 +1 2
I 5%, 5 = W 0 5+ P o+ S — 1

—Z_KWH*—u 12
At h.p ho'H, L2

_ n+l _ n ntl
2y s~ Whpo U — Uy p) Lo

At
< Iy N2 Ty prently2 n+l _
= Ny oz o+ —— 1S ||H’L%+||Mhp wy 75

_ (Z_K)hz ” n+l

u” 2 n+l
—CZC AL h’/}”[:”a 2Cdet||uh P uh p”L b
_ n 2 n,n+1
_||uh,,6”£,ﬁ+ ||f ”HLZ
(2 - K)h2 n+1 n 2
+ (1 - —CZCBAI —-2C et)”u hp uh,,&”ﬁ,ﬁ’
1

where in the second step we used the inequalities (22), (5) and (68). From the
condition on At, h after summing overn =0, ..., N — 1 the Eq. (71) follows.

3. To treat the case of f = 0 we follow analogous steps as in part 2. We consider
k = 0 as there is no need for the Young inequality in (76).

m}

Theorem 7 tells us that when £ is a symmetric operator, using the semi-implicit
scheme leads to a conditionally stable solution if Cge; € (0, %) and an unconditionally

stable solution, if Cger > % (small randomness).

Remark 5 The discrete variational formulation (42) as well as the stability estimates
presented in this section hold for the full-rank solution of the projector-splitting scheme
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from [29] with the ordering K, S, L, as presented in Sect. 4.4. However, these results
do not hold with the ordering K, L, S, which was discussed in [29]. This might be
another reason why K, L, S performs poorly when compared to K, S, L (see [29, sec.
5.2).

Remark 6 All of the derived estimates for the discrete DLR solution obtained by
Algorithm 1 hold also for the case of {uzyﬁ}f:’:() being rank-deficient for some n =
0, ..., N as aconsequence of Theorem 3 and the property (50). It is not clear whether
the Algorithm 2 satisfies a similar variational formulation. However, the numerical
results from Sect. 7.3 seem to exhibit similar stability properties.

6 Example: random heat equation

In this section we will specifically address the case of a random heat equation. We will
analyze what the underlying assumptions require of this problem, present the explicit
and semi-implicit discretization schemes applied to a heat equation and state their
stability properties.

Let D C Rd, 1 < d < 3 be apolygonal domain. Let V = HO1 (D) =: Hé, H =
L*(D)=:L%* V' =H YD) =: H ' and L(x, £)(v) = =V - (a(x, £)Vv) with

0 < amin <a(x,&) <amax <00, Vxe D, VEel. 77

In this case, the scalar products (v, w)H’L%, (v, w)V’L%, (v, w)z,, are defined as

(v,w)HLzszvwdxdp

e rJop

(v,w)VLzz/-/Vv'dexdp
T rJo

(v,w)/;,p://aVv-dexdp.
rJp

For the coercivity constant C, it holds Cz > amin; for the continuity constant Cp,
we have Cp < amax; Cp is the Poincaré constant and the problem states: Given
f € L*0,T: L3(I'; L) and up € LZ(T"; L?), find ugue € L*(0, T L2(T; Hy))
with tige € L2(0, T3 L3(T'; H™1)) such that

/fﬂuUCdedp+//aVum,e-Vvdxd,oszfvdxd,o,
rJop rJp rJop

Yv € L%(F; H&) (78)
Ugge = 0 ae.on (0, T]x 0D xT

Urue (0, -, -) = ug a.e.in D x .

The discretization is performed as described in Sect. 4. To address the condition (22)
we can consider a triangulation 7j, of the domain D specified by the discretization
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parameter /1 and a corresponding finite element space Vj, of continuous piece-wise
polynomials of degree < r. Under the condition that the family of meshes {7}, is
quasi-uniform (see [13, Def. 1.140] for definition), we have the inverse inequality (see
[13, Cor. 1.141])

C2
IVvll3; < h—;nvn%,, Yo e Vi,

for some Cy > 0. Integrating over I" results in

2 CI2 2 2
Il 2 < el e Yo Vi L, (79)

i.e. we have the condition (22) with p = 1.

6.1 Explicit Euler scheme

Applying the explicit Euler scheme in the operator evaluation for a random heat equa-
tion, i.e.

1
Luy 5, uz); ) ==V -(@Vuy 5),
results in the following system of equations

@ o) g = (@ vy — At BplaVug, 51, Vou) i + ACESLf @], v,
Yo, € Vj

O o) w = (U vy — At (EplaVay 5Y71, Voa)m

+ AE;Lf @)Y vl V), Yop € Vi
MH-FI(?H-F] _ YI’I)T — —At P;):yn [(avuz.ﬁ’ V[]n—H)H _ (f(tn)a UIl+1>H]T
72
in Lﬁ.
The stability properties stated in Theorem 6 part 2 and 4 hold under the condition

At 2—k
h?r ~ CiCg

6.2 Semi-implicit scheme
Let us consider the decomposition
a =a+asgoch, with a= Eﬁ[a] and ]Eﬁ [astoch] = 0, (80)
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i.e.

L(u) = —V - (@Vu) =V - (astoch Vit) .
Edel Esloch

The condition (29) is satisfied, since a is positive everywhere in D as assumed in
(77). Hence,

(u,v)ﬁdet:/&Vu~Vvdx, u,vevVv
D

is a scalar product on V = Hé (D). The semi-implicit time integration is realized by
Ly 5ouyth ==V @Vt = V- (asoen Vil ). 81

Note that the condition (68) is automatically satisfied for a random heat equation, since
we have

_ . a
||u||%;det,p=/r/DaVu-Vu dx d,ozxegl’gel_; /;/DaVbrVu dx dp
o a
= inf -—

2 2
u YuelL:(T;V),
xeD.geT a lullz. o )

and infyep ger % > % > 0.
The system of Egs. (31)—(33) can be rewritten as

@ v g + Aravia" !, Vo) g
= (", vi) i — DHEplasocnVie), 51, Vop) ga + AHEZ L, o)
(07“, v H + At(&Vﬁ;“, Vo) u
= (U}, v} — Dt Eplasocn Vil sY71, Vow) ga + AL B Y], vi)
(Pt =y ) (" 4 Aav o, VO )

= —Atlpéjyn[(astochvuz’ﬁ’ V0n+l)Hd - (fn,n—t-l*’ Uthpl.

For a further specified diffusion coefficient we can state the following stability prop-
erties.

Proposition 5 For the case

a(x) = aswoch(x, &), VxeD,§el
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which is satisfied in particular if

M
a(x, &) =a(x) + Y a;(0)§,

= (82)

I ¢ RM and T is symmetric, i.e. € €T —> —£ €T,
we have the stability properties (71) and (72) for any At, h.
Proof The condition a(x) > agoch(x, &) for every x € D, & € T implies

a(x) - 1

a(x, &) ~ 2

Q|

i.e. Cdet > infyepeer = > % Together with Theorem 7 we conclude the result. O

Proposition 5 tells us that applying a semi-implicit scheme to solve a heat equation
with diffusion coefficient as described in (82) results in an unconditionally stable
scheme. This result as well as some of the previous estimates will be numerically
verified in the following section.

7 Numerical results

This section is dedicated to numerically study the stability estimates derived for a
discrete DLR approximation in Sect. 5. In particular, we will be concerned with a
random heat equation, as introduced in (78), with zero forcing term and diffusion
coefficient of the form (82). We will look at the behavior of suitable norms of the
solutions of the discretization schemes introduced in Sect. 4.1. We will as well look
at a discretization scheme in which the projection is performed explicitly to see how
important it is to project on the new computed basis U1 in (25). As a last result we
provide a comparison with the projector-splitting scheme from [29].

Let us consider problem (78) set in a unit square D = [0, 1]* and sample space
I’ = [—1, 1]™ with an uncertain diffusion coefficient

M
a(r.€) = ag + Z cos(2mmxy) ;— czos(anxz)sm’ (83)

m-=im

m=1

where x = (x1,x3) € D, &€ = (&,...,&y) € . We let a9 = 0.3, and equip
([—1, 11, B([—1, 11™)) with the uniform measure p(d§) = ®f‘i1 @ with A
the Lebesgue measure restricted to the Borel o-algebra 5([—1, 1]). In this case the
conditions (77), (29) and (68) are satisfied with api, > 0.04, Cger > % The initial

condition is chosen as
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up(x, &) = 10sin(wxy) sin(wxy) + 2 sin(2wxy) sin(2wx3)&;
+ 2 sin(4mxy) sin(4mwxp)ér + 2 sin(6mwxy) sin(67rx2)§‘12.

4
= 10sin(wxy) sin(wxp) + 3 sin(6 x1) sin(6wx2) + 2 sin(2wx;) sin(2w x3)€)

+ 2 sin(4mxy) sin(4mwx2)& + 2 sin(6 x1) sin(6rrx2)($12 — IE[.SIZ]). (84)

The spatial discretization is performed by the finite element (FE) method with P 1
finite elements over a uniform mesh. The dimension of the corresponding FE space is
determined by 7—the element size. For this type of spatial discretization we have the
inverse inequality (79):

C2
2 1 2 2
W5 < 50l e YoeVio L],

Concerning the stochastic discretization we will consider a tensor grid quadrature with
Gauss-Legendre points for the case of a low-dimensional stochastic space M = 2 and
a Monte-Carlo quadrature for the case M = 10. The time integration implements the
explicit scheme and the semi-implicit scheme described in Sect. 4.1. We will consider
the forcing term f = 0, i.e. a dissipative problem and time 7 such that the energy
norm (|| - ||z 5) of the solution attains a value smaller than 10719, Our simulations
were performed using the Fenics library [2].

7.1 Explicit scheme

Since f = 0, the result in Theorem 6 predicts a decay of the norm of the solution

+1 +1
iy 5 e < Nup sllepn lluys ler.22 = IIMZ,,;IIH,L% Vn=0,...,N—1

under the stability condition

At - 2 .
h? ~ cicg

(85)

We aim at verifying such result numerically. We set a rank R = 3 and consider a
sample space [—1, 11 of dimension M = 2 or M = 10 with either Gauss-Legendre
or Monte-Carlo (MC) stochastic discretization.

710 M=2

First we consider the sample space [—1, 1] of dimension M = 2 and Gauss-Legendre
quadrature with 9 x 9 = 81 collocation points. From what we observed in our sim-
ulations, for this test case we have K = (0.085. Figure 1 shows the behavior of the
energy norm (|| - |z, 5) and the L2 norm (| - | H. L/z3 ) in 3 different scenarios: in the first
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+  energy norm +  energy norm —e— energy norm
+ L2nom + L2nom o 12 nom

4
s

00 05 10 15 20 00 05 10 15 20 25 0000 0005 0010 0015 0020 0025

time time time

(@) hy = 0.142, (b) b1 = 0.142/2, () b1 = 0.142/2,
Aty = 0.0017 Aty = 0.0017/4 Aty = 0.0017/3

Fig. 1 Behavior of the energy norm (|| - || ¢, ,—blue) and the L% norm (Rl 2 — orange) when applying
L

the explicit time integration scheme with M = 2 and 81 Gauss-Legendre collocation points for three
different pairs of the discretization parameters i, At. When the condition (85) is satisfied the solution is
stable (a—b), whereas violating the condition results in instability (c)

scenario we set 1 = 0.142, At = 0.0018, i.e. the condition Atl/h% < K is satisfied
and observe that both the energy norm and the L? norm of the solution decrease in
time (see Fig. 1a); in the second scenario, we halved the element size hy = h1/2 and
divided by 4 the time step A, = Aty/4 so that the condition (85) is still satisfied.
The norms again decreased in time (Fig. 1b); in the third scenario we violated the
condition (85) by setting 23 = h1/2 and At = Aty /3. After a certain time the norms
exploded (Fig. 1c).

To numerically demonstrate the sharpness of the condition (85), we ran the simula-
tion with 72 different pairs of discretization parameters 4, At. The results are shown
in Fig. 2, where we depict whether the energy norm at time T is bellow 1071, in
which case the norm was consistently decreasing; or more than 10%, in which case the
solution blew up. We observe that a stable Az has to be chosen to satisfy At < K h2,
which confirms the sharpness of our theoretical derivations.

712 M =10

In our second example we will consider a higher-dimensional problem: M = 10 for
which we use a standard Monte-Carlo technique with 50 points. We observe a very
similar behavior as in the small dimensional case. Figure 3 shows that satisfying the
condition At /h% < K with K = 0.085 results in a stable scheme while violating it
makes the solution blow up.

7.2 Semi-implicit scheme

We proceed with the same test-case with M = 10, same spatial and stochastic dis-
cretization, i.e. Monte-Carlo method with 50 samples and employ a semi-implicit
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L] L J L ] °

L ] L J L ]

10~
L]
] °
°
L]
L]
L]
°
°
o
107 l
— Kh?
004 0.06 0.08 010 012 014
h
Fig. 2 This figure shows whether the energy norm || - ||z, , of the solution was monotonously decreasing

till 10~10 (blue) or has blown up (orange) for different choices of time step At and discretization parameter
h when applying the explicit scheme for the operator evaluation. We observe a clear quadratic dependence
of At on h. K was set to 0.085

10°
+ energy norm + energy norm == energy nom
« L2nom « L2nom @ L2nom
10°
10! 10t
107! 107 w
1072 107 10t
10 10 10
o 107 10
»
107* 10~ [
10 ..
00 05 10 15 20 00 05 10 15 20 25 0.000 0.005 0010 0.015 0020
time tme time
(a) h1 =0.142, (b) h1 =0.142/2, (€) h1 =0.142/2,
Aty = 0.0017 Aty = 0.0017/4 Aty =0.0017/3

Fig.3 Behavior of the energy norm (| - || 2, ,—blue) and the L2 norm a1 H.L2 —orange) when applying
’ Ep

the explicit time integration scheme with M = 10 and 50 Monte Carlo points for three different pairs of the
discretization parameters i, At. We see, again, that satisfying the condition (85) (a and b) results in stable
behavior while when violating the condition ¢ the solution blows up

scheme in the operator evaluation. Since the diffusion coefficient considered is of the
form (82) and f = 0, Theorem 7 predicts

+1
N M es < Iy slep  ¥hy AL ¥n=0,.. N —1.

We set the spatial discretization # = 0.142 and vary the time step Ar. We observe a
stable behavior no matter what At is used, which confirms the theoretical result (see
Fig. 4).
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—&— energy norm —&— energy norm

10! 10!

107! 107

1073 1073
E E
g g

107 10~

1077 10°7

107° 107

0 2 4 6 8 10 12 0 50 100 150 200 250
time tme
(a) h =0.142, At; =0.5 (b) h =0.142, Aty = 10

Fig.4 Behavior of the energy norm (|| - || 2, ,) for two different time steps when applying the semi-implicit
time integration scheme. We observe a decrease of norms for arbitrarily large time step

We report that the results for M = 2 with 81 Gauss-Legendre collocation points
exhibited a similar unconditionally-stable behavior.

7.2.1 Explicit projection

The following results give an insight into the importance of performing the projection
in a ‘Gauss-Seidel” way, i.e. projection on the stochastic basis is done explicitly, Y”
kept from the previous time step, while the projection on the deterministic basis is done
implicitly, i.e. we use the new computed pntl (see Algorithm 1 for more details). For
comparison we consider a fully explicit projection, i.e. Y" as the stochastic basis and
U" as the deterministic basis. We use a semi-implicit scheme to treat the operator
evaluation term as described in Sect. 4.1. As shown in Fig. 5, in all 3 cases the solution
reaches the zero steady state, however, not in a monotonous way.

7.3 Comparison with the DDO projector-splitting scheme

We now compare the performance of the discretization scheme from Algorithm 1 with
the projector-splitting scheme from Algorithm 2.

We proceed with setting & = 0.142, M = 10, At = 100, stochastic discretization
is performed again by Monte-Carlo method with 50 points and we implemented the
semi-implicit scheme in the operator evaluation for both the Algorithm 1 and the
projector-splitting Algorithm 2. We expect that the energy norm decreases on every
step independently of the time step size.

We fix R = 3. Throughout the whole simulation, the computed solution stays full
rank, in which case the two schemes have been shown to be equivalent (see Sect. 4.4).
In Fig. 6a this can be well observed. Steps 2 and 5 from Algorithm 2 are performed
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—e— semiimplicit proj. —e— semiimplicit proj. —e~ semiimplicit proj.
=~ explicit proj. =~ explicit proj. =~ explicit proj.

100

0 20 4 € 8 100 120 140 160 0 500 1000 1500 2000 2500 3000 3500 0 1000 2000 3000 4000 5000 6000
time time time

(@A) h=0.142, At; =5 (b) h =0.142, Aty =100 (c) h =0.142, Atz =200

Fig.5 Behavior of the energy norm (|| - ||z, ,) for 3 different time steps when treating the projection in an
explicit way (orange) and in a semi-implicit way (blue). We used the semi-implicit scheme for the operator
evaluation term. We see that, as opposed to a semi-implicit projection, with an explicit projection we do
not obtain an unconditional norm decrease

—e— energy norm Cholesky = —e— energy norm LS
«- energy norm QR 102 \ « - energy norm pivoted QR

o
S
norm
&
5
A

2 10
10 \.\\
\\\ -
30~%
\\
.
107 Se .
~
" 10
02 o
0 200 400 €00 800 1000 1200 [ 200 400 600 800 1000 1200
tme time
(a) R=3, Aty =100 (b) R =20, Aty =100

Fig.6 Energy norm (|| - ||z, ,) for 2 different ranks R = 3, 20 and 2 different time discretization schemes:
Algorithm 2 with (pivoted) QR decomposition (orange) and Algorithm 1 with Cholesky factorization or
least squares. Both methods in both cases exhibit a monotonous decrease of the energy norm

by a QR decomposition, whereas the linear system in (25) is solved by the Cholesky
factorization (with a help of the SciPy library [18], version 0.19.1).

We now investigate the behavior of the two algorithms in presence of a rank deficient
solution. We fix R = 20. The initial condition (84) is of rank 3. For the first couple of
steps the DLR solution therefore stays of rank lower than R = 20. The matrix M+
from (25) is singular and the solution of the system (25) is obtained as a least squares
solution implemented via an SVD decomposition. The threshold to detect the effective
rank of Mt is set to £ o1 R where ¢ is the machine precision and o} is the largest
singular value of M"*!. Steps 2 and 5 from Algorithm 2 are performed by a pivoted
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QR decomposition. The solution obtained by Algorithm 1 is proved to be stable in
this scenario. The two proposed schemes exhibit minor differences, however both of
them are stable (see Fig. 6b).

8 Conclusions

In this work we proposed and analyzed three types of discretization schemes, namely
explicit, implicit and semi-implicit, to obtain a numerical solution of the DLR system
of evolution equations for the deterministic and stochastic modes. Such discrete DLR
solution was obtained by projecting the discretized dynamics on the tangent space of
the low-rank manifold at an intermediate point. This point was built using the new-
computed deterministic modes and old stochastic modes. We found this projection
property to be useful when investigating stability of the DLR solution. The solution
obtained by the implicit scheme remains unconditionally bounded by the data in suit-
able norms. Concerning the explicit and semi-implicit schemes, we derived stability
conditions on the time step, independent of the smallest singular value, under which the
solution remains bounded. Remarkably, applying the proposed semi-implicit scheme
to a random heat equation with diffusion coefficient affine with respect to random
variables results in a scheme unconditionally stable, with the same computational com-
plexity as the explicit scheme. Our theoretical derivations are supported by numerical
tests applied to a random heat equation with zero forcing term. In the semi-implicit
case, we observed that the norm of the solution consistently decreases for every time-
step considered. In the explicit case, our numerical results suggest that our theoretical
stability condition on the time step is in fact sharp. Our future work includes inves-
tigating if the proposed approach can be extended to higher-order projector-splitting
integrators, or used to show stability properties for other types of equations.
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Appendix

Let (2, F, p) be a measure space. Let V be a separable Banach space, and V' be
its topological dual space. Let £(V, V') be the space of bounded linear operators
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equipped with the operator norm. Moreover, let B(V), B(V'), B(£(V, V')) be the
corresponding Borel o -algebras.

Proposition A Suppose that L: Q — £(V, V') is F/B(L(V, V'))-measurable. Let a
measurable mapping (2, F) > w — v(w) € (V, B(V)) be given. Then, the mapping
(Q,F) 3w Lwv(w) e (V,BV")

is measurable. In particular, if V' is separable, (2, F) > w — L(w)v(w) € V' is
strongly measurable.

Proof We will show that the mapping w — L(w)v(w) is the composition of measur-
able mappings

> (w,v(w)) (0,9)—~L(w)p

(QF) ———— = (Qx V, FQB(V)) V', B(V")).

The first mapping is measurable, since for every product set A x B € F x B(V) its
pre-image is in F. We show that the second mapping is measurable. First, notice that
foreach¢p € V
LOp: Q—V

is F/B(V’)-measurable. Indeed, from the assumption, w = L(w) € £(V, V') is
F/B(L(V, V') measurable, and the mapping £(V, V') 3 L + L¢ € V' is contin-
uous. Thus, the F/B(V’)-measurability follows. Therefore, since L(w): V — V' is
continuous for each w € €2, the mapping

QxV,FRB(V)) 3 (0, ¢) = L € (V,B(V)

is a Carathéodory function. Hence, from the separability of V, the measurability of
the second mapping follows, see [1, Lemma4.51]. Now the proof is complete. O
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