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Abstract

In this paper, we propose, analyze, and implement a new reduced basis method (RBM)
tailored for the linear (ordinary and partial) differential equations driven by arbitrary (i.e. not
necessarily Gaussian) types of noise. There are four main ingredients of our algorithm. First,
we propose a new space-time-like treatment of time in the numerical schemes for ODEs
and PDEs. The second ingredient is an accurate yet efficient compression technique for the
spatial component of the space-time snapshots that the RBM is adopting as bases. The third
ingredient is a non-conventional “parameterization” of a non-parametric problem. The last
is a RBM that is free of any dedicated offline procedure yet is still efficient online. The
numerical experiments verify the effectiveness and robustness of our algorithms for both
types of differential equations.
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1 Introduction

Polynomial chaos expansion is a deterministic approach to solving stochastic partial differ-
ential equations (SPDEs). The main idea is to construct a complete set of L? orthogonal basis
functions of the underlying probability space. Then the expansion coefficients will satisfy
a deterministic system of PDEs, called the propagator in [22]. It is usually recognized as
the stochastic Galerkin method [33] due to its evident resemblance with the classic spec-
tral Galerkin method. Traditionally, the polynomial chaos expansion approach is well suited
for SPDEs driven by Gaussian white noise or Lévy noise [12,19]. One can check [22,23]
for theoretical analysis and [20,36,37] for numerical studies. Recently, a distribution-free
stochastic Malliavin calculus framework was developed in [25], giving rise to a new class
of SPDEs driven by arbitrary type of noise. The numerical aspects of these distribution-free
SPDEs were then investigated in [10]. For linear SPDEs, the propagator system has lower
triangular and sparse structure, and is independent of the type of noise involved. However,
for nonlinear problems, the propagator system is fully coupled, and varies from one kind of
noise to another. The Wick—Malliavin approximation was proposed in [24] as a decoupling
technique. The authors in [10] also derived an error estimate for the truncation of the prop-
agator system, showing that the mean square truncation error converges at an exponential
rate with respect to the polynomial order, and at a cubic rate with respect to the number of
random variables included.

In many test cases, solving the deterministic propagator is much faster than Monte Carlo
simulation for a desired accuracy level, in that it is free of repeated sampling and the curse of
half order convergence. However, the size of the propagator system grows exponentially with
respect to both truncation parameters, and the (cubic) convergence rate is not fast enough to
compensate for it. We often need to evolve thousands of expansion coefficients sequentially
to obtain a high-fidelity approximation. This can be prohibitively expensive, especially for
problems with long time integration and/or high space dimensions. It is therefore imperative
to design fast algorithms with guaranteed accuracy and practically observable speedup.

Fast algorithms such as the proper orthogonal decomposition (POD) algorithm [3,32] have
been an active research area for parametrized partial differential equations (PPDEs) which
are ubiquitous in science and engineering. In the “many-query” (when simulations of the
PPDE are necessary for many different realizations of the parameter) or “real-time” (when
simulation result is sought in negligible time) contexts, the reduced basis method (RBM)
[5,9,26,29] is by now a well-known approach. It only queries the PPDE emulator, that is the
“truth” solver, for a rather small number of times at some strategically determined locations in
the parameter domain in the so-called offline phase to build up a reduced solution space. The
online phase seeks a surrogate solution for any parameter value as the energy projection of the
solution corresponding to that parameter into the reduced solution space. What differentiates
RBM from other model reduction approaches is perhaps its explicit error certification which
also guides the building of the low-dimensional solution space.

This paper considers the adaptation of RBM for our distribution-free SODEs and SPDEs.
Classic RBM usually deals with problems with an explicit parameter dependence [18,27].
Our setting is based on differential equations that are notably free of parameters. It is therefore
not immediately clear how to apply RBM directly since, first of all, there is no parameter-
induced solution manifold thanks to the lack of a parameter. The second challenge originates
from the fact that the propagator system must be solved sequentially. This sequential nature
means that, even if we find a way to parametrize the propagator system, the parametric
problems are inter-connected, a phenomenon that is notably missing from any PPDE.
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To address these challenges, we first construct a non-conventional “parameterization” of
the propagator system which exploits the multi-index of the polynomial chaos expansion.
‘We then design a RBM that is free of any dedicated offline procedure to accommodate the
sequential nature of the problem since the usual offline procedure would have demanded
queries of the “truth” solver at any parameter values independent of those at the others. The
resulting reduced solver is still online efficient, meaning that its complexity is independent
of the size of the “truth” solver. The resulting solver for the stochastic differential equations
is a hybrid of “truth” and reduced solvers which is orders of magnitude faster than using the
“truth” solver alone. To facilitate the handling of time, we propose a new space-time-like
treatment of time in the numerical schemes for ODEs and PDEs. Unlike existing approaches,
it is based on time-stepping, thus is free of the hassle of forming the space-time variational
formulation, but obtains approximations of the solution in a space-time fashion. When the
spatial domain has high dimensions, it is infeasible to handle the full space-time solutions
and construct the resulting reduced solver, we design an accurate yet efficient compression
technique for the spatial component of the space-time snapshots that RBM is adopting as
bases. Obviously this compression procedure is not necessary for ODES. Therefore, we have
two versions of the certified offline-free reduced basis (COFRB) methods, COFRB_ODE
and COFRB_PDE.

The remainder of the paper is organized as follows. In Sect. 2, we review the stochastic
analysis to derive the propagator system for SPDE model problems and the classical reduced
basis method. The COFRB methods and the details of their implementation are presented
in Sect. 3. Complexity discussions are in Sect. 4. Section 5 is devoted to numerical results.
Finally, some concluding remarks and discussions on future work are given in Sect. 6.

2 Background

In this section, we present the necessary background materials for our algorithm, namely
the distribution-free stochastic analysis and the classical reduced basis method. To ease
readability, Table 1 lists the notations that are most often used in this section and beyond.

2.1 Distribution-Free Stochastic Analysis

Let (2, F, IP) be a probability space, and E = {£;}72, is a sequence of independent identi-
cally distributed random variables with E[£;] = O and ]E[E,?] = 1foreachk > 1. Suppose that
there exists an orthogonal set of polynomials {¢, (§)}52, such that E[@, (§)@m (§)] = Sman!.
Forinstance, if {£}7 | are standard Gaussian variables, then {¢, };2  is the set of probabilists’
Hermite polynomials. Orthogonal polynomials for a wide class of random distributions are
listed in [33]. In particular, it is clear that go(§) = 1 and ¢ (§) = &.

Then we construct the polynomial chaos basis functions under the notation of multi-
indices. Denote by 7 the set of multi-indices o« = (ozk),fi | of finite length |a| = Z}:‘;, o

J:{a:(ak),filzozkzo, |oz\<oo}.

Let &g be the multi-index whose entries are all zero, and g; be the multi-index such that its
k-th entry is 1 and all other entries are zero. We also define polynomials and factorials of
multi-indices:
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Table 1 Selected notation used throughout this article

& i.i.d. random variables k =1, ..., 00

) The sequence of these i.i.d. random variables {§;}72 | for the SODE and SPDE
J The set of multi-indices @ = (ak)]fil of finite length

&0 The multi-index whose entries are all zero

&k The multi-index such that its k-th entry is 1 and all other entries are zero
Dy The multi-variate basis functions ®y := ]_[,i’O:1 ©ay, (&)

d The dimension of the spatial domain D C R?

My The degrees of the spatial discretization freedom

K The number of random variables is no more than K

M Polynomial order is no more than M

IM.K The truncated multi-index set

N The size of Ty k

N The number of multi-indices selected by RBM

“{\\/I/, K The “truth approximation”

ully x The RBM solution

en (1) Reduced basis solution error

Ay (r) Error estimate (upper bound) for [ley ()]

cj(@) The coefficient of the RBM solutions

Ne The number of collocation points, degrees of freedom in the PDE “truth” solver
Ny The number of collocation points for each dimension

n Time steps

Etol The tolerance error

o0 o0
g = []e" ot=]]a
k=1 k=1

The generalized polynomial chaos (gPC) basis functions [34] are taken to be the tensor
products of {¢,}72

o]
@, = ]_[%k(gk), foreacha € J. 2.1
k=1

Then &, = 1, &y, = &, and E[P, Pg] = a!dyg. Itis demonstrated in [25] that {Dy, @ € J}
is indeed a complete Cameron-Martin type basis [7].

Proposition 2.1 We assume that the moment generating function E[exp(0&)] exists for all
6 in some neighborhood of 0. Then {®y,a € J} forms a complete orthogonal basis of
L3*(Q,0(8), P), and for any n € L*(2, 0 (&), P), we have its stochastic polynomial chaos
expansion

_ E[n®,]

nzznad)a’ No = !
aeJ
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The Wick product [31] serves as a convolution type binary operator on polynomial chaos
basis functions:

Dy 0 Pp = Dy p,
so that for two random variables u and v,
UGV = Z Z uqgvgPyqp Where u = Zu(,,@a and v = Z vgPg.
aceJpedg aceJ BeT

Now we take the time variable into account. Let [0, 7] be some time interval and {m (t)}fozl
be a complete orthonormal basis of L?([0, T1). We define the following driving noise ‘5T(t):

Ry =Y mes =Y me()Pe,. 22)
k=1 k=1
and the stochastic process
t 0 t
N(r) = / N(s)ds =) (/ m(s) ds> &. (2.3)
0 h—=1 0

We take the linear parabolic SPDE as our model problem. The general form is

du(t, x) = Lu(t, x) + Mu(t, x) o N(@), (t,x) €0, T]x D,
u(0,x) =ug(x), x € D. 2.4)

Here D C R is some spatial domain, and

d d d

Lu(t,x) =YY aj()ddju(t,x)+ Y bi(x)du(t, x) + c(x)u(t, x), (2.3)

i=1 j=1 i=1

d
Mu(t,x) = Zai (x)dju(t, x) + Bx)u(t, x), (2.6)

i=1
where 0; is the i-th spatial partial derivative. We expand u(z, x) into {®,, @ € J}:
u(t,x) = Z Uy (t, x)Dy.
aeJ
By the definition of Wick product,

Mu(t, x) o N =Y Y Mug (t, )mi(t) Doy -
aeJk=1

We come up with the deterministic propagator system by comparing the expansion coeffi-
cients on both sides of (2.4):

dutg (1, %) = Lug (t, ) + Y Mug— (t,X)mi(t), (t.x) € 0, T] x D,
Er=a
ug (0, x) =ug(x)lig=¢,), x € D. 2.7)
It is a system of linear parabolic deterministic PDEs, with a lower-triangular and sparse

structure, i.e. a multi-index with order n only talks to itself and multi-indices with order
n — 1. As a result, we can solve the system sequentially, and coefficients with the same
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order can be updated in parallel. Additionally, the system does not depend on the type of
randomness involved, which implies the computational overhead from changes of noise is
almost negligible. That is, the propagator is solved once for all types of randomness.

Remark 2.1 The i.i.d. assumption of the sequence of random variables can be relaxed. In
[25] the authors only assumed that {& }zo:l contains uncorrelated random variables with zero
mean and unit variance. Here we restrict ourselves to i.i.d. sequences for technical simplicity.

Remark 2.2 Ip the special case of i.i.d standard Gaussian variables, ‘5‘((t) is the Gaussian
white noise W (), and 91(¢) is the Wiener process W (). Moreover, (2.4) is equivalent to the
1t6 type SPDE

du(t, x) = Lu(t, x)dt + Mu(t, x)dW (). 2.8)

More details can be found in [12].

2.2 Reduced Basis Methods: A Brief Overview

In this section, we present a brief overview of the main ingredients of the reduced basis
method while referring to the recent surveys and monographs [16,18,27] for more details.
Let pn be a p-dimensional parameter, and X be a Hilbert space of functions on D. Given
any parameter value g in a prescribed parameter domain, the goal is to compute u(p) € X
satisfying a PPDE written in a weak form

au(p),v; p) = f(v; p), vexX. (2.9)

We denote by (-, -)x the inner product associated with the space X, whose induced norm
is || - |lx = +/(, -)x. As is common in the RBM literature [29], we assume that a(-, -; n)
and f(-; ) are “affine”! with respect to the parameter p. There are strategies for situations
when the affine assumption is not satisfied, e.g., empirical interpolation [1]. We assume there
exists a spatial discretization having Ny >> 1 degrees of freedom to compute an approximate
solution of (2.9), u™(p) € XM with dim(X™) = Nj, called truth solution, within an
acceptable accuracy for every w. RBM attempts to, after a once-for-all preparation stage,
provide a surrogate to ™" with comparable accuracy, but with orders-of-magnitude less
computational cost than the truth solver. The essential idea is to compress the collection of
discrete solutions 1™V (1) for enough 1 into a low-dimensional space, and then to efficiently
compute a projected approximation for any .

Indeed, an RBM algorithm approximates the solution space by an N -dimensional subspace
of XNi, denoted by X x” ,with N < N X xh is formed through a greedy algorithm in a
hierarchical manner as the span of the so-called “snapshots”, by hierarchically constructing
a sample set SV = {u!, ..., ™} from the training set discretizing the parameter domain
and obtaining the truth solution for SV . The surrogate RB solution u%” (p) is computed as an

energy projection into X 11:;’1. In addition to the size of the system decreasing from Nj to N,
further saving is realized through pre-computation and storing of the parameter-independent
components of the RB “stiffness” matrix which is decomposed via the affine assumption.

! There exist p-dependent coefficient functions @Z :D — Rforg =1,...04, and @? : D — R for
qg=1,..., Qf, and corresponding continuous p-independent bilinear forms a?(-,-) : X x X — R and

linear forms f9(-) : X — IR, respectively, such that a(w, v; p) = Zqul O (wya4 (w, v), and f(w; p) =
Or o4 q
Zq:l ®f(lt)f (w).
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Moreover, these components can be computed by adding one more row and one more column

each time a new sample location u' is selected and the new snapshot resolved, thanks to the
Np

nested structure of X ".

Selecting snapshots through the a posteriori error estimate: The key question left is

how to select the representative parameters u!, ..., w" for the critically important sample

set SV. RBM adopts a greedy scheme to iteratively construct SV leaning on an efficiently-

computable error estimate that quantifies the discrepancy between the dimension-i RBM

Ni —_ . Nn
=)
Assuming the existence of this error estimate, the greedy procedure for constructing SV is
summarized in Algorithm 1.

surrogate solution ulN” (p) and the truth solution uNn (n), Aj(p) > ‘

Algorithm 1 Greedy algorithm for constructing S¥ and X x".

1: Input: training set 'in, an accuracy tolerance o), maximum RB dimension Npmax .
2: Randomly select the first sample ul € Tirain, and set i = 1 and & = 2¢gq].

3: Obtain truth solution uVh ([L] ), and set X{vh = span [MN([L])}‘
4: while (¢ > o and i < Nmax) do
5: for each pu € Tyyip do

Obtain RBM solution ulNh (n) € XiNh and error estimate A; (@)
end for

® XD

wi T = argmax A; (n), £ = Ay (ui+h).

IET rain
9:  Augment the sample set S'T! = §7 | J{u! T} and the RB space X;\Z’l = X;Vh & {uNn (uith).
10: Seti < i+ 1.

11: end while

Dealing with time: There are two standard approaches to deal with time within reduced
basis methods [14]. The first (and more standard one) is based on a time-stepping scheme in
the offline phase. The reduced basis is built by the so called POD-Greedy method [4,15,17].
It combines the standard greedy algorithm for exploring the parameter dependence as in
Algorithm 1, and a proper orthogonal decomposition (POD) in time to determine the time
steps that contains the most information of the temporal trajectory for the chosen parameter
that can not be well approximated by the current RB space. During the online phase, the
algorithm amounts to a time-stepping system that is reduced in size but with the same time
step as the “truth” solver.

The second is based on the space-time variational formulation of the original problem
[30,35] which considers time as an additional variable. This results in a Petrov-Galerkin
problem in d 4 1 dimensions with d being the spatial dimension of the problem. The reduced
basis is then formed following the standard greedy approach as outlined in this section.

3 COFRB Algorithms
Numerical discretization of (2.7), which provides the basis for the solution of the SPDE (2.4)

via the spectral expansion, usually follows the method of lines technique, in which we start
with standard spatial discretization schemes, transforming the propagator system into a larger
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system of ODEs. Suppose that the spatial discretization has M ¢ degrees of freedom, and A
and B are M £ x My discretized version of £ and M. The ODE system is

ul,(t) = Aug (1) + Z mi(t)Bug—g, (1), t€(0,T] (3.1a)

Ep=a

Uy (0) = ugljg=g) (3.1b)

where uy (1) € RM7 is the vector ugq(x, t) evaluated at those degrees of freedom. Then
suitable ODE solvers such as Runge-Kutta methods can be directly adopted .

Since there are infinitely many i.i.d. random variables in &, it is impossible to handle the
infinite system (2.7) or (3.1) as is. A finite truncation is always necessary. Toward that end,
for positive integers K, M > 0, we define the truncated multi-index set
M+K>

s (3.2)

Ink ={aeJ:|al =M, da) <K}, N:#(jM,K):<

That is, Ju, k contains multi-indices whose corresponding polynomial order is no more
than M, and number of random variables no more than K. The size of Jy x grows rapidly

with respect to both M and K. Given this truncation, the truth solution u%” x approximately
solving the SPDE (2.4) is

w0 = Y ()P, (3.3)
a€Tm K

with ug (¢) solving (3.1) for all « € Jy, k. This procedure gives highly accurate approxi-
mations. However, it is prohibitively expensive to solve when Nis large as the ODE system
(3.1) has to be resolved N times. This challenge can be mitigated by the COFRB method,
described below for ODE and PDE separately.

3.1 SODE Problem

In this subsection, we consider the following simple linear SODE problem.

W) =u@)+14u@) oN@), tel0,T] (3.4a)
u(0) =1. (3.4b)
The corresponding propagator system amounts to
d
Tra(0) = a(0) + Lameg) + ) ttamey (Ome(0). (3.5)

Ep=a

For simplicity, we use the forward Euler and Crank—Nicolson time discretization schemes
to describe our space-time treatment which is the foundation of the resulting COFRB method.
Toward that end, we partition the time domain (0, 7] uniformly by a grid 0 =19 < 11 <

. < t, = T with time step size At = t; — t;_. The forward Euler and Crank—Nicolson
schemes read

W=l b AT 1), j=1,.n (3.60)

ul, = ul™" 4+ At (u{)'[_l + Z ué_lkm,{_l> fora e, j=1,....n (3.6b)

Er=<a
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ity LA (i Unt (i :
wly =l A (1) £ S A(ud, 1) =1 (3.7a)
. 1 _ L 1 . . .
wl =)+ A (u-z;l + D uhmi ‘) + At ( + uggkmi) :
g <a fp=a
fora #¢e9, j=1,...,n. (3.7b)

Here u, is an approximation of u(#) at time ¢ = t;. Our space-time treatment is to rewrite
the scheme as the following system with ﬁa encoding the full time evolution except the initial
condition.

Aﬁa =f(ug,ua_5k) (75, = (u;uiug)r 3.8)
We therefore have a parametric problem in (3.8) with « being the parameter. The challenge
is that l7a is coupled with l}a_‘gk through the right hand side. This distinction from the usual
RBM setting (2.9) means that we can not inquire (3.8) for a single «. Instead, it must be done
sequentially starting from the lowest index &9. As a consequence, unfortunately the usual
greedy Algorithm 1, thus the very existence of the offline procedure, does not apply. This
motivates our design of a “offline-free” algorithm. To present it, we slightly abuse the notation
to denote the right hand side simply by f;, hiding its dependence on u_, in the remainder
of the paper. The following definition of A and f; for forward Euler and Crank—Nicolson
methods finishes our description of the “truth” approximation.

1 ug + Atug + At ngga ug_gkmg
—(+AD 1 . ALY, Ul m)
= . . o fu = :
—(1+ A1 At Zekﬁa “Z:ikaI
(3.9)
1—JAr
—(1+ A 1—JAr

A= ) . ; (3.10a)
—(14 A1) 1 — At

ug + %Altug + %At ;skitx ?g_glkmg + %At ZZ:SA-SDt ;‘clz—skmll

. 5 At Zeksa Uy g, M + 5 At ZSkSa Ug g, MY G.100)

1 n—1 n—1 1 n n
fAt Zskfd Ug—gy Mg + fAt ZEkSOt Uy g M

Proceeding similarly to the classical RBM, given that we already have a pre-selected

multi-indices set § = {ock};'(:1 and the corresponding “truth approximations” written in
a matrix form U = (l_}al, o, 0ai), the goal is to find, for each «, the RB coefficients
Co = (c1(@), c2(a), ..., ci(e))T such that the RB solution Z}O’( = UZ, satisfies the equation

AUL = f, in certain sense. In this paper, we solve the least squares problem as in [8]

UTATAUZ, = UTAT f, (3.11)
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minimizing HAUO’)’ — fa ll;2 which is a Petrov-Galerkin formulation. We note that we can
also formulate the reduced problem as a Galerkin projection,

UTAUG, =UT 7, (3.12)

which is less stable according to our numerical result (not reported in this paper). The remain-
ing key question of how to determine the reduced multi-indices set S! is answered by a
“keep-or-toss” approach guided by a quantity A;(«) bounding from the above the error
between the reduced solution U’ and truth approximation U, for any multi-index «. This
upper bound resulting from a residual-based a posteriori error estimate,

_ AU, — fell2
BLB

is standard for RBM [8,29]. Here B p is the lower bound for the smallest eigenvalue of
AT A. The detailed algorithm is provided in Algorithm 2. We note that this “keep-or-toss”
approach was initially explored in a different setting in [13], and then extended to a more
general multi-layer enhanced greedy algorithm for the classical RBM setting in [21].

Aj () (3.13)

Algorithm 2 Certified Offline-Free Reduce Basis Method for ODE (COFRB_ODE)

1: Set error tolerance &) agd maximum number of selected multi-indices Nmax.
2: Solve & = & to obtain Ug,.

3: Normalize 17,; to form basis matrix U = (ﬁgo), i=1.

4: for o € Jy g sequentially do

5:  Solve UT AT AUZq = UT AT f,, to obtain lj& = ZI]‘:I c_f(a)ﬁaj.
6 Calculate A; («).

7. if Aj(a) > gi0] & i < Nmax then

8 Solve AUy = fy to obtain Uy.

9: Update the basis matrix U= (l?al s 170,2, ey 17(1,-, IL)

10: Apply a modified Gram—Schmidt transformation on U and also set the &y .
11: i<—i+1.

12: else, .

13: Uy = U},

14:  endif

15: end for

Remark 3.1 (Generality of time discretizations) This paper presents the method for two kinds
of time discretization schemes. In fact, any ODE solver that can be written in the form of
(3.8), such as Runge-Kautta, linear Adams multistep methods et al, can be handled.

Remark 3.2 (Computational details) To ensure that the reduced system is well-conditioned,
we apply the modified Gram—Schmidt (MGS) transformation on the basis matrix U. More-
over, special care must be taken to ensure efficiency and accuracy of the COFRB method
when it comes to calculating the RB matrices and vectors (f] TAT AU and UT AT fa), and
the residual norm (as an example, a straightforward implementation may result in a nega-
tive norm). For these reasons, we provide the details of implementing steps 5, 6 and 10 of
Algorithm 2 in “Appendix A”.
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3.2 SPDE Problem

We devote this section to the stochastic PDE case using linear parabolic PDEs as an example.
For the truth approximation, we adopt a Fourier collocation approach with A collocation
points for the spatial discretization [6]. These N collocation points cNe = {x; }9@1 are taken
as a tensor product of AV; collocation points for each dimension. Obviously, for D ¢ R? we
have N, = ./\/’j . We denote this spatial discretization degrees of freedom by M y and present
two ways to apply COFRB to this problem.

3.2.1 Method with No Spatial Compression Embedded

The first, a direct application of the Algorithm COFRB_ODE presented in the last section,
becomes obvious once we write the “truth” solver in the form of (3.8). It achieves the RB
reduction of the parameter-induced manifold by simply replacing numbers u, for ODE by
vectors ug, for PDE which contains the spatial variation of the solution at the j™ time step.
Toward that end, we also consider forward Euler and Crank—Nicolson time discretization
methods for (3.1) which read

FE:u/ =u/~' + A (Augl + > mi‘Bug_ik> L j=1.....n (3.14)

Ep=a

; ; At [ ~ i1~ i At [~ . P~
exsud =l 4 5 (o o B ) (e T ).

fp=a Ep=a
j=1...,n. (3.15)
Here u;i is now a vector containing the spatial variations, u{; = [uf,l)(tj), e, uf,M)(tj)]T =
[ug(tj, x1), ..., uq(t;, xNC)]T. Recall that A is the spatial differential operator discretized
by the spectral collocation method. We can now rewrite them in a matrix form:
N . - T
Ay = foor U= (@7 @7, @i)T) (3.16)
with A written block-wise for the FE and CN schemes as follows
1 1-5A
—(I+AtA) 1 —(I+5A) 1-45A
A= ;A= )
- AT AT
—(I 4+ AtA) 1 —(I + T’A) I— TtA

(3.17)

Here I € RVexMNe is the identity matrix. To facilitate presentation of the detailed efficient
implementation of the algorithm (see “Appendix A”), we write f, for the FE solver in the
following form

0

a—eg

u) + ArAud 4 Ar D ei<a m} Bu
1 pyl
At Zskga kauotfs/c

(3.18)

n—1p n—1
At ZSkSUtmk Buafsk
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ug + Atﬁug + At Zskfa m?ﬁug_gk 0 s 10
0 m; B u, .
= + At Z o
. & =a : N .
0 m{~'B uZ:ék
=04+ a0y MU, (3.19)
Ep=a
where M, ,9 = diag{0, m ,if?, RN mz_l B) and UV is the full spatial-temporal representation
of the RB basis matrix with the initial and final time step truncated.
0o 0 ... 0
1 1 1
. u, U, ..U
U’ = . L . (3.20)
wtugt !

This compact form can be achieved for CN scheme as well:

0 A0 At 0 R0 At 1 py,l
u, + AtAuoz + 2 Zskfot kauafek + v Zekftx kauafsk
At 1Ryl 2 P2
5 Zsksu (kaucH;k + m; Bu,

> a—ek
Jo = . (3.21)
At n—1 B n—1 né n
2 Zekga mk ua—sk + mk ua—sk
ug + %ug + % ngfa mggug_gk 0 s 10
0 At m; B Wo—gy
= —
; 7 2 |
: fk=a N :
0 mi~'B ) \uwitl
m,l(B - u%_Sk
At ka Uy e
+ B3 Z :
ek=a ~ :
mi B g,
_ oy A MU + MU ) & 3.22
=fa+ 5 2 (MU + MU ) Gy (3.22)
Ep=a
where M = diag{m ,'(Ié, m%B, ey mZI;’ } and U is the full spatial-temporal representation

of the RB basis matrix with the initial time step truncated.

Yo o
o=\ - . (3.23)
n— n— n—
L | R |
n n n
uyuy, uy,

3.2.2 Method with Spatial Compression Embedded

The consequence of ignoring the spatial compressibility is two-fold. Firstis the large memory
the algorithm is consuming. For example, the “truth approximation” from (3.16), Uy, is in
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R"Nz. So are the number of rows for U° and U and the resulting matrices U , AU R AT AU etc.
This proves challenging especially for the high spatial dimension (d > 2) case. The second
negative consequence is the high operation counts thanks to the multiplication of matrices
of this size.

To mitigate these difficulties, we design the following algorithm to “compress” the basis
every time one is added to the reduced space while maintaining its accuracy. To achieve that,
we rewrite the vector Uy as a matrix Uq to which we apply singular value decomposition
(SVD).

min(N,n)
Up=(ujug,....up)=nxc" = Y amief (3.24)
j=1

where 7 is an A-by-A, orthonormal matrix, and ¢ is an n-by-n orthonormal matrix, and
¥ is an N, -by-n matrix whose entries are zero except for its min(\N,, n) diagonal elements.
They are denoted by A ; that is decreasing with j. ; and ¢; are the columns of matrices n
and ¢. Our algorithm truncates this SVD by storing only the first m (< min(N,, n)) vectors

1 ¢; and singular values of A; to approximate f]a as follows.

npomy ey \ [ Mg) MgE g

- & nrony . nh Mgy MagE ... Mgl

Uo ~ Y Ajmjc] o S . (3.25)
= Do : : : :

m ¢ b ‘L Uﬁ[f )mer}l Amé}% e Ay
=V (wg wg ... wh) (3.26)
where V' € IRN"X’”, w,{; e R™, j =1,...,n. We can then rewrite the truth approximation

back as a vector form
%% wi

Uy ~ = V™iby (3.27)

%% wh
Now we only store mN, + mn elements instead of nN. for each truth approximation, a

" + 77 reduction. The basis matrix U can in turn be approximated as

wy, 0 0

Wy, 0 ... 0

0 wh ... 0

14 v v o .

U R B : 0wl ... 0

Ve Ve Vai :
0 0 ...wp,
0 0 Wy,
= (Vv . &;7) (foal Wy o Wy ) = VIV, (3.28)
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The other basis matrix U 70 is approximated in the same fashion, simply with W replaced by
WO that contains wa for j=0,...,n— linsteadof j = 1,...,n with wai =0,

- =

U =vwo.
Then the reduced solver (3.11) becomes
WIVTATAVWE, = WTVT AT £, (3.29)
_[wrvrar (JO+ A1,y o MOV W%, ) frFE
WIVTAT (J2 4+ 4 X e MPVWO 4 MV W)Gyg, ) for ON.

The detailed algorithm, called COFRB_PDE, is provided in Algorithm 3 with implementation
details postponed to “Appendix B”.

Algorithm 3 Certified Offline-Free Reduced Basis Method for PDE (COFRB_PDE)

1: Set tolerance error &yo] and maximum number of selected multi-indices Nmax-
2: Solve o = g to obtain Ug,, set @] = &.

3: Do SVD on 0o¢| to obtain Vo’[’; and Wy, .

4: Normalize Wy, and seti = 1.

5: for @ € Jy g sequentially do

6:  Solve WI VT AT AVWZ, = WT VT AT f,, to obtain 0& = lj:l c_j(a)\7‘;'; ﬂ}aj.
7:  Calculate A;(c).
8 if Aj() > eto] & i < Nmax then
9 Solve AUa = fa to obtain Ua

10: Do SVD on Uy to obtain V' and Wa.
. _ m ym vm ym 5_ (W O
11: Update the matrix V= (Val, Vayo - Vap Vo ) and W = ( 0 iy )
12: Normalize W and set ¢y = (0, ..., 0, |7 .
13: i<« i+1.
14:  else N
15: Uy = Ul ¢ = (c1(@), c2(@), . ..., ¢ (@)).
16:  end if
17: end for

Remark 3.3 Note that the columns of the matrices W and W© are oorthogonal. So we only
need to normalize them. The absence of MGS for the basis matrix U improves efficiency of
the algorithm. Currently, we use the same m across the RB bases. This may lead to some
redundancy in U resulting in a possibly non-invertible RB matrix Agp = WIVTATAVW.

In this case, we adopt the Moore-Penrose pseudo-inversion [2], (WT VT AT AV W), to solve
the least square problem which amounts to identifying the RB coefficients ¢, for (3.29) with
minimum norm. This redundancy can be removed, thus the Moore-Penrose pseudo-inversion
avoided, by using an adaptively chosen m which gets smaller as we build up the RB space.

4 Complexity Analysis of the COFRB Algorithms
As is well-known [28], the tremendous speedup of the reduced basis method originates from

the decomposition of the computation into an offline stage and an online stage. The essence
is that, whenever a new basis is added to the reduced space, components of the reduced solver
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and its error estimation that are dependent on this basis should be precomputed and stored. As
a consequence, the reduces solver and its error estimation are independent of the degrees of
freedom of the truth solver. Keeping this in mind, our COFRB algorithm can be implemented
in a similar fashion. The lack of clear offline-online decomposition is overcome by that, in
the sequential procedure of the problem resolution, there are overwhelmingly more multi-
indices whose solutions are provided by the reduced, as opposed to full, solver. The amount
of savings from these reduced solves being independent of the size of the full problem more
than compensates for the additional computation, after each full solve, to prepare for the
reduced solve. Thus, the total computational complexity is less than the original scheme. In
this section, we provide a detailed computational complexity count taking forward Euler time
discretization as an example. It makes evident the theoretical basis of the practical numerical
speedup we observe in the numerical results section below.

4.1 Computational Complexity for COFRB_ODE

We first consider Algorithm 2 for the SODE problem. The complexity of the original scheme,
that is obtaining truth approximations U, from (3.8) for all « € Ju k. is of the order

C]?u“ = nNK
Recall N\ is the cardinality of 7y k. To compute the complexity for Algorithm 2, we note

that for each @ € Ju k., we need to form fRB = UTATfa, solve ¢, and calculate A; (o)
from (6.11). The operation count of this procedure is, at most, of the order

form fzp and solve ¢, 6.11)
— —
N N’K+N>  + NK?

calculate A; (o)

This cost is, as expected, independent of the number of time step (in this case the size of the
truth approximation) n. During this procedure, if the solution corresponding to the current
multi-index is determined to be a worthy addition to the RB space, we encounter the following
additional cost which is aggregated for all the N chosen multi-indices.

6.4) and (6.5 (6.10)
N (6.4) an (6.5) MI_I(?S ~—
Z B nik + ni + niK
21 \ update U7 AT AU and UT AT MPU© QR prep

Therefore, the total complexity of Algorithm 2 for SODE problem is of the order

CR =nN?K? + N(N* + NK + K*)N.

Remark 4.1 The amount of speedup, assuming N > K, is in the order of

CRg _ N’K N N3
Chun SN nk
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4.2 Computational Complexity for COFRB_PDE

One-dimensional case: The cost of the original scheme is of the order n/\/z/\/ K . For Algo-
rithm 2, a similar analysis as above shows that the total cost is of the order

nNi:NK(NK 4+ N;) + N(N* + NK + K> N.

For Algorithm 3, due to the spatial reduction, the size of the space-time snapshots
decreases from n\y to mN, +mn. For each multi-index, we need to form WIVTATAVW
and WTVTAT M 0VW0 (of size at most N, the number of reduced basis), calculate the
(WTVTATAVW)‘, and evaluate A;(«) through forming and decomposing B'B (see
“Appendix B”). All these operations add up to be, at most

form W7 V7 AT AVW and W7 VT ATMOVWO (T T AT AV form B7B
) 1 i |
N| (NNemNy +m) + Nnm*)(K +1) + N3 + NK?mm? + (NK)?

and orthor. decomp.

For the N chosen multi-indices, we have the following additional cost

obtain 7, SVD on 7,
I 1 I U
N n./\/;%K + min(n, Ny)>

Thus, the total cost is of the order
N(NNemNy +m)K +nNK?m?* + N°K3) + nA2NK + N min(n, Ny) .

Two-dimensional case: In the 2D case, the differentiation matrices A and B are sparse,
thus the complexity of matrix vector multiplication is of the order J\/z So the complexity of
obtaining l}a from the original scheme is of the order n./\/z./\/' K.

For Algorithm 2, the complexity is of order

nN2NK(NK +Ny) + N(N* + NK + KHN.
For Algorithm 3,
N(NN2mNy +m)K +nNK?*m?* + N°K3) + nASNK + N min(n, A2)*.

Summary: We list here the complexities of the original scheme, direct extension of
COFRB_ODE, and then COFRB_PDE for the d-dimensional SPDE problems.

Cgull = n/\/d+1NK
Cha = tNYNK(NK 4+ Ny) + N(N> + NK + KHN,
2= N(NN”m(N +m)K +nNK*m? + N3K ) + nNIFINK 4+ N minGn, M3,

After simple algebraic simplifications, the amount of speedup of the COFRB_PDE algorithm

is
ch2 Nm  NK < 5 N21<> N ,(n2 /\/ff")
+— 4+ m* + +—min|——r, = —].
n NK

N
P T A 1 1’
Cew N 1 NI NI n
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5 Numerical Results

In this section, we apply our algorithms to one SODE problem and two SPDE problems, and
compare the costs of the original scheme and the COFRB methods. In all the experiments,
we set the maximum number of reduced multi-indices Ny,x to be 200. For the COFRB_PDE
algorithm, we set the number of columns of V!, m to be 6 in all experiments. Exact solutions
are obtained through solving the corresponding moment equations of (3.1).

Example 5.1 (Linear SODE). Suppose that u = u(¢) satisfies the following linear SODE

W' (@) = u@) +1+u(@@) oN@), tel0,T]
u(0) = 1. 5.1

We evolve the propagator ODE system to the final time 77 = 1 with time step size
At = 107* i.e. time steps n = 10,000. In order to examine the error of reduced basis
solution in comparison to the truth approximation, we define the following square error

M — Bllud) ¢ (1) — )y (D], (52)

As a reference, we also compute the error of the truth approximation in comparison to the
exact solution

R = Elluyy x (1) — u(D)]. (5.3)

We test both the forward Euler and Crank—Nicolson time discretization schemes for
(M, K) = (8,8) and (9, 9) and plot the histories of convergence, number of chosen multi-
indices, and computation time, all with respect to &) in Fig. 1. It is clear that the method is
highly effective in capturing the “important” multi-indices. With 35 (out of a total of more
than 12,000) of them, the COFRB solution reaches an accuracy of more than 8 digits. In

o
o
T

—a—

FE truth

o
S
T

~ — - CNtruth

ORI
€,

RBM
2

>
T

e
CPU Time(s)

o

'A; " L L L 1 " L L L L 1
10" 10° 10" 10* 10° 10" 10° 10" 10 10°

. oo} ===,
g 10 bt — 30
S FoHE oo £ 8o}
- [~ =%f
= 60 F
.
2 10 =} 20fF
o o 40
- o 15F
—— o rE
10°® FE truth 20 -
R 7 1ok
(2] Frewarrminl . . . . . . " .
10" 10° 10" 10% 10° 10" 10° 10" 10* 10° 10" 10° 10" 10 10°
Eiol €l ol

Fig.1 SODE problem for (M, K) = (8, 8) (top) and (M, K) = (9, 9) (bottom). From left to right are histories
of convergence of e§3 M and ¢9R! CPU time of Algorithm 2 as a function of &4], and number of chosen

multi-indices (out of 12,870 or 48,620) as a function of &
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Fig. 2 1D SPDE problem for (M, K, N¢) = (9,9, 32) (Row 1), (9,9, 64) (Row 2), (10, 10, 32) (Row 3),
and (10, 10, 64) (Row 4). From left to right are histories of convergence of e§BM and egRl, CPU time of
Algorithm 3 as a function of &, and number of chosen multi-indices (out of 48,620) as a function of &y,

Table 2, we observe that when eX5™ and ¢ R/ reach the same level, our algorithm achieves

savings of two orders of magnitude.

Example 5.2 (Linear 1D parabolic PDE). We solve the linear parabolic PDE in Sect. 2.1.
Consider the one-dimensional space region D = [0, 2] with periodic boundary condition.
The initial data is ug(x) = cos x. Differential operators £ and M are set to be

Lu = 0.1458)%14 +0.1sinxd,u, Mu =0.50,u. 5.4)

Fourier collocation method with A, collocation points is used for spatial discretization.
Let {x; }f\i"l be the set of equidistant collocation points such that x; = W We test our
- c
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Table4 1D SPDE problem: error and computing costs of our Algorithm COFRB_PDE for varying polynomial

degree M
Ne (M.K) & N/N eRBM eJRI CPU Time
COFRB_PDE Full
Forward Euler time discretization
32 (6,9) 9.84E—02 38/5005 3.62E—03 4.48E—03 8.23E—-01 1
(7,9) 7.18E—02 46/11440 1.62E—03 1.97E—-03 4.98E—01 1
8,9) 343E-02 51/24310 4.96E—04 9.41E—04 2.92E—01 1
9,9) 2.02E-02 57/48620 3.96E—04 4.98E—04 1.64E—01 1
(10,9) 7.06E—03 82/92378 2.37E—04 3.04E—04 1.76E—01 1
(11,9) 6.36E—03 84/167960 2.01E-04 2.33E—04 1.32E—01 1
Crank—Nicolson time discretization
32 (6,9) 1.02E—-01 38/5005 3.62E-03 4.38E—03 1.75E-01 1
(7,9) 7.50E—-02 45/11440 1.62E—03 1.85E—03 1.07E—-01 1
8,9) 3.58E—02 50/24310 4.96E—04 8.15E—04 6.25E—02 1
9,9) 1.54E—02 62/48620 3.24E—04 3.67TE—04 5.52E—02 |
(10,9) 6.65E—03 83/92378 1.20E—04 1.70E—04 6.84E—02 1
(11,9) 4.36E—03 89/167960 7.37E-05 8.30E—05 1.42E—02 1

algorithms for collocation points . = 32, 64 with (M, K) pairs being (9, 9) and (10, 10)
respectively. Both forward Euler and Crank—Nicolson methods are implementedupto 7 = 5
with time step size Ar = 1073 i.e. time steps n = 5000. The results, shown in Fig. 2, indicates
that the COFRB_PDE method is effective for PDE. We only need to resolve about 0.2% of
all the multi-indices through the high-fidelity simulation. Everybody else can be supplied by
the reduced solver without degrading the accuracy. We compute efB M — E[llu%’ k5. —

u/[?,lf, k5.0 ||122] as proxy of error, where the discrete L? norm for v is defined by

&
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h = — X
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Fig.3 CPU times (or COFRB_PDE and the original algorithm) versus errors for the 1D SPDE problem with
(M, K, N¢) =(6,9,32),(7,9,32), ..., (11,9, 32). Left: Forward Euler time discretization; Right: Crank—

Nicolson

time discretization
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and for comparison, we also compute the error ezoR[ = IE[Hug,RK[ (5,) —u(s, -)||122] where

u is the exact solution of the SPDE. In Table 3, we find that when the errors eX5™ and

e20 RI' reach the same order of magnitude, our algorithm is much faster than the original
algorithm. This result also stands for the Crank—Nicolson method. We normalize the time
with respect to that for one truth solve. We see that our algorithm achieves savings of two
orders of magnitude. And we also compare Algorithm 2 with 3, to verify that Algorithm 3
not only saves more storage but is also more efficient than the Algorithm 2. In addition,
we demonstrate the scalability of our Algorithm COFRB_PDE. Toward that end, we fix the
number of random variables K = 9 while increasing polynomial degree M. The results are
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Fig. 4 COFRB for 2D SPDE problem based on Forward Euler method with (M, K, N¢) = (9,9, 32 x 32)
(Row 1), (10, 10, 32 x 32) (Row 2), (8, 8, 64 x 64) (Row 3), and (9, 9, 64 x 64) (Row 4). From left to right
are histories of convergence of e§ BM anq e20 Rl CPU time of Algorithm 3 as a function of &¢,], and number

of chosen multi-indices as a function of &)
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listed in the Table 4. We observe that, to reach the same level of accuracy as the original
algorithm, the number of snapshots N does increase as expected since the original algorithm
is getting more accurate. However, this increase in N is quite gradual. As a consequence,
our algorithm is actually getting slightly more efficient overall in comparison to the original
algorithm which becomes more costly faster as M increases. We visualize these trends in
Fig. 3.

Example 5.3 (Linear 2D parabolic PDE) We consider two-dimensional linear transport type
SPDE. Consider the following distribution-free equation, equipped with periodic boundary
condition.

10 o
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Fig. 5 COFRB for 2D SPDE problem based on Crank Nicolson method with (M, K, N¢) = (6, 6,32 x 32)
(Row 1), (7,7, 32 x 32) (Row 2), (6, 6, 64 x 64) (Row 3), and (7, 7, 64 x 64) (Row 4). From left to right are
histories of convergence of e§ BM and ezo RI CPU time of Algorithm 3 as a function of &y, and number of

chosen multi-indices as a function of &)
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du(t,x,y) = (%af + cos(x)By) u+ o oN@), (t,x,y) €l[0,T]x[0,27]> (5.5
u(0, x, y) = sin(2x) sin(y), (x,y) € [0, 27> (5.6)

Fourier collocation method is used for spatial discretization with Ay = 32, 64 collocation
points in each dimension. Equidistant collocation points are denoted by x; = y; = (=D
The propagator system is then evolved to 7 = 0.2. We test Algorithm 3 for both “for-
ward Euler and Crank Nicolson methods. For forward Euler, we set time steps n = 5000,
(M, K) = (9,9), (10,10) for Ny = 32 and (M, K) = (8,8), (9,9) for Ny = 64. For
Crank—Nicolson, 7 is set to be 400, (M, K) tobe (6, 6), (7, 7) for Ny = 32 and N/, = 64. We
also compute mean square truncation error, eX ¥ = ]E[llu%’K(O.Z, . ~)—u%,K(O.2, . -)||122],
YR = ]E[||uf\\4”’K(0.2, ) = u(0.2,-,)||5,] where the discrete L? norm is [|v||; =

% Zﬁ*l Zi\il (w(xi, y j))z. We plot the histories of convergence, computation time, and
thé number of chosen multi-indices as functions of & in Figs. 4 (forward Euler) and 5
(Crank Nicolson). And we also plot the variance of exact solution and the RBM solutions in
Figs. 6 and 7. It is clear the COFRB method captures the variances well.

Table 5, where we list the computational time, shows that the COFRB_PDE algorithm
achieves savings of two orders of magnitude when the RBM solution reaches the same
accuracy level as truth approximation. We note that Algorithm 2 becomes infeasible for the
two-dimensional problem due to the memory constraint. For Crank—Nicolson method with

Fig.6 Variance of 2D SPDE problem with A; = 32 x 32: from left to right are exact solution, RBM solutions
with Algorithm 3 based on Forward Euler method with (M, K) = (9, 9) and Crank Nicolson method with
(M, K) = (6,6)

Fig.7 Variance of 2D SPDE problem with A; = 64 x 64: from left to right are exact solution, RBM solutions
with Algorithm 3 based on Forward Euler method with (M, K) = (8, 8) and Crank Nicolson method with
(M, K) = (6,6)
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N, = 64 x 64, the full problem is out of reach. Therefore, we compute the error between
the RBM solutions and the exact solutions, eg’“m, and show them in the Table 5.

59 =B [l 02,9 =02, 3] (5.7)

The fact that the reduced solver COFRB_PDE reaches five digits of accuracy when the
full solver or the COFRB_ODE is out of reach underscores the power of the COFRB_PDE
method.

6 Concluding Remarks

In this paper, we develop new reduced basis methods for SODEs and SPDEs, called
COFRB_ODE and COFRB_PDE respectively. The main features include a new space-time-
like treatment of time in the numerical schemes for ODEs and PDEs, an accurate yet efficient
compression technique for the spatial component of the space-time RBM bases, a non-
conventional “parameterization” of a non-parametric problem, and finally a RBM that is free
of any dedicated offline procedure yet still efficient. The numerical experiments corroborate
the effectiveness and robustness of our algorithms. Future work includes extension of the
current approaches to nonlinear and purely transport problems, and convergence analysis of
the error with respect to the number of chosen multi-indices.

Appendix A: Implementation of Algorithm 2

In this appendix, we present some details for efficient implementation of Algorithm 2 whose
steps 5, 6, and 10 are key.

A.1Step 5

For the forward Euler time discretization, we rewrite the right hand side of (3.8) in the matrix
form

u® + Arul + At > ei<a mgug_sk 0 0
s O mllc u(%t*é‘k
Jo = . + At Z
: fp=a :
0 mi™t ) \ugz,
=fl4+ Ay MUy, ©.1)
Ep=a
where M,? = diag{0, m}c, el mzfl} and
0 0 0
1 1 1
u, u, ... u
g0 | “ | _(po po 770
e e (A 6.2)
ug]—l ugz—l ugl—l
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For the Crank—Nicolson method, we can also rewrite (3.10) similarly

ug + ALY + 3 ALY < g, o 0
- 0 1 my Uy gy
fot = . + EAI Z
. gp=a
o AV
1
m}( a—eg
1 my ey
+ 581 )
Er=<a
my Uy,
1 . .
0 0770 -
= fi+3580 Y (MPT° + MO ) G, (6.3)
gp=a
where M), = diag{m,ﬁ, m% comp)

Due to the hierarchical nature of the RB space, the RB stiffness matrix Agp = uT ﬁTAU
can be formed by appending a row and a column each time a new reduced basis Uy, is
identified. That is, we exploit the following identity.

ur ) ( UTAT AU UT AT AU, )
- AT A = i1l . 6.4)
((Ua,-+|)T ( a’“) (Ua )TATAU (Ua,+])TATAU ¢

@jt]
For the RB right hand side fRB = ﬁTATﬁ,, recognizing that

UTAT fO + At Yo <a UTATMOUoca - for FE
UTATfO+ 41y, U TAT(MOUO + MyU)éy—g, for CN
(6.5)

fre=UTAT f, = {

we can also exploit the hierarchical nature to gradually build up U7 A7, U7 AT M?U° and
UTATMU.

A.2 Step 6

Efficient and accurate evaluation of the error estimator is critical for the correct identification
of the key multi-indices and thus the convergence of the COFRB algorithms. The classical
approach of computing the square norm of AU Cq — fo and then expanding it to enable an
offline-online decomposition leads to numerical instability [11]. In our setting, it will result
in this norm being negatlve To detail the numerically stable method, we follow [11]. Noting
that we can assume f0 = O since u9_, = 0 when |a| > 2 due to the initial condition being
deterministic and all o with |ee| = 1 are usually chosen meaning the residual will be zero,
we can rewrite the residual AU Cq — fa as

AUZy — foy = BCy (6.6)
where
B= (Af/al, MG, MUY, ..., MQTL,, AUy, MYTY,, ..., MOTY,, ..., AU,
MG, .. MRUY) 6.7)
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éa = (Cl(a)7 _Atsafelcl (a —€1), —At5a75261 (¢ —&2),..., _At(safs,(cl (a —€k),
(@), —Atdy—g c2(a — €1), —AtSy—gyc2(0 — €2), ..., =Atdgy—gp (0 — €K), ...,
T
ci(@), —AtSq_g ci(o — 1), —Atdy—gyCi(0 — £2) ..., —A18q_gpCi(a — £K))
(6.8)

and 8y, is defined as follows

s 1, ifer < aistrue 6.9)
7% 10, otherwise. '

We adopt the rank-revealing QR factorization through modified Gram—Schmidt for matrix
B.

B=0OR, Q¢ Rnxrank(B), R e Rrank(B)xM(Kﬂ—l). (6.10)
where rank(B) < M (K + 1) is the rank of matrix 3. Then
|AUZ, — ful> = CITRTRC,. 6.11)

The cost of computing this term is independent of # if we pre-compute matrix 7. Notice that
the matrices Q and R must also be gradually expanded similar to the way RB stiffness matrix
is handled recognizing that QR factorization can be expanded in a hierarchical fashion as the
data matrix is expanded.

A.3 Step 10

When a new multi-index o;;_is deemed a candidate for addition to the RB space i.e.
Aj(@iy1) > &tol, We take vg = Uy, . Then the modified Gram—Schmidt follows

ijzvj,1—<vj,],l7ai >ﬁai, (6.12)
v; . .
vi=——, j=12,...,i (6.13)
llojll
where < -,- > denotes the inner product. If ||9;]| = O for some j < i, we discard this

candidate and set the (RB) coefficients for this multi-index as

- = = ~ = i—1 ~

Carr = (< 0,0y > < 01, U > 101, < 01, Uy > T N311,0,..,0)).
Otherwise, we update ﬁa .+1 = v; and augment the basis matrix, and set the (RB) coefficients

R - - . . N A
Cajpy = << 0, Uy >, < 01, Uay > NI01l, .., < vie1, Us, > T4 11951, l'l}=1||vj||)~

Appendix B: Implementation of Algorithm 3

In this appendix, we present some details for the efficient implementation of Algorithm 3.
The RB stiffness matrix and vector Agp and frg = W7 VT AT f,, are expanded in the same
fashion as in Appendix A. For calculating A; (), slight changes are necessary. Under the
same assumption f = 0, we have
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IAVWEy — full* = IBCal? (6.14)
= CT BT BC,, (6.15)
where
B = AV Way, MOVIWE, MSVIWS, .. MRVIWE, AV Way, MOVIW,. ...
MR VW, AV Woy MOVIWS, . MR VW) (6.16)

‘We first use hierarchical expansion to form the matrix BT Bwhichis of size i (K+1)-by-i(K+
1). Since it is symmetrical and positive definite, there exists an orthogonal decomposition.
Hence,

CIB'BCy = CIPTAPC, = o] Aw, 6.17)

where P isani(K +1)-by-i (K +1) orthogonal matrix, A is a diagonal matrix whose diagonal
elements are square of singular values of matrix 3 denoted by s; and w, = PCy. Thus the
residue

i(K+1)
IAUE — ful> = ) sj(@a)]. (6.18)
j=1

In this way, we only need to store the i (K 4 1)-by-i (K + 1) matrices B/ B, P and i (K + 1)
diagonal elements of A.
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