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Abstract

A methodology for using random sketching in the context of model order reduction for
high-dimensional parameter-dependent systems of equations was introduced in [Balabanov
and Nouy 2019, Part I]. Following this framework, we here construct a reduced model from a
small, efficiently computable random object called a sketch of a reduced model, using minimal
residual methods. We introduce a sketched version of the minimal residual based projection as
well as a novel nonlinear approximation method, where for each parameter value, the solution
is approximated by minimal residual projection onto a subspace spanned by several vectors
picked (online) from a dictionary of candidate basis vectors. It is shown that random sketching
technique can improve not only efficiency but also numerical stability. A rigorous analysis of
the conditions on the random sketch required to obtain a given accuracy is presented. These
conditions may be ensured a priori with high probability by considering for the sketching
matrix an oblivious embedding of sufficiently large size. Furthermore, a simple and reliable
procedure for a posteriori verification of the quality of the sketch is provided. This approach
can be used for certification of the approximation as well as for adaptive selection of the size
of the random sketching matrix.

Keywords— model order reduction, reduced basis, random sketching, subspace embed-
ding, minimal residual methods, sparse approximation, dictionary

1 Introduction
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We consider large parameter-dependent systems of equations

A(p)u(p) =b(u), p € P, (1)

where u(p) is a solution vector, A(u) is a parameter-dependent matrix, b(u) is a parameter-
dependent right hand side and P is a parameter set. Parameter-dependent problems are considered
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for many purposes such as design, control, optimization, uncertainty quantification or inverse
problems.

Solving (1) for many parameter values can be computationally unfeasible. Moreover, for real-
time applications, a quantity of interest (u(u) or a function of u(u)) has to be estimated on the
fly in highly limited computational time for a certain value of p. Model order reduction (MOR)
methods are developed for efficient approximation of the quantity of interest for each parameter
value. They typically consist of two stages. In the first so-called offline stage a reduced model
is constructed from the full order model. This stage usually involves expensive computations
such as evaluations of u(u) for several parameter values, computing multiple high-dimensional
matrix-vector and inner products, etc., but this stage is performed only once. Then, for each given
parameter value, the precomputed reduced model is used for efficient approximation of the solution
or an output quantity with a computational cost independent of the dimension of the initial system
of equations (1). For a detailed presentation of the classical MOR methods such as Reduced Basis
(RB) method and Proper Orthogonal Decomposition (POD) the reader can refer to [5]. In the
present work the approximation of the solution shall be obtained with a minimal residual (minres)
projection on a reduced (possibly parameter-dependent) subspace. The minres projection can
be interpreted as a Petrov-Galerkin projection where the test space is chosen to minimize some
norm of the residual [1, 10]. Major benefits over the classical Galerkin projection include an
improved stability (quasi-optimality) for non-coercive problems and more effective residual-based
error bounds of an approximation (see e.g. [10]). In addition, minres methods are better suited to
random sketching as will be seen in the present article.

In recent years randomized linear algebra (RLA) became a popular approach in the fields such as
data analysis, machine learning, compressed sensing, etc. [35, 42, 43]. This probabilistic approach
for numerical linear algebra can yield a drastic computational cost reduction in terms of classical
metrics of efficiency such as complexity (number of flops) and memory consumption. Moreover, it
can be highly beneficial in extreme computational environments that are typical in contemporary
scientific computing. For instance, RLA can be essential when data has to be analyzed only in one
pass (e.g., when it is streamed from a server) or when it is distributed on multiple workstations
with expensive communication costs.

Despite their indisputable success in fields closely related to MOR, the aforementioned tech-
niques only recently started to be extensively used in MOR community. One of the earliest works
considering RLA in the context of MOR is [44], where the authors proposed to use RLA for in-
terpolation of (implicit) inverse of a parameter-dependent matrix. In [9] the RLA was used for
approximating the range of a transfer operator and for computing a probabilistic bound for the
approximation error. In [11, 26, 39] the authors developed probabilistic error estimators based on
random projections and the adjoint method. These approaches can also be formulated in RLA
framework. A randomized singular value decomposition (see [24, 43]) was used for computing the
POD vectors in [25]. Efficient algorithms for Dynamic Mode Decomposition based on RLA and
compressed sensing were proposed in [7, 8, 21, 22, 31], though with a lack of theoretical analysis.

As already shown in [3], random sketching can lead to drastic reduction of the computational
costs of classical MOR methods. A random sketch of a reduced model is defined as a set of small
random projections of the reduced basis vectors and the associated residuals. Its representation (i.e,



affine decomposition') can be efficiently precomputed in basically any computational architecture.
The random projections should be chosen according to the metric of efficiency, e.g., number of
flops, memory consumption, communication cost between distributed machines, scalability, etc. A
rigorous analysis of the cost of obtaining a random sketch in different computational environments
can be found in [3, Section 4.4]. When a sketch has been computed, the reduced model can
be approximated without operating on large vectors but only on their small sketches typically
requiring negligible computational costs. The approximation can be guaranteed to almost preserve
the quality of the original reduced model with user-specified probability. The computational cost
depends only logarithmically on the probability of failure, which can therefore be chosen very
small, say 107°. In [3] it was shown how random sketching can be employed for an efficient
approximation of the Galerkin projection, the computation of the norm of the residual for error
estimation, and the computation of a primal-dual correction. Furthermore, new efficient sketched
versions of the weak greedy algorithm and Proper Orthogonal Decomposition were introduced for
generation of reduced bases.

The present work is a continuation of [3]. Here we adapt the random sketching technique to
minimal residual methods, propose a novel dictionary-based approximation method and addition-
ally discuss the questions of a posteriori certification of the sketch and efficient extraction of the
output quantity from a solution of the reduced model.

1.1 Contributions and outline

First is proposed a method to approximate minres projection from a random sketch whose precom-
putation presents a much lower complexity, memory consumption and communication cost (see [3,
Section 4.4] for details) than precomputation of affine decomposition of the reduced normal system
of equations in the classical offline stage. The sketched minres projection is obtained online by
solving a small least-squares problem, that can be more online-efficient and stable than solving the
normal system of equations. Precise conditions on the sketch to yield (approximate) preservation
of quasi-optimality constants of the standard minres projection are provided. The conditions do
not depend on operator’s properties, which implies robustness for ill-conditioned and non-coercive
problems in contrast to the sketched Galerkin methods [3].

In Section 4 we introduce a novel nonlinear method, where the solution to (1) is approximated
by minres projection onto a subspace with basis picked online from a dictionary of candidate basis
vectors. In Section 4.1 is shown why the dictionary-based approach is a more natural choice than
the hp-refinement method [19, 20] or other partitioning methods, for problems where the solution
is a superposition of several components (e.g., for PDEs with multiple transport phenomena). The
dictionary-based approximation can be efficiently obtained online by solving a small sparse least-
squares problem assembled from a random sketch of dictionary vectors, which entails practical
feasibility of the method.

The potential of approximation with dictionaries for problems with a slow decay of the Kol-
mogorov r-widths of the solution manifold was revealed in [18, 30]. Although they improved clas-

LA parameter-dependent quantity v(u) with values in a vector space V over K is said to admit an affine
representation if v(u) = > v;A;(u) with A;(p) € K and v; € V.



sical approaches, the algorithms proposed in [18, 30] still involve in general heavy computations in
both offline and online stages, and can suffer from round-off errors. More specifically, the offline
complexity and memory consumption associated with post-processing of the snapshots in [18, 30]
are at least O(nK?) and O(nK), respectively, where K is the cardinality of the dictionary and n is
the dimension of the original problem (1). With random sketching these costs may be reduced (by
at least) a factor of O(K/log K). Furthermore, the online complexity and memory consumption
of the approach in [30] are at least O(Kr?) and O(K?), respectively, where r is the dimension of
the reduced approximation space. In its turn, our approach consumes (at least) O(r/log K) and
O(K/(rlog K)) times less number of flops and amount of storage, respectively.

We also provide a probabilistic approach for a posteriori certification of the quality of (random)
embedding and the associated sketch. The certification can be performed with a computational
cost (much) less than the cost of obtaining the (sketched) reduced model’s solution. The proposed
procedure can be particularly useful for adaptive selection of the size of a random sketching matrix
since the a priori bounds can be pessimistic in practice [3].

Finally, in Appendix A we propose an approach, based on random sketching, for efficient ex-
traction of linear/quadratic quantity of interest or primal-dual correction from the reduced model’s
solution. It consists in first approximating the solution with a projection on a new (very small or
sparse) reduced basis, that yields an efficiently computable approximation of the output quantity.
Then this approximation is improved by a correction computable from sketches of the reduced
bases with a negligible computational cost. This approach can be particularly important when
considering a large approximation space or dictionary, with distributed/streamed basis vectors.

The outline of the article is as follows. In Section 2 we introduce the problem setting and recall
the main ingredients of the framework developed in [3]. The minimal residual method considering
a projection on a single low-dimensional subspace is discussed in Section 3. We present a standard
minres projection in a discrete form followed by its efficient approximation with random sketching.
Section 4 presents a novel dictionary-based minimal residual method using random sketching. A
posteriori verification of the quality of a sketch and few scenarios where such a procedure can
be used are provided in Section 5. The methodology is validated numerically on two nontrivial
benchmark problems in Section 6. A discussion on the efficient and stable extraction of the quantity
of interest from the reduced model’s solution is given in Appendix A.

2 Preliminaries

Let K = R or C and let U := K™ and U’ := K" represent the solution space and its dual,
respectively. The solution u(y) is an element from U, A(u) is a linear operator from U to U’ the
right hand side b(u) and the extractor of the quantity of interest 1(u) are elements of U’.

Spaces U and U’ are equipped with inner products (-, )y := (Ry,-) and (-, -)pr := (-, Ry,
where (-,-) is the canonical {s-inner product on K" and Ry : U — U’ is some symmetric (for
K = R), or Hermitian (for K = C), positive definite operator. We denote by || - || the canonical
{y-norm on K". Finally, for a matrix M we denote by M its (Hermitian) transpose.



2.1 Random sketching

A framework for using random sketching (see [24, 43]) in the context of MOR was introduced
in [3]. The sketching technique is seen as a modification of the inner product in a given subspace
(or a collection of subspaces). The modified inner product is an estimation of the original one and
is much easier and more efficient to operate with. Next, we briefly recall the basic preliminaries
from [3].

Let V' be a subspace of U. The dual of V' is identified with a subspace V' := {Ryx : x € V'}
of U’'. For a matrix ® € K**" with k < n we define the following semi-inner products on U:

()8 = (©-,0-), and (-,-) :== (BR;"-, OR""), (2)
and we let || - |2 and || - |®, denote the associated semi-norms.

Definition 2.1. A matriz © is called a U — {5 e-subspace embedding (or simply an e-embedding)
for V', if it satisfies
Vx,y €V, ’(Xa Y>U - <X> Y>8| < gHXHUHYHU (3)

Here e-embeddings shall be constructed as realizations of random matrices that are built in an
oblivious way without any a priori knowledge of V.

Definition 2.2. A random matriz © is called a (g,0,d) oblivious U — ly subspace embedding if it
18 an e-embedding for an arbitrary d-dimensional subspace V' C U with probability at least 1 — 9.

Oblivious ¢ — (5 subspace embeddings (defined by Definition 2.1 with (-,-)y := (-,-)) in-
clude the rescaled Gaussian distribution, the rescaled Rademacher distribution, the Subsam-
pled Randomized Hadamard Transform (SRHT), the Subsampled Randomized Fourier Transform
(SRFT), CountSketch matrix, SRFT combined with sequences of random Givens rotations, and
others [3, 24, 36, 43]. In this work we shall rely on the rescaled Gaussian distribution and SRHT.

An oblivious U — {5 subspace embedding for a general inner product (-, -);; can be constructed
as

® = QQ, (4)

where Q is a o — {5 subspace embedding and Q € K**" is an easily computable (possibly
rectangular) matrix such that Q'Q = Ry (see [3, Remark 2.7]).

It follows that an U — {5 e-subspace embedding for V' can be obtained with high probability as
a realization of an oblivious subspace embedding of sufficiently large size. The number of rows for
© may be selected with the theoretical bounds from [3]. These bounds, however, can be pessimistic
or even impractical (e.g., for adaptive algorithms or POD). In practice, one can consider ® of much
smaller sizes and still obtain accurate subspace embeddings. When the conditions on the size of the
sketch based on a priori analysis are too pessimistic, one can provide a posteriori guarantee. An
easy and robust procedure for a posteriori verification of the quality of ® is provided in Section 5.
The methodology can also be used for deriving a criterion for adaptive selection of the size of the
random sketching matrix to satisfy the e-embedding property with high probability.



2.2 A sketch of a reduced model

Here the output of a reduced order model is efficiently estimated from its random sketch. The
O-sketch of a reduced model associated with a subspace U, is defined as

{{ex,eR;'r(x;n)} : x€U,}, (5)

where r(x; ) := b(u) — A(u)x. Let U, € K" be a matrix whose columns form a basis of U,.
Then each element of (5) can be characterized from the coordinates of x associated with U,, i.e.,
a vector a, € K" such that x = U,a,, and the following quantities

U? :=0U,, V2(u) = OR,;'A(1)U, and b®(u) := OR,'b(p). (6)

Clearly V& (u) and b® (1) have affine expansions containing at most as many terms as the ones of

A(p) and b(p), respectively. The matrix U® and the affine expansions of VO (i) and b®(p) are
referred to as the @-sketch of U, (a representation of the ®-sketch of a reduced model associated
with U,.). With a good choice of an oblivious embedding, a ©-sketch of U, can be efficiently
precomputed in any computational environment (see [3]). Thereafter, an approximation of a
reduced order model can be obtained with a negligible computational cost.

Note that in [3] the affine expansion of 1.(u)" := UHl(x), where 1(z) € U’ is an extractor
of the linear quantity of interest [(u(u); u) = (1(1), u(p)), is also considered as a part of the ©-
sketch of U, and is assumed to be efficiently computable. Let us address a scenario where the
computation of the affine expansion of 1,.(u1) or its online evaluation is expensive. This may happen
when 1,(x) has many terms in the affine expansion or when one considers a large approximation
space (or dictionary) with possibly distributed basis vectors. In such a case, the output quantity
can be approximated with an approach detailed in Appendix A. This method proceeds with two
steps. First, the solution u,(p) is approximated by a projection wy,(x) on a new basis W,
which is cheap to operate with (e.g, it has less columns than U, or the columns are sparse).
The affine decomposition of an approximation I(w,(u); 1) of {(u,(u); 1) can now be efficiently
precomputed. Then in the second step, the accuracy of {(w,(u); 1) is improved with a random
sketching correction:

Ly (p0); 1) = H(w(p); ) + (R (), wr () — Wiy (10) 3,

computable from the sketches @U,, O©W, and OR'1(1) with a negligible computational cost.
Note that when interpreting random sketching as a Monte Carlo method, the proposed approach
can be linked to a control variate variance reduction method where w,(u) plays the role of the
control variate for the estimation of (1(x),u,(x)). It is also important to note that the presented
approach can be employed not only to extraction of a linear quantity of interest but also extraction
of a quadratic quantity of interest or computation of the primal-dual correction.

3 Minimal residual projection

In this section we first present the standard minimal residual projection in a form that allows an
easy introduction of random sketching. Then we introduce the sketched version of the minimal
residual projection and provide conditions to guarantee its quality.



3.1 Standard minimal residual projection

Let U, C U be a subspace of U (typically obtained with a greedy algorithm or approximate POD).
The minres approximation u,(u) € U, of u(u) can be defined by

u, () = arg min [[r(w; u) o (7)

For linear problems it is equivalently characterized by the following (Petrov-)Galerkin orthogonality
condition:

(r(u,(p); 1), w) =0, vw € Vi(), (8)
where V(1) := {R;"A(u)x : x € U, }.
If the operator A(u) is invertible then (7) is well-posed. In order to characterize the quality of
the projection u,(u) we define the following parameter-dependent constants

. | A (p)x]v
r = min TR TR 92
) x€(spanf{u(u)}+U\0}  [|x]|or )
| A ()% ||
Ly - max T 9b
(1) xe(spanf{u(p)}+U)\0}  ||x||or o)

Let Py : U — W denote the orthogonal projection from U on a subspace W C U, defined for
x € U by
Pyx = arg min IIx — wly.

Proposition 3.1. If u,.(u) satisfies (7) and (.() > 0, then

) = w9l < 2 i) — P, i) (10

Gr(p)
Proof. See Appendix B. O

The constants (,(u) and ¢,(1) can be bounded by the minimal and maximal singular values of
A(p):

 AGxl )
a(u) = min’ Xy S Gr(p), (11a)
B(p) == max IA e > 1.(p). (11b)

xeU\{o} ||x||v

Bounds of a(u) and B(u) can be obtained theoretically [23] or numerically with the successive
constraint method [27].

For each pu, the vector a,(u) € K" such that u,(u) = U,a,(u) satisfies (8) can be obtained by
solving the following reduced (normal) system of equations:

A (par(p) =br(p), (12)
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where A, (p) = URA ()" R A (1)U, € K™ and b, (u) = URA (1)"R;'b(1) € K™. The numeri-
cal stability of (12) can be ensured through orthogonalization of U, similarly as for the classical
Galerkin projection. Such orthogonalization yields the following bound for the condition number

of A,(p):
s 0) = 1Al 0L < (20 < (24) (13

This bound can be insufficient for problems with matrix A(u) having a high or even moderate
condition number.

The random sketching technique can be used to improve the efficiency and numerical stability
of the minimal residual projection, as shown below.

3.2 Sketched minimal residual projection

Let ©® € K¥*" be a certain U — ¢y subspace embedding. The sketched minres projection can be
defined by (7) with the dual norm | - ||;» replaced by its estimation | - ||©,, which results in an
approximation

w, () = axg min [lr(w; 0|9 (14)

The quasi-optimality of such a projection can be controlled in exactly the same manner as the
quasi-optimality of the original minres projection. By defining the constants

A(p)x||®,
O () = i (152)
xe(span{u(p)}+U\{0} x|y
A 2
2 (p) = max M, (15b)
xe(span{u(w}+U:\{0}  [|X[|v
we obtain the following result.
Proposition 3.2. If u,(u) satisfies (14) and (2 (i) > 0, then
e (1)
a(p) —u(w)llv < g5 a(e) = Pya(w)llo. (16)
G2 (1)
Proof. See Appendix B. n

It follows that if ¢®(u) and (2 (i) are almost equal to (.(u) and ¢,.(u), respectively, then the
quasi-optimality of the original minres projection (7) shall be almost preserved by its sketched
version (14). These properties of 12 (1) and (® () can be guaranteed under some conditions on ©
(see Proposition 3.3).

Proposition 3.3. Define the subspace
R, (Uy; p) := span{Ry'r(x; 1) : x € U, }. (17)
If © is a U — 0y e-subspace embedding for R.(U,; ), then
VI—e () <) <VIte (), and v1—c (1) <iP(p) < VIite ().  (18)

8



Proof. See Appendix B. n

An embedding © satisfying an U — /5 e-subspace embedding property for the subspace
R,.(U,; 1) defined in (17), for all u € P simultaneously, with high probability, may be gener-
ated from an oblivious embedding of sufficiently large size. Note that dim(R,.(U,;p)) < r+1. The
number of rows k£ of the oblivious embedding may be selected a priori using the bounds provided
in [3], along with a union bound for the probability of success or the fact that (J,cp R:(Ur; p) is
contained in a low-dimensional space. Alternatively, a better value for k can be chosen with a
posteriori procedure explained in Section 5. Note that if (18) is satisfied then the quasi-optimality
constants of the minres projection are guaranteed to be preserved up to a small factor depending
only on the value of €. Since ® is here constructed in an oblivious way, the accuracy of random
sketching for minres projection can be controlled regardless of the properties of A(u) (e.g., co-
ercivity, condition number, etc.). Recall that in [3] it was revealed that the preservation of the
quasi-optimality constants of the classical Galerkin projection by its sketched version is sensitive
to the operator’s properties. More specifically, random sketching can worsen quasi-optimality
constants dramatically for non-coercive or ill-conditioned problems. Consequently, the sketched
minres projection should be preferred to the sketched Galerkin projection for such problems.

Remark 3.4. Random sketching is not the only way to construct @ which satisfies the condition
in Proposition 3.3 for all p € P. In particular, the columns for a sketching matriz could be chosen
as a basis of a low-dimensional space (called empirical test space in [40]) that approximates the
manifold R:(U,) = {x € R.(Up,p) : ||x|lo =1, p € P} as in [12, 40]. Such a basis could be
generated with POD or greedy algorithms.

There are several advantages of random sketching over the aforementioned approach, that may
also hold for nonlinear problems. First, the (offline) construction of a low-dimensional approxima-
tion of R:(U,) can be very expensive and become a bottleneck of an algorithm. Random sketching,
on the other hand, requires much lower computational cost. The second advantage is the oblivious
construction of @ without the knowledge of U,, which can be particularly important when U, 1is
constructed adaptively (e.g., with a greedy algorithm). Finally, with random sketching it can be
sufficient to use © of small size regardless whether R:(U,) admits a low-dimensional approximation
or not. More specifically, for finite P, the condition in Proposition 3.3 can be satisfied (for not too
smalle, say e = 0.1) with high probability by using an oblivious embedding with k = O(r+log (#7P))
rows close to the minimal value k = r [3]. Moreover, a similar online complexity can be attained
also for infinite P by using an additional oblivious embedding as is discussed further in the section.

The vector of coordinates a,(¢) € K" in the basis U, of the sketched projection u,(u) defined
by (14) may be obtained in a classical way, i.e., by considering a parameter-dependent reduced
(normal) system of equations similar to (12). As for the classical approach, this may lead to
numerical instabilities during either the online evaluation of the reduced system from the affine
expansions or its solution. A remedy is to directly consider

a, (1) = arg min [[A(4)U,x — b(0)|©, = axg min [V (x5O (0)]|. (19)

xeK™



Since the sketched matrix V& (i) and vector b®(u) are of rather small sizes, the minimization
problem (19) may be efficiently formed (from the precomputed affine expansions) and then solved
(e.g., using QR factorization or SVD) in the online stage.

Proposition 3.5. If © is an e-embedding for U,, and U, is orthogonal with respect {(-,-)2 then

1+ £
1—e (P

the condition number of VO (1) is bounded by
Proof. See Appendix B. n

It follows from Proposition 3.5 (along with Proposition 3.3) that considering (19) can provide
better numerical stability than solving reduced systems of equations with standard methods. Fur-
thermore, since affine expansions of V& (u) and b®(u) have less terms than affine expansions of
A, () and b, (p) in (12), their online assembling should also be much more stable.

The online efficiency can be further improved with a procedure similar to the one depicted
in [3, Section 4.5]. This procedure can be important for problems requiring rather high size of ©,
which can happen for algorithms where U, is chosen adaptively and/or for infinite parameter sets.
Consider the following sketching matrix

d=T0O,

where I' € KF**F k' < k, is a small (¢, ', 7+1) oblivious £, — ¢5 subspace embedding. The matrix
T' can be taken as a Gaussian matrix with k' = O(¢'"*(r + log(1/¢")) rows (in practice, with a
small constant) [3]. It follows that, if ® is a e-embedding for R,.(U,; 1) from Proposition 3.3, then
for a single u, ® is a O(e)-embedding for R,.(U,; 1) with probability at least 1 — ¢’. Consequently,
for a single p, the minimal residual projection can be accurately estimated by

u (i) = arg min [[r(w; )|, (20)

with probability at least 1 — §’. The probability of success for several p can then be guaranteed
with a union bound.

It follows that to improve the online efficiency, we can use a fixed ® which is guaranteed to
be a e-embedding for R,(U,;u) for all 4 € P simultaneously, but consider different realizations
of a smaller matrix I' for each particular test set Pt composed of several parameter values. In
this way, in the offline stage a ®-sketch of U, can be precomputed and maintained for the online
computations. Thereafter, for the given test set Py (with the corresponding new realization
of T') the affine expansions of small matrices V¥ (1) := T'V®(u) and b®(u) := I'b®(u) can be
efficiently precomputed from the ®-sketch in the “intermediate” online stage. And finally, for each
{t € Prest, the vector of coordinates of u, (1) can be obtained by evaluating V¥ (u) and b® (1) from
just precomputed affine expansions, and solving

a,(p) = arg min [V (u)x = b% ()| (21)

with a standard method such as QR factorization, SVD or (less stable) normal equation.
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4 Dictionary-based minimal residual method

Classical RB method becomes ineffective for parameter-dependent problems for which the solution
manifold M := {u(u) : p € P} cannot be well approximated by a single low-dimensional subspace,
i.e., its (linear) Kolmogorov r-width d,(M) does not decay rapidly. One can extend the classical
RB method by considering a reduced subspace U,.(u) depending on a parameter . One way to
obtain U,(u) is to use a hp-refinement method as in [19, 20], which consists in partitioning the
parameter set P into subsets {P;}4, and in associating to each subset P; a subspace U! C U of
dimension at most 7, therefore resulting in U,(u) = Ul if p € P;; 1 < i < M. More formally,
the hp-refinement method aims to approximate M with a library £, := {U! : 1 < i < M} of
low-dimensional subspaces. For efficiency, the number of subspaces in £, has to be moderate (no
more than O(r”) for some small v, say ¥ = 2 or 3, which should be dictated by the particular
computational architecture). A nonlinear Kolmogorov r-width of M with a library of M subspaces
can be defined as in [41] by

d(M; M) = #ﬁingjélﬁ Jnin flu — Py, ully, (22)
where the infimum is taken over all libraries of M subspaces. The width (22) represents the
smallest error of approximation of M attainable with a library of M r-dimensional subspaces. In
particular, the approximation Py, (,yu(u) over a parameter-dependent subspace U, (j) associated
with a partitioning of P into M subdomains satisfies

d,(M; M) < Slelglluw) — Py u(p)lv. (23)
I

Therefore, for the hp-refinement method to be effective, the solution manifold is required to be
well approximable in terms of the measure d,.(M; M).

The hp-refinement method may present serious drawbacks: it can be highly sensitive to the
parametrization, it can require a large number of subdomains in P (especially for high-dimensional
parameter domains) and it can require computing too many solution samples. These drawbacks
can be partially reduced by various modifications of the hp-refinement method [2, 34], but not
circumvented.

We here propose a dictionary-based method, which can be seen as an alternative to a parti-
tioning of P for defining U, (1), and argue why this method is more natural and can be applied to
a larger class of problems.

4.1 Dictionary-based approximation

For each value p of the parameter, the basis vectors for U,(u) are selected online from a certain
dictionary Dk of K candidate vectors in U, K > r. For efficiency of the algorithms in the particular
computational environment, the value for K has to be chosen as O(r") with a small v similarly as
the number of subdomains M for the hp-refinement method. Let £, (D) denote the library of all
subspaces spanned by r vectors from Dg. A dictionary-based r-width is defined as

K) = inf i P 24
0. (M; K) #52:K52}';W£21?DK>““ w,ullu, (24)
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where the infimum is taken over all subsets Dg of U with cardinality #Dx = K. Clearly, the
approximation space U, (u) associated with a dictionary with K vectors satisfies

o (M; K) < Suglluw) — Py, u(p)|lv.
WE

A dictionary Dk can be efficiently constructed offline from snapshots with an adaptive greedy
procedure (see Section 4.4).
In general, the performance of the method can be characterized through the approximability
of the solution manifold M in terms of the r-width, and quasi-optimality of the considered U,.(u)
compared to the best approximation. The dictionary-based approximation can be beneficial over
the refinement methods in either of these aspects, which is explained below.
It can be easily shown that

o, (M; K) <d.(M; M), for K > rM,

holds for all M. Therefore, if a solution manifold can be well approximated with a partitioning of
the parameter domain into M subdomains each associated with a subspace of dimension r, then
it should also be well approximated with a dictionary of size K = rM, which implies a similar
computational cost. The converse statement, however, is not true. There exist manifolds M
satisfying?

de(M; (X)) < on(M; K) < dp(M; () = 1),

Consequently, to obtain a decay of d,.(M; M) with r similar to the decay of o,(M;r"), it may be
required to use M which depends exponentially on r.

The great potential of the dictionary-based approximation can be justified by important prop-
erties of the dictionary-based r-width given in Proposition 4.1 and Corollary 4.2.

Proposition 4.1. Let M be obtained by the superposition of parameter-dependent vectors:

l

M= "u(u):peP}, (25)

=1

where u® (u) € U, i=1,...,1. Then, we have
!
o, (M;K) < Zari(M(i);Ki), (26)
i=1

withr =3, K=Y"\_ K; and
MO = fuD () pe PY. (27)

Proof. See Appendix B. O

2For instance, take M = L,.({v1,...,vx}) with linearly independent vectors v; € U, 1 < i < K. Then we
clearly have o.(M; K) = d,.(M; (IT() =0 and d,(M; (IT() —-1)>0.
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Corollary 4.2 (Approximability of a superposition of solutions). Consider several solution man-
ifolds MY defined by (27), 1 < i <, and the resulting manifold M defined by (25). Let ¢, C, a,
B and v be some positive constants. The following properties hold.

(i) If O'T(M(i); CTV) < Cr=, then O'T(M;Cllf'jr'/) < CllJraT*O‘,
(ZZ) [f O'T(M(l)’ CTV) < 06—77*5’ then O'T(M;Cll_yru) < Cle_ylfﬁrﬁ.

From Proposition 4.1 and Corollary 4.2 it follows that the approximability of the solution
manifold in terms of the dictionary-based r-width is preserved under the superposition operation.
In other words, if the dictionary-based r-widths of manifolds M® have a certain decay with r
(e.g., exponential or algebraic), by using dictionaries containing K = O(r") vectors, then the type
of decay is preserved by their superposition (with the same rate for the algebraic decay). This
property can be crucial for problems where the solution is a superposition of several contributions
(possibly unknown), which is a quite typical situation. For instance, we have such a situation for
PDEs with multiple transport phenomena. A similar property as (26) also holds for the classical
linear Kolmogorov r-width d,(M). Namely, we have

!
M) <Y " d, (MD), (28)
i=1
with r = Zézl r;. This relation follows immediately from Proposition 4.1 and the fact that

d.(M) = 0,.(M;1). For the nonlinear Kolmogorov r-width (23), however, the relation
I
(M, M) < Z @ M), (29)

where r = Zizl r;, holds under the condition that M > Hizl M® . In general, the preservation
of the type of decay with r of d,(M, M), by using libraries with M = O(r") terms, may not be
guaranteed. It can require libraries with much larger numbers of r-dimensional subspaces than
O(r"), namely M = O(r) subspaces.

Another advantage of the dictionary-based method is its weak sensitivity to the parametrization
of the manifold M, in contrast to the hp-refinement method, for which a bad choice of parametriza-
tion can result in approximations with too many local reduced subspaces. Indeed, the solution
map u — u(p) is often expected to have certain properties (e.g., symmetries or anisotropies) that
yield the existence of a better parametrization of M than the one proposed by the user. Find-
ing a good parametrization of the solution manifold may require a deep intrusive analysis of the
problem, and is therefore usually an intractable task. On the other hand, our dictionary-based
methodology provides a reduced approximation subspace for each vector from M regardless of the
chosen parametrization.
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4.2 Sparse minimal residual approximation

Here we assume to be given a dictionary Dy of K vectors in U. Ideally, for each u, u(u) should
be approximated by orthogonal projection onto a subspace W, () that minimizes

(i) = Pw,ulp)llv (30)

over the library £,(Dg). The selection of the optimal subspace requires operating with the exact
solution u(p) which is prohibited. Therefore, the reduced approximation space U, (1) € L, (D)
and the associated approximate solution u,(p) € U,(u) are obtained by residual norm minimiza-
tion. The minimization of the residual norm, i.e., solving

i in ||r(w; > 31
woomin | min ffr(w; )l (31)
is a combinatorial problem that can be intractable in practice. From a practical perspective we will
assume that only a suboptimal solution can be obtained.®> Therefore we relax (31) to the following
problem: find u,(x) such that

Ao <D mi i ) l|o + 7B () o, 32
e (u (p); )|l <  oain | min [r(w; ) [or + 7l () v (32)

holds for a small constant D > 1 and tolerance 7 > 0. The solution u,(x) from (32) shall be referred
to as sparse minres approximation (relatively to the dictionary D). The quasi-optimality of this

approximation in the norm || - ||y can be characterized with the following parameter-dependent
constants:
: A ()x]|o
- =  min _— 33a
raclus) Wy €L (Dic) x€(span{u(0}H+Wo\ 0} x|y (832)
A /
Lo (p) == max max M (33b)
WieLr (Drc) xe(span{u(u}+Wo\(0}  ||x[|

In general, one can bound ¢, x(x) and ¢, x(x) by the minimal and the maximal singular values
a(p) and B(p) of A(p). Observe also that for K = r (i.e., when the library £,(Dg) = {U,} has a
single subspace) we have (. k(1) = (1) and ¢, g (1) = ¢-(10).

Proposition 4.3. Let u,(p) satisfy (32) and (. x () > 0. Then

Lr,K(,U) .
[u(p) —u(p)|v < Cr () (D o [u(p) = Pw,u(pllv + 7lla(w)|lv)- (34)

Proof. See Appendix B. n

3The common approaches for solving sparse least-squares problems include greedy algorithms and LASSO. An
analysis of these methods can be found in [17].
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Let Ugx € K™¥X be a matrix whose columns are the vectors in the dictionary Dy and
a,x(p) € KX with ||a, k()]0 < 7, be the r-sparse vector of coordinates of u,(u) in the dic-
tionary, i.e., u,(¢) = Uga, x(p). The vector of coordinates associated with u,(u) satisfying (32)
is an approximate solution to the following parameter-dependent sparse least-squares problem:

min || A(2)Uxz — (), subject to |1z < r. (35)
For each p € P an approximate solution to problem (35) can be obtained with a standard greedy al-
gorithm depicted in Algorithm 1. It selects the nonzero entries of a, k(1) one by one to minimize the
residual. The algorithm corresponds to either the orthogonal greedy (also called Orthogonal Match-
ing Pursuit in signal processing community [42]) or stepwise projection algorithm (see [17]) depend-
ing on whether the (optional) Step 8 (which is the orthogonalization of {v;(x)}/; with respect to
Vi(w)) is considered. It should be noted that performing Step 8 can be of great importance due to
possible high mutual coherence of the (mapped) dictionary {v;(u)}/<,. Algorithm 1 is provided in
a conceptual form. A more sophisticated procedure can be derived to improve the online efficiency
(e.g., considering precomputed affine expansions of A () := URA()HR;'A () Uk € KEXK and
by (1) = URA ()" R;,'b(p) € KK, updating the residual using a Gram-Schmidt procedure, etc).
Algorithm 1, even when efficiently implemented, can still require heavy computations in both the
offline and online stages, and be numerically unstable. One of the contributions of this paper is
a drastic improvement of its efficiency and stability by random sketching, thus making the use of
dictionary-based model reduction feasible in practice.

Algorithm 1 Orthogonal greedy algorithm
Given: u, Ug = [w;|%,, A(u), b(p), 7, r.

J=1
Output: index set A, (y), the coordinates a, () of u,(x) on the basis {W;};ea, (-
L. Set i :=0, Up(u) = {0}, uo(pe) = 0, Ao(p) =0, Ag(p) = oo.
2. Set [vi(p), ..., v (pt)] == A()Ug and normalize the vectors v;(u), 1 < j < K.
while A;(u) > 7 and i <r do
3. Set i :=1+ 1.
Find the index p; € {1, ..., K'} which maximizes |(v,, (1), r(w_1(p); 1)) |-
Set Ai(p) == A1 (p) U {pi}-
Solve (12) with a reduced matrix U;() = [W;]jea,(u) and obtain coordinates a; ().

Compute error bound A;(z1) of w; (1) = Uj(p)a; ().
(Optional) Set v;(u) := v;(1) — Py, v;j(1e), where Py, is the orthogonal projector

on Vi(u) := span({vy,(t) }pea,(n)), and normalize v;(u), 7 € {1,2,..., K}\A;(p).
end while

X NSO

4.3 Sketched sparse minimal residual approximation

Let ® € K¥*" be a certain U — /¢, subspace embedding. A sparse minres approximation defined
by (32), associated with dictionary Dy, can be estimated by solving the following problem: find
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u,(p) € Uy(p) € L,(Dkg), such that

() w)® <D i i )18, b(u)||®.. 36
e (u, () )|l < WTéEi?DK)v?é%”r(w’“)”U +7{[b(p)]7 (36)

In order to characterize the quasi-optimality of the sketched sparse minres approximation defined
by (36) we introduce the following parameter-dependent values

o : A ()15
h ‘= min ——— 37a
)= B xetopntata) o\ o) 1| o)

o |A()x]1 D
Ly = max max —_—. 37b
) = B e W) Ix/lw )

Observe that choosing K = r yields (P (1) = (2 (1) and v (1) = 17 (1)
Proposition 4.4. If u,(u) satisfies (36) and (O (p) > 0, then
lu(p) —ur(p)llo < o) (D min fju(p) = Pw,u(p)llv + 7llulw)lv) (38)
H r\B) U = ?K(u) W Lr(Dx) H w U} |lu wiu)-

Proof. See Appendix B. m

It follows from Proposition 4.4 that the quasi-optimality of the sketched sparse minres approx-
imation can be controlled by bounding the constants () and 1 (1)

Proposition 4.5. If © is a U — {5 e-embedding for every subspace R,.(W,; ), defined by (17),
with W, € L,(Dk), then

VI —=eGr(p) < ¢Ox(p) < V1T +eGk(p), (39a)

and

VT 2t ie(p) < 0@ (11) < VTF etnsc(10). (39D)
Proof. See Appendix B. O

By Definition 2.2 and the union bound for the probability of success, if © is a (g, (If)_lci r+1)
oblivious U — /5 subspace embedding, then © satisfies the assumption of Proposition 4.5 with
probability of at least 1 — . The sufficient number of rows for ® may be chosen a priori with
the bounds provided in [3] or adaptively with a procedure from Section 5. For the Gaussian
embeddings the a priori bounds are logarithmic in K and n, and proportional to r. For SRHT
they are also logarithmic in K and n, but proportional to r? (although in practice SRHT performs
equally well as the Gaussian distribution). Moreover, if P is a finite set, an oblivious embedding
® which satisfies the hypothesis of Proposition 4.5 for all u € P, simultaneously, may be chosen
using the above considerations and a union bound for the probability of success. Alternatively, for

16



an infinite set P, © can be chosen as an e-embedding for a collection of low-dimensional subspaces
R:(W,) (which can be obtained from the affine expansions of A(u) and b(u)) each containing
U,ep Br(p: W;) and associated with a subspace W, of £,(Dx). Such an embedding can be again
generated in an oblivious way by considering Definition 2.2 and a union bound for the probability
of success.

From an algebraic point of view, the optimization problem (36) can be formulated as the
following sparse least-squares problem:

min A () Urcz — b()8 = min V(27— bO (), (40)
o< o<

where V(1) and b® (1) are the components (6) of the ©-sketch of Uy (a matrix whose columns
are the vectors in Dk ). An approximate solution a, j(u) of (40) is the r-sparse vector of the
coordinates of u,(u). We observe that (40) is simply an approximation of a small vector b® (1)
with a dictionary composed from column vectors of V& (u). Therefore, unlike the original sparse
least-squares problem (35), the solution to its sketched version (40) can be efficiently approximated
with standard tools in the online stage. For instance, we can use Algorithm 1 replacing (-, )y
with (-, ). Clearly, in Algorithm 1 the inner products (-, )&, should be efficiently evaluated from
V(1) and b®(u). For this a ©-sketch of Uy can be precomputed in the offline stage and then
used for online evaluation of V(1) and b®(u) for each value of the parameter. Another way to
obtain an approximate solution to the sketched sparse least-squares problem (40) is to use LASSO
or similar methods.

Let us now characterize the algebraic stability (i.e., sensitivity to round-off errors) of the (ap-
proximate) solution of (40). The solution of (40) is essentially obtained from the following least-
squares problem

min [V (u)x — b (u)], (41)

xeK”

where V®(u) is a matrix whose column vectors are (adaptively) selected from the columns of
V@(u). The algebraic stability of this problem can be measured by the condition number of
VO(1). The minimal and the maximal singular values of V®(u) can be bounded using the
parameter-dependent coefficients L?K(u), ,S?K(u) and the so-called restricted isometry property

(RIP) constants associated with the dictionary D, which are defined by

i . |[Ukz[lv |Ukz||v
. — mim ——F—— max = max —. 42
rK 2cKE ”ZH ) rK 2eKK HZH ( )
llzllo<r lzllo<r

Proposition 4.6. The minimal singular value of V2 (u) in (41) is bounded below by ¢ (1) M2,
while the maximal singular value of V.2 () is bounded above by v (ju) S5

Proof. See Appendix B. n

The RIP constants quantify the linear dependency of the dictionary vectors. For instance, it
is easy to see that for a dictionary composed of orthogonal unit vectors we have Ef‘}? =Yg =1
From Proposition 4.6, one can deduce the maximal level of degeneracy of Dy for which the sparse
optimization problem (40) remains sufficiently stable.
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Remark 4.7. In general, our approach is more stable than the algorithms from [18, 30]. These al-
gorithms basically proceed with the solution of the reduced system of equations A, (n)a, (1) = b,.(1),
where A,.(p1) = U, (u)PA(u)U, (1), with U,(u) being a matriz whose column vectors are selected
from the column vectors of Ug. In this case, the bounds for the minimal and the maximal singular
values of A,.(p) are proportional to the squares of the minimal and the mazimal singular values of
U, (1), which implies a quadratic dependency on the RIP constants fl}? and 35, On the other
hand, with (sketched) minres methods the dependency of the singular values of the reduced matriz
VO(u) on E,{n}? and LY is only linear (see Proposition 4.6). Consequently, our methodology
provides an improvement of not only efficiency but also numerical stability for problems with high
linear dependency of dictionary vectors.

Similarly to the sketched minres projection, a better online efficiency can be obtained by
introducing
¢ =T0,

where T' € KF** & < k, is a small (&, (f)_lé’, r + 1) oblivious 5 — {5 subspace embedding, and
by computing u,(x) such that

() ||B <D mi i ||+ 7lb(p)|E 43
()l < D min | min {le(ws )l + 7o) (43)

It follows that, for a single p, the accuracy (and the stability) of a solution u,(u) of (43) is almost
the same as a solution of (36) with probability at least 1 — ¢’. In an algebraic setting, (43) can be
expressed as

min [V (u)z — b (u)], (44)
falo<r

whose (approximate) solution a,(u) is a r-sparse vector of coordinates of u,(x). Such a solution
can be computed with Algorithm 1 by replacing (-, )y with (-,-}%,. An efficient procedure for
evaluating the coordinates of a sketched dictionary-based approximation on a test set Pieg from
the ©-sketch of Uk is provided in Algorithm 2. Algorithm 2 uses a residual-based sketched error
estimator from [3] defined by

Bilp) = A% s ) = L (45)

where n(u) is a (online) computable lower bound /estimator of the minimal singular value of matrix
A (i) seen as operator from U to U’. * Let us underline the importance of performing Step 8
(orthogonalization of the dictionary vectors with respect to the previously selected basis vectors),
for problems with “degenerate” dictionaries (with high mutual coherence). It should be noted that
at Steps 7 and 8 we use a Gram-Schmidt procedure for orthogonalization because of its simplicity

“In many applications it can be sufficient to take n(u) as constant, e.g., equal to the (approximation of the)
smallest of singular values of A(y) on a training set. Sharper bounds 7(p) can be obtained from theoretical
approaches or the successive constraint method [14, 15, 23, 27, 28, 37].
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and efficiency, whereas a modified Gram-Schmidt algorithm could provide better accuracy. It is
also important to note that Algorithm 2 satisfies a basic consistency property in the sense that it
exactly recovers the vectors from the dictionary with high probability.

If P is a finite set, then the theoretical bounds for Gaussian matrices and the empirical expe-
rience for SRHT state that choosing k = O(rlog K + log (1/d) + log (#P)) and k¥ = O(rlog K +
log (1/0) + log (#Prest)) in Algorithm 2 yield a quasi-optimal solution to (30) for all u € Prest
with probability at least 1 — §. Let us neglect the logarithmic summands. Assuming A () and
b(x) admit affine representations with m4 and m,; terms, it follows that the online complexity
and memory consumption of Algorithm 2 is only O((m4K + my)rlog K + r?K log K)#Pies and
O((maK + my)rlog K), respectively. The quasi-optimality for infinite P can be ensured with
high probability by increasing k to (’)(r* log K + log ), where r* is the maximal dimension of
subspaces I (W;) containing (J,cp R-(; Wy) with W,. € £, (Dx). This shall increase the memory
consumption by a factor of 7*/r but should have a negligible effect (especially for large Piest) on
the complexity, which is mainly characterized by the size of ®. Note that for parameter-separable
problems we have r* < mur + my,.

Algorithm 2 Efficient/stable sketched orthogonal greedy algorithm

Given: P, O-sketch of Uy = [WJ]] 1 Ty T
Output: index set A,(y), the coordinates a, () of u,(u) on basis {W;};en, (u);
and the error indicator A% (u,(u); i) for each p € Pregt.
1. Generate T' and evaluate the affine factors of VE(u) := T'VE (1) and b® (i) := Tbh®(u).
for p € Piest do
2. Evaluate [v®(p), ...,
and normalize v (1)

V}I;(u).] = V2 (1) and b® () from the affine expansions

A1 <j< K.
3. Set i =0, obtain n(p) in (45), set Ag(p) = 0, r§ (1) :== b®(p)
and A% () := [[b® ()| /n(n)

while A?®(u;(u);p) > 7 and i <7 do
4. Set 1 :=14 1.
5. Find the index p; which maximizes |vi (p)"r | (p)]. Set As(p) := As—1 (1) U {pi}.

6. Set vy (1) == v (1) — Z;;ll v (1) [vp, (1) (11)] and normalize it.

]
Vp
7. Compute rf (n) := (1) — vy (w)[vy (1)"rEy ()], AT (wi(p); i) = [l ()l /n().-
8. (Optional) Set vi¥ (1) = v (p) — v (1) [vey ()" ()] and normalize it,
j e {12, KRA().
end while
9. Solve (21) choosing 7 := i and the columns py, ps, ..., p; of VE(u) as the columns
for VZ(u), and obtain solution a,(u).
end for
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4.4 Dictionary generation

The simplest way is to choose the dictionary as a set of solution samples (snapshots) associated
with a training set Pirain, i.€.,

D = {u(p) : ft € Prrain}- (46)

Let us recall that we are interested in computing a ®-sketch of Uy (matrix whose columns form
D) rather than the full matrix. In certain computational environments, a @-sketch of Uy can
be computed very efficiently. For instance, each snapshot may be computed and sketched on a
separate distributed machine. Thereafter small sketches can be efficiently transfered to the master
workstation for constructing the reduced order model.

A better dictionary may be computed with the greedy procedure presented in Algorithm 3,
recursively enriching the dictionary with a snapshot at the parameter value associated with the
maximal error at the previous iteration. The value for  (the dimension of the parameter-dependent
reduced subspace U, (1)) should be chosen according to the particular computational architecture.
Since the provisional online solver (identified with Algorithm 2) guarantees exact recovery of
snapshots belonging to D;, Algorithm 3 is consistent. It has to be noted that the first r iterations
of the proposed greedy algorithm for the dictionary generation coincide with the first r iterations
of the standard greedy algorithm for the reduced basis generation.

Algorithm 3 Greedy algorithm for dictionary generation

Given: Piain, A(u), b(p), 1(p), ©, 7, 7.
Output: ©-sketch of Ug.
1. Set i = 0, Dy = (), obtain n(u) in (45), set A®(u) = ||b(u)||F/ /n(x) and pick p' € Pirain-
while max,cpirain A® (0, (1); ) > 7 do
2. Set 1 =1+ 1.
3. Evaluate u(y') and set D; := D;_y U {u(u")}
4. Update the ©-sketch of U; (matrix composed from the vectors in D;).
5. Use Algorithm 2 (if i < r, choosing r := i) with Py replaced by Pipain to solve (43)
for all © € Pirain-
6. Find ' := arg max,cpirain AT (w,(1); ).
end while

By Proposition 4.5, a good quality of a @-sketch for the sketched sparse minres approximation
associated with dictionary Dy on Pirain can be guaranteed if © is an e-embedding for every subspace
R,.(W,; ), defined by (17), with W, € L,(Dg) and p € Piain. This condition can be enforced
a priori for all possible outcomes of Algorithm 3 by choosing ® such that it is an e-embedding
for every subspace R,.(W,;u) with W, € L.({u(p) : pt € Pirain}) and pt € Pirain. An embedding
O satisfying this property with probability at least 1 — § can be obtained as a realization of a
(&, (#Pirain) " (#P;”i“)_lé, r + 1) oblivious U — {5 subspace embedding. The computational cost
of Algorithm 3 is dominated by the calculation of the snapshots u(u’) and their @-sketches. As
was argued in [3], the computation of the snapshots can have only a minor impact on the overall
cost of an algorithm. For the classical sequential or limited-memory computational architectures,
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each snapshot should require a log-linear complexity and memory consumption, while for parallel
and distributed computing the routines for computing the snapshots should be well-parallelizable
and require low communication between cores. Moreover, for the computation of the snapshots one
may use a highly-optimized commercial solver or a powerful server. The ®-sketch of the snapshots
may be computed extremely efficiently in basically any computational architecture [3, Section
4.4]. With SRHT, sketching of K snapshots requires only O(n(Kma + my)log k) flops, and the
maintenance of the sketch requires O((Km4+my)k) bytes of memory. By using similar arguments
as in Section 4.3 it can be shown that k = O(rlog K) (or k = O(r*log K)) is enough to yield
with high probability an accurate approximation of the dictionary-based reduced model. With this
value of k, the required number of flops for the computation and the amount of memory for the
storage of a @-sketch becomes O(n(Kmy + my)(logr + loglog K)), and O((Kma + myp)rlog K),
respectively.

5 A posteriori certification of the sketch and solution

Here we provide a simple, yet efficient procedure for a posteriori verification of the quality of a
sketching matrix and describe a few scenarios where such a procedure can be employed. The
proposed a posteriori certification of the sketched reduced model and its solution is probabilistic.
It does not require operating with high-dimensional vectors but only with their small sketches.
The quality of a certificate shall be characterized by two user specified parameters: 0 < 6* < 1 for
the probability of success and 0 < €* < 1 for the tightness of the computed error bounds.

5.1 Verification of an c-embedding for a given subspace

Let © be a U — {5 subspace embedding and V' C U be a subspace of U (chosen depending on the

reduced model, e.g., V := R,.(U,; ) in (17)). Recall that the quality of ® can be measured by the

accuracy of (-, )2 as an approximation of (-, -}y for vectors in V.

We propose to verify the accuracy of (-, )2 simply by comparing it to an inner product (-, -)&"
associated with a new random embedding ®* € K*¥ *" where ©* is chosen such that for any given

vectors x,y € V the concentration inequality

< &*Ixllullyllw (47)

holds with probability at least 1 — ¢*. One way to ensure (47) is to choose ®* as an (¢*, 6%, 1)
oblivious U — {5 subspace embedding. A condition on the number of rows for the oblivious
embedding can be either obtained theoretically (see [3]) or chosen from the practical experience,
which should be the case for embeddings constructed with SRHT matrices (recall that they have
worse theoretical guarantees than the Gaussian matrices but perform equally well in practice).
Alternatively, ®* can be built by random sampling of the rows of a larger e-embedding for V. This
approach can be far more efficient than generating ®* as an oblivious embedding (see Remark 5.1)
or even essential for some computational architectures. Another requirement for ©* is that it is
generated independently from ® and V. Therefore, in the algorithms we suggest to consider ©*
only for the certification of the solution and nothing else.

’<X7 y>U - <X7 y>g*
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Remark 5.1. In some scenarios it can be beneficial to construct © and ©* by sampling their rows
from a fixed realization of a larger oblivious embedding ©, which is gquaranteed a priori to be an
e-embedding for V' with high probability. More precisely, ® and ©* can be defined as

© =T, 6" .=I"0, (48)

where T' and T* are random independent sampling (or Gaussian, or SRHT) matrices. In this
way, a O©-sketch of a reduced order model can be first precomputed and then used for efficient
evaluation/update of the sketches associated with © and ©*. This approach can be essential for
the adaptive selection of the optimal size for © in a limited-memory environment where only one
pass (or a few passes) over the reduced basis vectors is allowed and therefore there is no chance to
recompute a sketch associated with an oblivious embedding at each iteration. It may also reduce the
complexity of an algorithm (especially when © is constructed with SRHT matrices) by not requiring
to recompute high-dimensional matriz-vector products multiple times.

Let V denote a matrix whose columns form a basis of V. Define the sketches V® := ®V and
VO .= ®*V. Note that V® and V®" contain as columns low-dimensional vectors and therefore
are cheap to maintain and to operate with (unlike the matrix V).

We start with the certification of the inner product between two fixed vectors from V' (see Propo-
sition 5.2).

Proposition 5.2. For any two vectors x,y € V' possibly depending on © but independent of ©*,
we have that

*

€
1—¢*

0 < lxyv - x,y)7|

(X, ¥)0 = x,¥)5] - I/ 1y

- (49)
<163 = 381+ T Ikl Iy S

holds with probability at least 1 — 40*.
Proof. See Appendix B. n

The error bounds in Proposition 5.2 can be computed from the sketches of x and y, which may
be efficiently evaluated from V® and V® and the coordinates of x and y associated with V, with
no operations on high-dimensional vectors. A certification for several pairs of vectors should be
obtained using a union bound for the probability of success. By replacing x by Ralx’ and y by
R(}ly’ in Proposition 5.2 and using definition (2) one can derive a certification of the dual inner
product (-, )9, for vectors x’ and y’ in V' := {Ryx:x € V}.

In general, the quality of an approximation with a ®-sketch of a reduced model should be
characterized by the accuracy of (-, -}& for the whole subspace V. Let w be the minimal value for ¢
such that © satisfies an e-embedding property for V. Now, we address the problem of computing
an a posteriori upper bound @ for w from the sketches V® and V®* and we provide conditions to
ensure quasi-optimality of w.
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Proposition 5.3. For a fixed realization of @, let us define

o\ 2 o\ 2
w:=max< 1 — (1 —¢") min ( HXHg) ,(1+¢") max ( ||X||g> —15. (50)
xev/{o} \ ||x[|7 xev/{o} \ ||x||7
If o < 1, then © s guaranteed to be a U — {5 w-subspace embedding for V with probability at least
1—9".
Proof. See Appendix B. n

It follows that if & < 1 then it is an upper bound for w with high probability. Assume that V®
and V® have full ranks. Let T* be the matrix such that V® T* is orthogonal (with respect to
ly-inner product). Such a matrix can be computed with a QR factorization. Then @ defined in (50)
can be obtained from the following relation

W = max {1 - (1 - E*)UIQIIiH’ (1 + <’5)’<)0-12nax - 1} ) (51>

where opmin and opax are the minimal and the maximal singular values of the small matrix VOT*.

We have that @w > £*. The value for £* may be selected an order of magnitude less than w with
no considerable impact on the computational cost, therefore in practice the effect of ¢* on w can
be considered to be negligible. Proposition 5.3 implies that @ is an upper bound of w with high
probability. A guarantee of effectivity of @ (i.e., its closeness to w), however, has not been yet
provided. To do so we shall need a stronger assumption on ©@* than (47).

Proposition 5.4. If the realization of ©* is a U — {5 w*-subspace embedding for V, then @
(defined by (50)) satisfies
1+¢e*

—_ w*
Proof. See Appendix B. n

o<

(14+w)—1. (52)

—_

If ® is a (w*,v*,dim(V)) oblivious U — /¢5 subspace embedding, then the condition on ©*
in Proposition 5.4 is satisfied with probability at least 1 — ~4* (for some user-specified value v*).
Therefore, a matrix ®* of moderate size should yield a very good upper bound @ of w. Moreover, if
® and ©* are drawn from the same distribution, then ®* can be expected to be an w*-embedding
for V' with w* = O(w) with high probability. Combining this consideration with Proposition 5.4 we
deduce that a sharp upper bound should be obtained for some k* < k. Therefore, in the algorithms
one may readily consider £* := k. If pertinent, a better value for k* can be selected adaptively, at
each iteration increasing k* by a constant factor until the desired tolerance or a stagnation of w is
reached.

5.2 Certification of a sketch of a reduced model and its solution

The results of Propositions 5.2 and 5.3 can be employed for certification of a sketch of a reduced
model and its solution. They can also be used for adaptive selection of the number of rows of a
random sketching matrix to yield an accurate approximation of the reduced model. Thereafter we
discuss several practical applications of the methodology described above.
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Approximate solution

Let u.(u) € U be an approximation of u(y). The accuracy of u,(u) can be measured with the
residual error ||r(u,(u); p)||vr, which can be efficiently estimated by

e (ay (1) )l = [l (p2); )1

The certification of such estimation can be derived from Proposition 5.2 choosing x = y =
Ry 'r(u,(pn); 1) and using definition (2) of || - |©,.

For applications, which involve computation of snapshots over the training set (e.g., approxi-
mate POD or greedy algorithm with the exact error indicator), one should be able to efficiently
precompute the sketches of u(u). Then the error ||u(u) — u,(u)||y can be efficiently estimated by

[a(k) = w ()l ~ [[ulp) —u (W5

Such an estimation can be certified with Proposition 5.2 choosing x =y := u(p) — u,(u).

Minimal residual projection

By Proposition 3.3, the quality of the ®-sketch of a subspace U, for approximating the minres
projection for a given parameter value can be characterized by the lowest value w for € such that
O satisfies the e-embedding property for subspace V := R,.(U,; i), defined in (17). The upper
bound @ of such w can be efficiently computed using (50). The verification of a ®-sketch for all
parameter values in P, simultaneously, can be performed by considering a subspace V' in (50),
which contains (J,p R (Uy; ).

Dictionary-based approximation

For each parameter value, the quality of ® for dictionary-based approximation defined in (43)
can be characterized by the quality of the sketched minres projection associated with a subspace
U,(u), which can be verified by computing w in (50) associated with V := R,.(U,(p); ).

Output quantity

In Appendix A we provide a way for estimating the output quantity s,(u) = (1(x), u,(p)), with
() € U'. More specifically s,(u) can be efficiently estimated by si(p) = (1(u), wp(p)) +
(R (1), up (i) — wyp(u))2, where w,(u) is a projection of u,(u) on a new reduced basis. We
have

[5:(1) = 52 (1)) = [{RG (1) ur (1) = Wi (p))u — (R 1), ue () — wip (1)) 71
therefore the quality of s*(;) may be certified by Proposition 5.2 with x = R;'1(i1), y = u, (1) —
W (1)
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Adaptive selection of the size for a random sketching matrix

When no a priori bound for the size of ® sufficient to yield an accurate sketch of a reduced model is
available, or when the bounds are pessimistic, the sketching matrix should be selected adaptively.
At each iteration, if the certificate indicates a poor quality of a ®-sketch for approximating the
solution (or the error) on Py C P, one can improve the accuracy of the sketch by adding extra
rows to ©. In the analysis, the embedding ©®* used for certification was assumed to be independent
of ®, consequently a new realization of ®* should be sampled after each decision to improve ®
has been made. To save computational costs, the previous realizations of ®* and the associated
©®*-sketches can be readily recycled as parts of the updates for ® and the ®-sketch.

We finish with a practical application of Propositions 5.3 and 5.4. Consider a situation where
one is given a class of random embeddings (e.g., oblivious subspace embeddings mentioned in Sec-
tion 2.1 or the embeddings constructed with random sampling of rows of an e-embedding as in Re-
mark 5.1) and one is interested in generating an e-embedding © (or rather computing the associated
sketch), with a user-specified accuracy ¢ < 7, for V' (e.g., a subspace containing U,ep R, (U,; 1))
with nearly optimal number of rows. Moreover, we consider the cases when no bound for the size
of matrices to yield an e-embedding is available or when the bound is pessimistic. It is only known
that matrices with more than ko rows satisfy (47). This condition could be derived theoretically
(as for Gaussian matrices) or deduced from practical experience (for SRHT). The matrix © can
be readily generated adaptively using w defined by (50) as an error indicator (see Algorithm 4). It
directly follows by a union bound argument that ® generated in Algorithm 4 is an e-embedding
for V, with ¢ < 7, with probability at least 1 — ¢0*, where ¢ is the number of iterations taken by
the algorithm.

Algorithm 4 Adaptive selection of the number of rows for ©

Given: ko, V, 7 > .

Output: V@, ve~

1. Set k = kg and w = oo.

while w > 7 do
2. Generate ® and O* with k rows and evaluate V€ := ®V and V® = ©*V.
3. Use (51) to compute @.
4. Increase k by a constant factor.

end while

To improve the efficiency, at each iteration of Algorithm 4 we could select the number of rows
for ®* adaptively instead of choosing it equal to k. In addition, the embeddings from previous
iterations can be considered as parts of ® at further iterations.

6 Numerical experiments

This section is devoted to experimental validation of the methodology as well as realization of its
great practical potential. The numerical tests were carried out on two benchmark problems that are
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difficult to tackle with the standard projection-based MOR methods due to a high computational
cost and issues with numerical stability of the computation (or minimization) of the residual norm,
or bad approximability of the solution manifold with a low-dimensional space.

In all the experiments we used oblivious U — ¢, embeddings of the form

0 = QQ,

where Q was taken as the (sparse) transposed Cholesky factor of Ry and €2 as a SRHT matrix.
The random embedding I' used for the online efficiency was also taken as SRHT. Moreover, for
simplicity in all the experiments the coefficient n(u) for the error estimation was chosen as 1.

The experiments were executed on an Intel® Core™ i7-7700HQ 2.8GHz CPU, with 16.0GB
RAM memory using Matlab® R2017b.

6.1 Acoustic invisibility cloak

The first numerical example is inspired by the development of invisibility cloaking [13, 16]. Tt
consists of an acoustic wave scattering in 2D with a perfect scatterer covered in an invisibility cloak
composed of layers of homogeneous isotropic materials. The geometry of the problem is depicted
in Figure la. The cloak consists of 32 layers of equal thickness 1.5625 cm each constructed with 4
sublayers of equal thickness of alternating materials: mercury (a heavy liquid) followed by a light
liquid. The properties (density and bulk modulus) of the light liquids are chosen to minimize the
visibility of the scatterer for the frequency band [7.5,8.5] kHz. The associated boundary value
problem with first order absorbing boundary conditions is the following

V- (p7'Vu) 4+ ptk*u =0, in Q
(Jr — zRQ)“+ o = (k= 2Rg)um+ 8gn , onl (53)
g—n =0, on I,

where j = /=1, u = u™ + u*¢ is the total pressure, with v = exp(—jk(y — 4)) Pa - m being
the pressure of the incident plane wave and u*¢ being the pressure of the scattered wave, p is the

material’s density, xk = % is the wave number, ¢ = \/E is the speed of sound and b is the bulk

modulus. The background material is chosen as water having density p = py = 997 kg/m? and
bulk modulus b = by = 2.23 GPa. For the frequency f = 8 kHz the associated wave number of
the background is k = kg = 33.6 m~'. The i-th layer of the cloak (enumerated starting from the
outermost layer) is composed of 4 alternating layers of mercury with density p = p,,, = 13500 kg/m?
and bulk modulus b = b,, = 28 GPa and a light liquid with density p = p; and bulk modulus b = b;
given in Table 1. The light liquids from Table 1 can in practice be obtained, for instance, with the
pentamode mechanical metamaterials [6, 29].

The last 10 layers contain liquids with small densities that can be subject to imperfections
during the manufacturing process. Moreover, the external conditions (such as temperature and
pressure) may also affect the material’s properties. We then consider a characterization of the
impact of small perturbations of the density and the bulk modulus of the light liquids in the last
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Table 1: The properties, density in kg/m? and bulk modulus in GPa, of the light liquids in the
cloak.

1123104839 |179|0.73 17 ] 56.1 | 0.65 2519 1.34
2121 ] 0.328 || 10 | 166 | 0.78 18 | 59.6 | 0.687 || 26 | 9 2.49
31162 ] 0.454 || 11 | 150 | 0.745 || 19 | 40.8 | 0.597 || 27 | 9 2.5
41253 10.736 || 12 | 140 | 0.802 || 20 | 32.1 | 0.682 || 28 | 9 2.5
51259 | 0.767 || 13 | 135 | 0.786 || 21 | 22.5 | 0.521 || 29 | 9 0.58
6| 189 | 0.707 || 14 | 111 | 0.798 || 22 | 15.3 | 0.6 30195 | 191
71246 | 0.796 || 15| 107 | 0.8 23 |10 0.552 || 31 | 9.31 | 0.709
81178 10.739 || 16 | 78 | 0.656 || 24 | 9 1.076 || 32 | 9 2.44

10 layers on the quality of the cloak in the frequency regime [7.8,8.2] kHz. Assuming that the
density and the bulk modulus may vary by 2.5%, the corresponding parameter set is

P= x [0975p;,1.025p;] x [0.975b;,1.025b;] x [7.8 kHz,8.2 kHz].
23<i<32 23<i<32
Note that in this case P C R2L.
The quantity of interest is chosen to be the following

s(p) = Wu(p); w=llu(m) — u™ (W12, /b0 = [ (1W)IE2(0,)/bo;

which represents the (rescaled, time-averaged) acoustic energy of the scattered wave concealed in
the region €2y (see Figure 1a). For the considered parameter set s(u) is ranging from 0.0225A; to
0.095A;, where A; = ||ui"||%2(91)/b0 = 7.2J - Pa-m/by at frequency 8 kHz.

The problem is symmetric with respect to the x = 0 axis, therefore only half of the domain
has to be considered for discretization. For the discretization, we used piecewise quadratic ap-
proximation on a mesh of triangular (finite) elements. The mesh was chosen such that there were
at least 20 degrees of freedom per wavelength, which is a standard choice for Helmholtz problems
with a moderate wave number. It yielded approximately 400000 complex degrees of freedom for
the discretization. Figures 1b to 1d depict the solutions u(u) for different parameter values with
quantities of interest s(u) = 0.032A45,0.045A5 and 0.065A;, respectively.

It is revealed that for this problem, considering the classical H! inner product for the solution
space leads to dramatic instabilities of the projection-based MOR methods. To improve the sta-
bility, the inner product is chosen corresponding to the specific structure of the operator in (53).
The solution space U is here equipped with the following inner product

(v,w)y = (p; K20, w) 2 + (p; ' Vo, V)2, v,w €U, (54)
where v and w are the functions identified with v and w, respectively, and ps and k4 are the density
and the wave number associated with the unperturbed cloak (i.e., with properties from Table 1)
at frequency 8 kHz.

The operator for this benchmark is directly given in an affine form with my = 23 terms.
Furthermore, for online efficiency we used empirical interpolation method [4, 33| to obtain an
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(a) Geometry

(c¢) Random snapshot (d) Random snapshot

Figure 1: (a) Geometry of the invisibility cloak benchmark. (b) The real component of u in
Pa - m for the parameter value u € P corresponding to Table 1 and frequency f = 8 kHz. (c¢)-(d)
The real component of v in Pa - m for two random samples from P with f = 7.8 kHz.

approximate affine representation of u™(u) (or rather a vector u™(u) from U representing an
approximation of 4™ (u)) and the right hand side vector with 50 affine terms (with error close
to machine precision). The approximation space U, of dimension r = 150 was constructed with
a greedy algorithm (based on sketched minres projection) performed on a training set of 50000
uniform random samples in P. The test set Py C P was taken as 1000 uniform random samples
in P.

Minimal residual projection. Let us first address the validation of the sketched minres pro-
jection from Section 3.2. For this we computed sketched (and standard) minres projections
u,(u) of u(p) onto U, for each p € Piesy with sketching matrix © of varying sizes. The er-
ror of approximation is here characterized by Ap = max,ep,.. ||r(u,(1); )|l /||b(1s)|lr and
ep = Max,ep,.., |[u(n) — w.(u)||v/[[u™(us)|lr, where u™(us) is the vector representing the inci-
dent wave and b(pu;) is the right hand side vector associated with the unperturbed cloak and the

28



frequency f = 8 kHz (see Figures 2a and 2c¢). Furthermore, in Figure 2e we provide the charac-
terization of the maximal error in the quantity of interest e := max,ep,.., |s(p) — s-(1)|/As. For
each size of ®, 20 realizations of the sketching matrix were considered to analyze the statistical
properties of ep, Ap and e3.

For comparison, along with the minimal residual projections we also computed the sketched
(and classical) Galerkin projection introduced in [3]. Figures 2b, 2d and 2f depict the errors Ap,
ep, €5 of a sketched (and classical) Galerkin projection using © of different sizes. Again, for each
k we used 20 realizations of ® to characterize the statistical properties of the error. We see that
the classical Galerkin projection is more accurate in the exact norm || - ||y and the quantity of
interest than the standard minres projection. On the other hand, it is revealed that the minres
projection is far better suited to random sketching.

From Figure 2 one can clearly report the (essential) preservation of the quality of the classical
minres projection for k& > 500. Note that for the minres projection a small deviation of ep and e3 is
observed. These errors are higher or lower than the standard values with (almost) equal probability
(for k£ > 500). In contrast to the minres projection, the quality of the Galerkin projection is not
preserved even for large k& up to 10000. This can be explained by the fact that the approximation of
the Galerkin projection with random sketching is highly sensitive to the properties of the operator,
which here is non-coercive and has a high condition number (for some parameter values), while the
(essential) preservation of the accuracy of the standard minres projection by its sketched version
is guaranteed regardless of the operator’s properties. One can clearly see that the sketched minres
projection using © with just & = 500 rows yields better approximation (in terms of the maximal
observed error) of the solution than the sketched Galerkin projection with & = 5000, even though
the standard minres projection is less accurate than the Galerkin one.

As already discussed, random sketching improves not only efficiency but also has an advantage
of making the reduced model less sensitive to round-off errors thanks to possibility of direct online
solution of the (sketched) least-squares problem without appealing to the normal equation. Figure 3
depicts the maximal condition number rp over Pieg; of the reduced matrix V& (1) := OR;'A(u)U,
associated with the sketched minres projection using reduced basis matrix U, with (approximately)
unit-orthogonal columns with respect to (-, )y, for varying sizes of @. We also provide the maximal
condition number of the reduced (normal) system of equations associated with the classical minres
projection. It is observed that indeed random sketching yields an improvement of numerical
stability by a square root.

Certification of the sketch. Next the experimental validation of the procedure for a posteriori
certification of the ©-sketch or the sketched solution (see Section 5) is addressed. For this, we
generated several © of different sizes k and for each of them computed the sketched minres pro-
jections u,.(u) € U, for all y1 € Pyt Thereafter Propositions 5.2 and 5.3, with V(i) := R, (U,; p)
defined by (17), were considered for certification of the residual error estimates ||r(w,(u); p)||S or
the quasi-optimality of u,.(u) in the residual error. Oblivious embeddings of varying sizes were
tested for ®*. For simplicity it was assumed that all considered ©®* satisfy (47) with ¢* = 0.05
and (small) probability of failure §*.

By Proposition 5.2 the certification of the sketched residual error estimator ||r(u,(u); 1)|| can
be performed by comparing it to ||r(u,(u); 1)||& . More specifically, by (49) we have that with
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Figure 2: The errors of the classical minres and Galerkin projections and quantiles of probabilities
p=1,0.9,0.5 and 0.1 over 20 realizations of the errors of the sketched minres and Galerkin projections,
versus the number of rows of @. (a) Residual error Ap of standard and sketched minres projection.
(b) Residual error Ap of standard and sketched Galerkin projection. (c) Exact error ep (in || - ||7) of
standard and sketched minres projection. (d) Exact error ep (in || - ||7) of standard and sketched Galerkin
projection. (e) Quantity of interest error e of standard and sketched minres projection. (f) Quantity of
interest error e} of standard and sketched Galerkin projection.
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Figure 3: The maximal condition number over Py of the reduced (normal) system associated
with the classical minres projection and quantiles of probabilities p = 1,0.9,0.5 and 0.1 over 20
realizations of the maximal condition number of the sketched reduced matrix V& (1), versus the
number of rows k of ©.

probability at least 1 — 46*,

e (e (s )17 = (lreCa (s ) 152

. e* . 1/2 (55)
< <|(||r(ur(u);u)| o )% = (e (ue(w); ) 17)? 1 + T e Car(u); )] i )2) -

Figure 4 depicts dp := max,ep,.., d(u,(1); p)/||b(s)| v, where d(u,(2); 1) is the exact discrepancy
e (a, (); ) |2 — (| (e (p); 12)]|©)2|1? or its (probabilistic) upper bound in (55). For each © and
k*, 20 realizations of dp were computed for statistical analysis. We see that (sufficiently) tight
upper bounds for |||lr(w,(1); )||? — (|r(u,(u); 1) ||©)?*/? were obtained already when k* > 100,
which is in particular several times smaller than the size of ® required for quasi-optimality of
u,(p). This implies that the certification of the effectivity of the error estimator ||r(w,(u); p)||S
by |lr(u,.(p); 1)]|© should require negligible computational costs compared to the cost of obtaining
the solution (or estimating the error in adaptive algorithms such as greedy algorithms).

By Proposition 3.3, the quasi-optimality of u,(u) can be guaranteed if © is an e-embedding
for V(u). The e-embedding property of each ® was verified with Proposition 5.3. In Figure 5 we
provide wp 1= max,ep,., w(u) where () = w(p), which is the minimal value for € such that © is
an e-embedding for V' (u), or @(p) = w(p), which is the upper bound of w(u) computed with (51)
using ©®* of varying sizes. For illustration purposes we here allow the value € in Definition 2.1 to
be larger than 1. The statistical properties of wp were obtained with 20 realizations for each ©
and value of k*. Figure ba depicts the statistical characterization of wp for © of size k£ = 5000.
The maximal value of wp observed for each £* and © is presented in Figure 5b. It is observed that
with a posteriori estimates from Proposition 5.3 using ®* of size k* = 6000, we here can guarantee
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with high probability that ® with k£ = 5000 satisfies an e-embedding property for ¢ ~ 0.6. The
theoretical bounds from [3] for ©® to be an e-embedding for V' (u) with e = 0.6 yield much larger
sizes, namely, for the probability of failure § < 107%, they require more than k = 45700 rows for
Gaussian matrices and k£ = 102900 rows for SRHT. This proves Proposition 5.3 to be very useful
for the adaptive selection of sizes of random matrices or for the certification of the sketched inner
product (-, )2 for all vectors in V. Note that the adaptive selection of the size of © can also be
performed without requiring ® to be an e-embedding for V(u) with € < 1, based on the observation
that oblivious embeddings yield preservation of the quality of the minres projection when they are
e-embeddings for V' (u) with small €, which is possibly larger than 1 (see Remark 6.1).
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Figure 4: The discrepancy |||r(w,(u); 1)l|Z — ([le(w,(12); 1)]|&)?|*/? between the residual error
and the sketched error estimator with ®, and the upper bound of this value computed with (55).
(a) The exact discrepancy for ® with & = 500 rows, the upper bound (55) of this discrepancy
taking ||- ||€ = || ||, and quantiles of probabilities p = 1,0.5 and 0 (i.e., the observed maximum,
median and minimum) over 20 realizations of the (probabilistic) upper bound (55) versus the size
of ®*. (b) The exact discrepancy, the upper bound (55) taking || ||2 = - ||+, and the maximum
of 20 realizations of the (probabilistic) upper bound (55) versus the number of rows £* of ®* for

varying sizes k of ©.

Remark 6.1. Throughout the paper the quality of © (e.qg., for approzimation of minres projection
in Section 3.2) was characterized by e-embedding property. However, for this numerical benchmark
the sufficient size for © to be an e-embedding for V(u) is in several times larger than the one
yielding an accurate approrimation of the minres projection. In particular, ® with k = 500 rows
provides with high probability an approximation with residual error very close to the minimal one,
but it does not satisfy an e-embedding property (with € < 1), which is required for guaranteeing the
quasi-optimality of u,.(u) with Proposition 3.3. A more reliable way for certification of the quality
of ® for approximation of the minres projection onto U, can be derwed by taking into account
that ® was generated from a distribution of oblivious embeddings. In such a case it is enough
to only certify that || - |€ provides an approximate upper bound of || - ||z for all vectors in V(p)
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Figure 5: The minimal value for ¢ such that © is an e-embedding for V,.(u) for all 1 € Py, and
a posteriori random estimator of this value obtained with the procedure from Section 5 using ©*
with &* rows. (a) The minimal value for ¢ for ® with k£ = 5000 rows and quantiles of probabilities
p =1,0.9,0.5 and 0.1 over 20 samples of the estimator, versus the size of ®*. (b) The minimal
value for € and the maximum of 20 samples of the estimator, versus the number of rows of @* for
varying sizes of ©.

without the need to guarantee that || - |2 is an approzimate lower bound (that is in practice the
main bottleneck). This approach is outlined below.
We first observe that © was generated from a distribution of random matrices such that for all
x € V(u), we have
P (|Ix[lz = (Ix[17)*| < eollx/lZ) =1 = do.

The values €y and 0y can be obtained from the theoretical bounds from [3] or practical experience.
Then one can show that for the sketched minres projection w,.(u) associated with @, the inequality

1
20 i || (x; ), (56)

e (a,(p); ) ||or < 1= w(p) xetr

holds with probability at least 1 — &y, where w(u) < 1 is the minimal value for € such that for all
x € V()
(1= o)lxlz < (=xl7)>

The quasi-optimality of u,.(p) in the norm ||- ||y rather than the residual norm can be readily derived
from relation (56) by using the equivalence between the residual norm and the error in || - ||y.
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In this way a characterization of the quasi-optimality of the sketched minres projection with
© can be obtained from the a posteriori upper bound of w(u) in (56). Note that since © is an
oblivious subspace embedding, the parameters ey and dy do not depend on the dimension of V(u),
which implies that the considered value for ey should be an order of magnitude less than w(u).
Therefore, it can be a good way to choose gy as w(p) (or rather its upper bound) multiplied by a
small factor, say 0.1.

The (probabilistic) upper bound w(u) for w(w) can be obtained a posteriori by following a similar
procedure as the one from Proposition 5.3 described for verification of the e-embedding property.
More precisely, we can use similar arguments as in Proposition 5.3 to show that

AN
w =1—(1—¢") min U*)
() 1= i) (Hxll?

is an upper bound for w(u) with probability at least 1 — &*.

Let us now provide experimental validation of the proposed approach. For this we considered
same sketching matrices © as in the previous experiment for validation of the e-embedding property.
For each ©® we computed wp := max,ep,., ©(1), where w(p) = w(p) or its upper bound w(p) using
O* of different sizes (see Figure 6). Again 20 realizations of wp were considered for the statistical
characterization of wp for each © and size of ®*. One can clearly see that the present approach
provides better estimation of the quasi-optimality constants than the one with the e-embedding
property. In particular, the quasi-optimality gquarantee for © with k = 500 rows is experimentally
verified. Furthermore, we see that in all the experiments the a posteriori estimates are lower than
1 even for ©* of small sizes, yet they are larger than the exact values, which implies efficiency and
robustnesses of the method. From Figure 6, a good accuracy of a posteriori estimates is with high
probability attained for k* > k/2.

Computational costs. For this benchmark, random sketching yielded drastic computational
savings in the offline stage and considerably improved online efficiency. To verify the gains for the
offline stage, we executed two greedy algorithms for the generation of the reduced approximation
space of dimension r = 150 based on the minres projection and the sketched minres projection,
respectively. The standard algorithm resulted in a computational burden after reaching 96-th
iteration due to exceeding the limit of RAM (16GB). This took more than 3 hours of runtime.
Note that performing r = 150 iterations in this case would require around 25GB of RAM (mainly
utilized for storage of the affine factors of R;'A(u)U,) and more than 7 hours of runtime. In
contrast to the standard method, conducting r = 150 iterations of a greedy algorithm with random
sketching using © of size k = 2500 (and T' of size k¥’ = 500) for the sketched minres projection and
O* of size k* = 250 for the error certification, took only 0.65GB of RAM. Moreover, the sketch
required only a minor part (0.2GB) of the aforementioned amount of memory, while the major
part was consumed by the initialization and maintenance of the full order model. The sketched
greedy algorithm had a total runtime of 1.9 hours, which is less than the (expected) runtime for the
standard greedy algorithm in more than 3.5 times. From these 1.9 hours, 0.8 hours was spent on
computation of 150 snapshots, 0.2 hours on provisional online solutions and 0.9 hours on random
projections.
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Figure 6: The minimal value for € such that (1 — ¢)||x[|Z < (||x]|2)? holds for all x € V,.(1) and
€ Phest, and a posteriori random estimator of this value using ©* with k* rows. (a) The minimal
value for € for ® with k£ = 5000 rows and quantiles of probabilities p = 1,0.9,0.5 and 0.1 over 20
realizations of the estimator, versus the size of @*. (b) The minimal value for ¢ and the maximum
of 20 realizations of the estimator versus the number of rows of ®*, for varying sizes of ©.

Next the improvement of online computational cost of minres projection is addressed. For
this, we computed the reduced solutions on the test set with a standard method, which con-
sists in assembling the reduced system of equations (representing the normal equation) from its
affine decomposition (precomputed in the offline stage) and its subsequent solution with built in
Matlab® R2017b linear solver. The online solutions on the test set were additionally computed
with the sketched method for comparison of runtimes and storage requirements. For this, for
each parameter value, the reduced least-squares problem was assembled from the precomputed
affine decompositions of V® (1) and b®(u) and solved with the normal equation using the built
in Matlab® R2017b linear solver. Note that both methods proceeded with the normal equation.
The difference was in the way how this equation was obtained. For the standard method it was
directly assembled from the affine representation, while for the sketched method it was computed
from the sketched matrices V¥ (1) and b®(u).

Table 2 depicts the runtimes and memory consumption taken by the standard and sketched
minres online stages for varying sizes of the reduced space and ® (for the sketched method). The
sketch’s sizes were picked such that the associated reduced solutions with high probability had
almost (higher by at most a factor of 1.2) optimal residual error. Our approach nearly divided by
3 the online runtime for all values of r from Table 2. Furthermore, the improvement of memory
requirements was even greater. For instance, for r = 150 the online memory consumption was
divided by 6.8. In Table 2 we also provide the cost of standard/sketched Galerkin online stage,
which is more efficient than the other two due to less cost of forming the reduced system of equations
(but can have worse quasi-optimality constants for non-coercive or ill-conditioned problems).
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Table 2: CPU times in seconds and amount of memory in MB taken by the standard minres,
sketched minres and Galerkin online solvers for the solutions on the test set.

Standard minres Sketched minres Galerkin
r =250 r =100 r =150
r=>50|r=100 | r =150 B — 300 ¥ — 400 ¥o—500 | 7T 50 | » =100 | » = 150
CPU 1 3.6 7.8 0.4 1.3 2.2 0.25 0.5 0.95
Storage 22 87 193 5.8 15 28 1 3.8 8.5

6.2 Advection-diffusion problem

The dictionary-based approximation method proposed in Section 4 is validated on a 2D advection
dominated advection-diffusion problem defined on a complex flow. This problem is governed by
the following equations

—eAu+03-Vu =f, in{Q
u = O, on Fout (57>
du =0, onl,,

where u is the unknown (temperature) field, ¢ = 0.0001 is the diffusion coefficient and 3 is the
advection field. The geometry of the problem is as follows. First we have 5 circular pores of
radius 0.01 located at points x; = 0.5(cos(27j/5),sin(27j/5)), 1 < j < 5. The domain of
interest is then defined as the square [—10,10]* without the pores, i.e, Q := [—10,10]*/Q,,, with
Q, = Ui<j<s{x : || — x;|| <0.01}. The boundaries I';, and I',,,; are taken as 0%, and 9§2/0%,,,
respectively. Furthermore, €2 is (notationally) divided into the main region inside [—1,1]?, and the
outer domain playing a role of a boundary layer. Finally, the force term f is nonzero in the disc
Qg :={x € Q: x| <0.025}. The geometric setup of the problem is presented in Figure 7a.

The advection field is taken as a potential (divergence-free and curl-free) field consisting of a
linear combination of 12 components,

10
B(x) = pp cos(i1)e, + po sin(jey) e, + Z wiBi(x), x €,

i—1
where
Bi(a) H;i(ﬁ)' for1<i<5 (58)
i\ L) = ep(a, .
et for 6 < i < 10.

The vectors e, and e, are the basis vectors of the Cartesian system of coordinates. The vectors
é,(x;) and éy(x;) are the basis vectors of the polar coordinate system with the origin at point x;,
1 < j < 5. From the physics perspective, we have here a superposition of two uniform flows and
five hurricane flows (each consisting of a sink and a rotational flow) centered at different locations.

The source term is
for x € ),

1
— 70.0252
f(w)_{ 0 forz € Q/Q,
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Figure 7: (a) Geometry of the advection-diffusion problem. (b) The solution field u for param-
eter value 11, := (0,0,0.308,0.308, 0.308, 0.308, 0.308, 0.616, 0.616, 0.616, 0.616,0.616). (c)-(d) The

solution field u for two random samples from P.
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We consider a multi-objective scenario, where one aims to approximate the average solution field
s?(u), 1 < j <10, inside sensor §2; having a form of a disc of radius 0.025 located as in Figure 7a.
The objective is to obtain sensor outputs for the parameter values pu = (py, - ,p12) € P :=
{[0, 27] x [0, 0.028] x [0.308, 0.37]° x [0.616, 0.678]°}. Figures 7a to 7c present solutions u(su) for
few samples from P.

The discretization of the problem was performed with the classical finite element method. A
nonuniform mesh was considered with finer elements near the pores of the hurricanes, and larger
ones far from the pores such that each element’s Peclet number inside [—1,1]* was larger than
1 for any parameter value in P. Moreover, it was revealed that for this benchmark the solution
field outside the region [—1,1]* was practically equal to zero for all y € P. Therefore the outer
region was discretized with coarse elements. For the discretization we used about 380000 and
20000 degrees of freedom in the main region and the outside boundary layer, respectively, which
yielded approximately 400000 degrees of freedom in total.

The solution space is equipped with the inner product

(v,w)y = (Vv,Vw)e, v,w €U,

that is the Hj inner product for functions associated with vectors in U.

For this problem, approximation of the solution with a fixed low-dimensional space is ineffec-
tive. The problem has to be approached with non-linear approximation methods with parameter-
dependent approximation spaces. For this, the classical hp-refinement method is computationally
intractable due to high dimensionality of the parameter domain, which makes the dictionary-based
approximation to be the most pertinent choice.

The training and test sets Piain and Piesy Were respectively chosen as 20000 and 1000 uniform
random samples from P. Then, Algorithm 3 was employed to generate dictionaries of sizes K =
1500, K = 2000 and K = 2500 for the dictionary-based approximation with » = 100, » = 75 and
r = 50 vectors, respectively. For comparison, we also performed a greedy reduced basis algorithm
(based on sketched minres projection) to generate a fixed reduced approximation space, which in
particular coincides with Algorithm 3 with large enough r (here r = 750). Moreover, for more
efficiency (to reduce the number of online solutions) at i-th iteration of Algorithm 3 and reduced
basis algorithm instead of taking p*! as a maximizer of A®(w,(u); i) over Piain, We relaxed the
problem to finding any parameter-value such that

A (u, (1Y) 1) = max min A% (ud(p); ), (59)
HEPrrain 1<

where u/ (1) denotes the solution obtained at the j-th iteration. Note that (59) improved the

efficiency, yet yielding at least as accurate maximizer of the dictionary-based width (defined

in (24)) as considering p'™ := arg max,cpirain A% (u,(12); 11). For the error certification purposes,

each 250 iterations the solution was computed on the whole training set and p‘*! was taken as

arg max,,cpyrain A (u,(1); 1). Figure 8 depicts the observed evolutions of the errors in the greedy
algorithms.

We see that at the first r iterations, the error decay for the dictionary generation practically

coincides with the error decay of the reduced basis algorithm, which can be explained by the fact
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Figure 8: Evolutions of the errors in Algorithm 3 for the dictionary generation for varying
values of 7, and the reduced basis greedy algorithm based on (sketched) minres projection. (a)
The residual error A(p+?) := ||lr(w.(u*1); ) |lor/||bllor. (b) The minimal value of the error at
parameter value p**! at the first i iterations.

that the first r iterations of the two algorithms coincide. The convergence rates remain the same
for the reduced basis algorithm (even at high iterations), while they slowly subsequently degrade
for dictionary-based approximation. The latter method still highly outperforms the former one,
since its online computational cost scales only linearly with the number of iterations. Furthermore,
for the dictionary-based approximation the convergence of the error is moderately noisy. The noise
is primarily due to approximating the solutions of online sparse least-squares problems with the
orthogonal greedy algorithm, for which the accuracy can be sensitive to the enrichment of the
dictionary with new vectors. The quality of online solutions could be improved by the usage of
more sophisticated methods for sparse least-squares problems.

As it is clear from Figure 8, the obtained dictionaries and the bases taken from them provide
approximations at least as accurate (on the training set) as the minres approximation with a fixed
reduced space of dimension r = 750. Yet, the dictionary-based approximations are much more
online-efficient. Table 3 provides the online complexity and storage requirements for obtaining
the dictionary-based solutions for all 1 € Piegs (recall, #Piest = 1000) with the orthogonal greedy
algorithm (Algorithm 2) from a sketch of size & = 8r, and the sketched minres solutions with
QR factorization with Householder transformations (as in Matlab® R2017b least-squares solver)
of the sketched reduced matrix in (20) from a sketch of size k = 4r. In particular, we see that
the dictionary-based approximation with » = 75 and K = 2000 yields a gain in complexity by a
factor of 15 and memory consumption by a factor of 1.9. In Table 3 we also provide the associated
runtimes and required RAM. It is revealed that the dictionary-based approximation with K = 2000
and r = 75 had an about 4 times speedup. The difference between the gains in terms of complexity
and runtime can be explained by high efficiency of the Matlab® R2017b least-squares solver. It is
important to note that even more considerable enhance of efficiency could be obtained by better
exploitation of the structure of the dictionary-based reduced model, in particular, by representing
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the sketched matrix V&(u) in a format well suited for the orthogonal greedy algorithm (e.g., a
product of a dense matrix by several sparse matrices similarly as in [32, 38]).

Table 3: Computational cost of obtaining online solutions for all parameter values from the test
set with the reduced basis method (based on sketched minres projection) and the dictionary-based
approximations.

RB, r =750 | K = 1500, » =100 | K = 2000, r =75 | K = 2500, r = 50
Complexity in flops 3.1 x 10° 0.27 x 10° 0.2 x 10° 0.12 x 10°
Storage in flns 2.9 x 10° 1.6 x 10® 1.6 x 108 1.3 x 108
CPU in s 400 124 113 100
Storage in MB 234 124 124 104

Further we provide statistical analysis of the dictionary-based approximation with K = 2000
and r = 75. For this we computed the associated dictionary-based solutions u,(u) for all param-
eter values in the test set, considering ® of varying sizes. The accuracy of an approximation is
characterized by the quantities Ap := max,ep,., ||r(u-(1); 1)|v/||bllvr, ep = max,ep,.., [[u(p) —
u () lv/ maxep,., [[u(p)|v and ep = max,ep,,, [s'(a(p)) — s'(u (1)), 1 < i < 10. Figure 9
depicts the dependence of Ap, ep and e (for few selected values of i) on the number of rows k
of @. For each value of k, the statistical properties of Ap, ep and €% were characterized with 20
realizations of Ap, ep and eb. It is observed that for k& = 600, the errors Ap and ep are concen-
trated around 0.03 and 0.06, respectively. Moreover, for all tested k& > 600 we obtained nearly the
same errors, which suggests preservation of the quality of the dictionary-based approximation by
its sketched version at k£ = 600. A (moderate) deviation of the errors in the quantities of interest
(even for very large k) can be explained by (moderately) low effectivity of representation of these
errors with the error in || - |7, which we considered to control.

7 Conclusion

In this article we have extended the methodology from [3] to minres methods and proposed a novel
nonlinear approximation method to tackle problems with a slow decay of Kolmogorov r-width.
The main ingredient of our approach is the approximation of the reduced model’s solution from
a random sketch, which entails drastic reduction of the computational costs and improvement of
numerical stability. Precise conditions on the sketch to yield the (approximate) preservation of
the quasi-optimality constants of the reduced model’s solution are provided. These conditions
do not depend on the operator’s properties, which implies robustness for ill-conditioned and non-
coercive problems. Moreover, these conditions can be ensured with SRHT or Gaussian matrices
of sufficiently large sizes depending only logarithmically on the probability of failure and on the
cardinality of the dictionary (for dictionary-based approximation).

We here also proposed efficient randomized methods for extraction of the quantity of interest
(see Appendix A) and a posteriori certification of the reduced model’s sketch. These results along
with the sketched minres projection can be used as a remedy of the drawbacks revealed in [3].
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Figure 9: Quantiles of probabilities p = 1,0.9,0.5 and 0.1 over 20 samples of the errors Ap, ep,
el of the dictionary-based approximation with K = 2000 and r = 75, versus the number of rows of

O. (a) Residual error Ap. (b) Exact error ep. (c) Error €} in the quantity of interest associated
with sensor i = 9. (d) Error €} in the quantity of interest associated with sensor i = 1.
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The applicability of the proposed methodology was realized on two benchmark problems dif-
ficult to tackle with standard methods. The experiments on the invisibility cloak benchmark
confirmed that random sketching can indeed provide high computational savings in both offline
and online stages, and more numerical stability compared to the standard minres method while
preserving the quality of the output. It was illustrated experimentally that the random sketching
technique may be better suited to minres methods than to Galerkin methods. Furthermore, the
proposed procedure for the a posteriori certification of the sketch’s quality was also experimentally
tested. It yielded bounds for the dimension of random projections an order of magnitude less than
the theoretical ones from [3]. In the advection-diffusion benchmark a slow-decay of the Kolmogorov
r-width was revealed, which implied the necessity to use the dictionary-based approximation. It
was verified that for this problem the dictionary-based approximation provided an enhancement
of the online stage in more than an order of magnitude in complexity, in about 2 times in terms of
memory, and in about 4 times in terms of runtime (compared to the sketched minres projection).
Moreover, even higher computational savings could be obtained by representing the sketch of the
dictionary in a more favorable format (e.g., as in [32, 38]), which we leave for future research.
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Appendix A. Post-processing the reduced model’s solution

In the paper we presented a methodology for efficient computation of an approximate solution
u,(u), or to be more precise, its coordinates in a certain basis, which can be the classical reduced
basis for a fixed approximation space, or the dictionary vectors for dictionary-based approximation
presented in Section 4. The approximate solution u, (), however, is usually not what one should
consider as the output. In fact, the amount of allowed online computations is highly limited and
should be independent of the dimension of the full order model. Therefore outputting O(n) bytes
of data as u,(u) should be avoided when u(u) is not the quantity of interest.

Further, we shall consider an approximation with a single subspace U, noting that the presented
approach can also be used for post-processing the dictionary-based approximation from Section 4
(by taking U, as the subspace spanned by the dictionary vectors). Let U, be a matrix whose
column vectors form a basis for U, and let a,. () be the coordinates of u,(x) in this basis. A general
quantity of interest s(u) := I(u(p); u) can be approximated by s,(u) := {(u,(u); u). Further, let
us assume a linear case where [(u(u); p) := (1(p), u(p)) with 1(x) € U’ being the extractor of the
quantity of interest. Then

se(p) = (W), wp (1) =1 (1) 2 (), (60)
where L.(1) := Ull(p).

Remark 8.1. In general, our approach can be used for estimating an inner product between ar-
bitrary parameter-dependent vectors. The possible applications include efficient estimation of the
primal-dual correction and an extension to quadratic quantities of interest. In particular, the es-
timation of the primal-dual correction can be obtained by replacing () by r(w,.(u); 1) and u,(u)
by v.() in (60), where v,.(u) € U is a reduced basis (or dictionary-based) approximate solu-
tion to the adjoint problem. A quadratic output quantity of interest has the form l(u.(u); p) ==
(L(p)a () + 1), u.- (), where L(p) : U — U’ and () € U'. Such l(u,(p); ) can be readily
derived from (60) by replacing 1(p) with L(p)u, () 4+ 1(w).

The affine factors of 1,(u) should be first precomputed in the offline stage and then used for
online evaluation of 1,.(u) for each parameter value with a computational cost independent of the
dimension of the original problem. The offline computations required for evaluating the affine
factors of 1, (i), however, can still be too expensive or even unfeasible to perform. Such a scenario
may arise when using a high-dimensional approximation space (or a dictionary), when the extractor
1(#) has many (possibly expensive to maintain) affine terms, or when working in an extreme
computational environment, e.g., with data streamed or distributed among multiple workstations.
In addition, evaluating 1, (1) from the affine expansion as well as evaluating 1,(x)"a, (1) itself can be
subject to round-off errors (especially when U, is ill-conditioned and may not be orthogonalized).
Further, we shall provide a (probabilistic) way for estimating s, () with a reduced computational
cost and better numerical stability. As the core we take the idea from [3, Section 4.3] proposed as
a workaround to expensive offline computations for the evaluation of the primal-dual correction.

Remark 8.2. The spaces U and U’ are equipped with inner products (-,-)y and (-, )y (defined
by matriz Ry ), which are used for controlling the accuracy of the approximate solution w,.(p). In
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general, Ry is chosen according to both the operator A(u) and the extractor 1(u) of the quantity
of interest. The goal of this section, however, is only the estimation of the quantity of interest
from the given u,.(u). Consequently, for many problems it can be more pertinent to use here a
different Ry than the one employed for obtaining and characterizing w,.(u). The choice for Ry
should be done according to 1(u) (independently of A(w)). For instance, for discretized parametric
PDEs, if (i) represents an integral of the solution field over the spatial domain then it is natural
to choose (-, )y corresponding to the L* inner product. Moreover, (-, )y is required to be an inner
product only on a certain subspace of interest, which means that Ry may be a positive semi-definite
matrix. This consideration can be particularly helpful when the quantity of interest depends only on
the restriction of the solution field to a certain subdomain. In such a case, (-,-)y can be chosen to
correspond with an inner product between restrictions of functions to this subdomain. The extension
of random sketching for estimation of semi-inner products is straightforward (see Remark 8.3).

Remark 8.3. Let us outline the extension of the methodology to the case where (-,-)y is not
definite. Let us assume that (-,-)y is an inner product on a subspace W C U of interest. Then,
it follows that W' := {Ryx : x € W} can be equipped with (-,-)yr := (- R}-), where R}, is a
pseudo-inverse of Ry. Such products (-, )y and (-,-)yr can be approximated by

<" >8 = <®v@>> and <'7 >((?’ = <®RTU7®R][LJ> (61>

This can be useful for the estimation of a (semi- Jinner product between parameter-dependent vectors
(see Remark 8.2).

8.1 Approximation of the quantity of interest

An efficiently computable and accurate estimation of s,(u) can be obtained in two phases. In
the first phase, the manifold M, := {u,(u) : p € P} is (accurately enough) approximated with
a subspace W, := span(W,) C U, which is spanned by an efficient to multiply (i.e., sparse or
low-dimensional) matrix W,,. This matrix can be selected a priori or obtained depending on M,..
In Section 8.2 we shall provide some strategies for choosing or computing the columns for W,,. The
appropriate strategy should be selected depending on the particular problem and computational
architecture. Further, the solution vector u,(u) is approximated by its orthogonal projection
w, (1) = Wyc,(p) on W,. The coordinates c,(1) can be obtained from a,(p) by

cp(p) = Hpa,(p), (62)

where H,, := [WRyW,| "W 'Ry U,. Note that since W, is efficient to multiply by, the matrix
H, can be efficiently precomputed in the offline stage. We arrive at the following estimation of

sp(p):
se(p) = (W), wy(p) = L(1) ar (), (63)

where I*(p)? := 1(u)"W,H,. Unlike 1.(x), the affine factors of 1%(1) can now be efficiently pre-
computed thanks to the structure of W,
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In the second phase of the algorithm, the precision of (63) is improved with a sketched (random)
correction associated with an U — /5 subspace embedding ©:

se() = (), wp (1)) + (M), e () = Wi (1)

4 o _ . (64)
~ (1), Wi (i) + (R W), wn (1) = wip ()7 = s7.()-

In practice, s¥(u) can be efficiently evaluated using the following relation:

sr(p) = [L()" + ALy (w) e (n), (65)

where the affine terms of ALf ()" := 12 ()" (U2 —WPH,,) can be precomputed from the ©-sketch
of U,, a sketched matrix WS := ®©W),, and the matrix H,, with a negligible computational cost.

Proposition 8.4. If © is an (¢,6,1) oblivious U — {y subspace embedding,

s (1) = sy(p)| < W) |lorllar (1) — wy(p)llo (66)
holds for a fixed parameter p € P with probability at least 1 — 20.

Proposition 8.5. Let L C U denote a subspace containing {R;'l(u) : p € P}. If © is an
e-embedding for L + U, + W, then (66) holds for all j € P.

It follows that the accuracy of s;(u) can be controlled through the quality of W), for approxi-
mating M,., the quality of ® as an U — /5 e-embedding, or both. Note that choosing ® as a null
matrix (i.e., an e-embedding for U with € = 1) leads to a single first-phase approximation (63),
while letting W, := {0} corresponds to a single sketched (second-phase) approximation. Such
particular choices for ® or W, can be pertinent when the subspace W, is highly accurate so that
there is practically no benefit to use a sketched correction or, the other way around, when the
computational environment or the problem does not permit a sufficiently accurate approximation
of M, with W, therefore making the use of a non-zero w, () unjustified.

Remark 8.6. When interpreting random sketching as a Monte Carlo method for the estimation
of the inner product (1(u),u,.(1)), the proposed approach can be interpreted as a control variate
method where w, (1) plays the role of the control variate. A multileveled Monte Carlo method with
different control variates should further improve the efficiency of post-processing.

8.2 Construction of reduced subspaces

Further we address the problem of computing the basis vectors for W,,. In general, the strategy
for obtaining W), has to be chosen according to the problem’s structure and the constraints due to
the computational environment.

A simple way, used in [3], is to choose W), as the span of samples of u(yu) either chosen ran-
domly or during the first few iterations of the reduced basis (or dictionary) generation with a
greedy algorithm. Such W, however, may be too costly to operate with. Then we propose more
sophisticated constructions of W,
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Approzimate Proper Orthogonal Decomposition. A subspace W, can be obtained by an (ap-
proximate) POD of the reduced vectors evaluated on a training set Piain C P. Here, randomized
linear algebra can be again employed for improving efficiency. The computational cost of the
proposed POD procedure shall mainly consist of the solution of m = #Piraim reduced problems
and the multiplication of U, by p = dim(W,) < r small vectors. Unlike the classical POD,
our methodology does not require computation or maintenance of the full solution’s samples and
therefore allows large training sets.

Let L,, = {a,(u")}I", be a training sample of the coordinates of u, (1) in a basis U,. We look
for a POD subspace W, associated with the snapshot matrix

W, = [Ur(Ml)> u?‘(:u2)> s 7ur(lum)] = U, Ly,

where L,, is a matrix whose columns are the elements from L,,.

An accurate estimation of POD can be efficiently computed via the sketched method of snap-
shots introduced in [3, Section 5.2]. More specifically, a quasi-optimal (with high probability) POD
basis can be calculated as

W, :=U,T,, (67)
where
T o= L[ty ..., t,),
with t4,...,t, being the p dominant singular vectors of U®L,,. Note that the matrix T} can be

efficiently obtained with a computational cost independent of the dimension of the full order model.
The dominant cost is the multiplication of U, by T}, which is also expected to be inexpensive
since T has a small number of columns. Guarantees for the quasi-optimality of W, can be readily
derived from [3, Theorem 5.5].

Sketched greedy algorithm. A greedy search over the training set {u,(u) : g € Piaim} of
approximate solutions is another way to construct W,. At the ¢-th iteration, W; is enriched with
a vector u,(p'™') with the largest distance to W; over the training set. Note that in this case
the resulting matrix W, has the form (67), where T} = [a,(u'),...,a,(1?)]. The efficiency of the
greedy selection can be improved by employing random sketching technique. At each iteration, the
distance to W; can be measured with the sketched norm |[|-||€, which can be computed from sketches
Ou, (1) = U®a,(u) of the approximate solutions with no need to operate with large matrix U,
but only its sketch. This allows efficient computation of the quasi-optimal interpolation points
pt, ..., pP and the associated matrix T;. Note that for numerical stability an orthogonalization of
W, with respect to (-, )2 can be performed, that can be done by modifying T} so that U® T} is an
orthogonal matrix. Such T} can be obtained with standard QR factorization. When T} has been
computed, the matrix W, can be calculated by multiplying U, with T;. The quasi-optimality
of u',...,p? and approximate orthogonality of W, is guaranteed if © is an e-embedding for all
subspaces from the set {W, + span(u,(u*))}7,. This property of ® can be guaranteed a priori by

m

considering (e, (p)_lé, p+ 1) oblivious U — {5 subspace embeddings, or certified a posteriori with
the procedure explained in Section 5.
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Coarse approzimation. Let us notice that the online cost of evaluating s}(u) does not depend
on the dimension p of WW,,. Consequently, if W), is spanned by structured (e.g., sparse) basis vectors
then a rather high dimension is allowed (possibly larger than r).

For classical numerical methods for PDEs, the resolution of the mesh (or grid) is usually chosen
to guarantee both an approximability of the solution manifold by the approximation space and
the stability. For many problems the latter factor is dominant and one choses the mesh primary to
it. This is a typical situation for wave problems, advection-diffusion-reaction problems and many
others. For these problems, the resolution of the mesh can be much higher than needed for the
estimation of the quantity of interest from the given solution field. In these cases, the quantity
of interest can be efficiently yet accurately approximated using a coarse-grid interpolation of the
solution.

Suppose that each vector u € U represents a function v : €2 — K in a finite-dimensional
approximation space spanned by basis functions {¢;(x)}, associated with a fine mesh of 2. The
function u(z) can be approximated by a projection on a coarse-grid approximation space spanned
by basis functions {¢;(x)};_,. For simplicity assume that each ¢;(x) € span{¢;(z)}}_;. Then the
i-th basis vector for W, can be obtained simply by evaluating the coordinates of ¢;(z) in the basis
{¥j(z)}j—,. Note that for the classical finite element approximation, each basis function has a
local support and the resulting matrix W), is sparse.

8.3 Numerical validation

The proposed methodology was validated experimentally on an invisibility cloak benchmark from Sec-
tion 6.1.

As in Section 6.1 in this experiment we used an approximation space U, of dimension r = 150
constructed with a greedy algorithm (based on sketched minres projection). We used a training
set of 50000 uniform random samples in P, while the test set P;.; C P was taken as 1000 uniform
random samples in P. The experiment was performed for a fixed approximation wu,(u) obtained
with sketched minres projection on U, using ® with 1000 rows. For such u,(u), an approximate
extraction of the quantity s,(u) = I(w,(u); 1) from u,.(u) (represented by coordinates in reduced
basis) was considered.

The post-processing procedure was performed by choosing 1(x) and u,(u) in (60) as w,(u) —
u(u). Furthermore, for better accuracy the solution space was here equipped with (semi-)inner
product (-, )y := (-, -)r2(q,) that is different from the inner product (54) considered for ensuring
quasi-optimality of the minres projection and error estimation (see Remark 8.2). For such choices
of (), w, (1) and (-, )y, we employed a greedy search with error indicator minyew, ||u, (i) — w2
over training set of 50000 uniform samples in P to find W,,. Then s, (1) was efficiently approximated
by sk(u) given in (65). In this experiment, the error is characterized by €% = max,ep,., |s(i) —
5. (p)|/As, where §,(p) = s,(u) or sx(p). The statistical properties of e} for each value of k and
dim(W,) were obtained with 20 realizations of ®. Figure 10a exhibits the dependence of €5 on
the size of ® with W), of dimension dim (W,) = 15. Furthermore, in Figure 10b we provide the
maximum value €5 from the computed samples for different sizes of ® and W,,. The accuracy of
sk(u) can be controlled by the quality of W, for the approximation of u,(x) and the quality of
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(-, for the approximation of (-, ). When W, approximates well u, (1), one can use a random
correction with © of rather small size, while in the alternative scenario the usage of a large random
sketch is required. In this experiment we see that the quality of the output is nearly preserved
with high probability when using W), of dimension dim (W,) = 20 and a sketch of size k& = 1000,
or W, of dimension dim (W,) = 15 and a sketch of size k¥ = 10000. For less accurate W, with
dim (W,) < 10, the preservation of the quality of the output requires larger sketches of sizes
kE > 30000. For optimizing efficiency the dimension for W), and the size for © should be picked
depending on the dimensions r and n of U, and U, respectively, and the particular computational
architecture. The increase of the considered dimension of W, entails storage and operation with
more high-dimensional vectors, while the increase of the sketch entails higher computational cost
associated with storage and operation with the sketched matrix U® = @U,. Let us finally note
that for this benchmark the approximate extraction of the quantity of interest with our approach
using dim (W) = 15 and a sketch of size k& = 10000, required in about 10 times less amount of
storage and complexity than the classical exact extraction.

103 1072
- - —Exact - - -Exact
—o—p=1 —o—dim=5
¢ —8—p=0.9 —&—dim=10
——p=05 1073 —o—dim=15 ]
A p=01] f@ ——dim=20

quantile(ef, p)
S

() (b)

Figure 10: The error €}, of s,(u) or its efficient approximation s}(u) using W, and © of varying
sizes. (a) The error of s,.(1) and quantiles of probabilities p = 1,0.9,0.5 and 0.1 over 20 realizations
of €%, associated with sf(p) using W, with dim (W,) = 10, versus sketch’s size k. (b) The error of
sy(p) and maximum over 20 realizations of €3, associated with s}(u), versus sketch’s size k for W,
of varying dimension.
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Appendix B. Proofs of propositions.

Proof of Proposition 3.1. The statement of the proposition follows directly from the definitions of
the constants (,.(u) and ¢,.(¢), that imply

() llu(p) —ap (o < [Je(ue(); o < lr(Poalp); w)llor < ee(p)lule) — Py, u(p)lv-

Proof of Proposition 3.2. The proof follows the one of Proposition 3.1. m
Proof of Proposition 3.3. By the assumption on ©, we have that

V1 —el|A(p)xlor < [|A()x]| < VI+e|A(p)x]o
holds for all x € span{u(p)} + U,. Then (18) follows immediately. O
Proof of Proposition 3.5. Let a € K" and x := U,a. Then

[Ve(al _ IOR A(m)U,al _ [|A (xS,
Jal fal B

Since O is an e-embedding for U,., we have
VI—clxlly < [xll7 < v1+ellx]o.

The statement of the proposition follows immediately. n

Proof of Proposition 4.1. Take arbitrary 7 > 0, and let D be dictionaries with #DK = K, such
that
sup min  [[u— Py, ully <o, (MY K)+7, 1<i<lL.
ueM® W, €L, (D “)
The existence of D W follows directly from the definition (24) of the dictionary-based width. Define
Di =, D . Then the following relations hold:

! I
Zari( ) > ( sup min ; ||U—PWT,L.11||U—T>
i=1 i=1

ueM® W, €Ly, (DY)

supd " min () — Py, uD ()|l | —i7
peP = Wi €Ly, (D(”)
> _P (2) —1
- (i&g g 0 ~Fusl) i
>sup  min || Zu — Py, Zu Wl —ir > oo (M; K) —

peP WreLlr (D)
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Since the above relations hold for arbitrary positive 7, we conclude that
l
i=1

0
Proof of Proposition 4.3. Let UX(p) = argminw,cz, (py) [[u(p) — Pw,u(p)||z. By definition of
u,(p) and constants (. k(1) and ¢, x (1),

Groxc () [a(e) = 0, () o < [l (e (p); w)llor < Dlfe(Pug gyulp); i)llor + 7lb()]or
< b (1) (Dl[u(p) = Puzgoyu(p)llo + 7llaw)llv)

which ends the proof. O

Proof of Proposition 4.4. The proof exactly follows the one of Proposition 4.3 by replacing || - ||
with || - || O

Proof of Proposition 4.5. We have that
VI—elA(x|o < [|A(wx]5 < VI +el|Adp)x]o

holds for all x € span{u(u)} + W, with W, € L£.(Dg). The statement of the proposition then

follows directly from the definitions of ¢k (41), tr i (11), (O (1) and vy (). O

Proof of Proposition 4.6. Let matrix Uk have columns {w; : i € {1--- K}} and matrix U,(u)
have columns {w; : i € Z(p)}, with Z(u) C {1,--- , K} being a subset of r indices. Let x € K" be
an arbitrary vector. Define a sparse vector z(p) = (2;(1));cqr...5p With (2i(1t));ez(,) = x and zeros
elsewhere. Let w(u) := U, (u)x = Ugz(p). Then

IVP(wx|l _ |OR; AU, (x|l _ [[A@WwIE _ [AEWEIIE W)l
Il [l Il lw()llv Il

U (wxllv _ e , \I[Uxz(W)llv _ e i
> (o () = () =5 2 (o () ER
" x| " 12l AR
Similarly,
VPl _ o U (wxllv _ o
2 0 (I < 0 (e,
x| " x| ST
The statement of the proposition follows immediately. O

Proof of Proposition 5.2. Using Proposition 8.4 with 1(¢) := Ryx, u,(p) ==y, wp(p) :=0, © :=
O ¢:=¢" and § := 0", we have

P(/(x,y)v — (x.¥)7"

<exllulyll) =1 - 26 (68)
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from which we deduce that

[, 30— xy)P] = lIxllullyllo < 1(xy)v = (x.3)7]

. i} (69)
<1y = &y)ol+ e lxllullyllv
holds with probability at least 1 — 26*. In addition,
P([[lxll7 — (=l < " llxlE) > 1 - 6" (70)
and
P(lllyllz — (y 2% < e*llylli) > 1 — 6" (71)
The statement of the proposition can be now derived by combining (69) to (71) and using a union
bound argument. O]

Proof of Proposition 5.3. Observe that

e\ 2 e\ 2
w=max< 1 — min (HX”U) , max (“XHU) —15.
xev/{oy \ ||x]|v ) “xev/ioy \ ||x||v

Let us make the following assumption:

e\ 2 0\ 2
— (uxHU> - (quU) -
xeV/{o} \ ||| xev/{o} \ |||

For the alternative case the proof is similar.
Next, we show that w is an upper bound for w with probability at least 1 — §*. Define x* :=
arg Milyev/{oy, x|y =1 |x]|2. By definition of ©*,

1—e < (Ix')19)° (72)

holds with probability at least 1 — ¢*. If (72) is satisfied, we have

® 2 * || © 2
5>1—(1—¢) min Il )™ 1—(1—¢ [LAIAANS 1— (|x)|©)? = w
= xeV/{0} o) = ) - v '

x| [Ix*|
]
Proof of Proposition 5./4. By definition of w and the assumption on ©*, for all x € V, it holds
11017 — (Ix127)%) < w*lIxllE, and [[lx3 = (1x]7)%] < wlix]l?-
The above relations and the definition (50) of @ yield
1—w 14w 14w
o < 1—(1—-¢" 1+4¢&" —1p=(1+¢" -1
w_max{ ( 8)1+w*’( +€)1—w* } ( +€)1—w* ,
which ends the proof. O
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Proof of Proposition 8.4. Denote x = Ry'L(p)/|1(w)|lor and y = (u.(u) — w,(u))/||u.(p) —
w, ()| Let us consider K = C, which also accounts for the real case, K = R. Let

e Y = VD

|<X7Y>U - <X7 Y> | .
Observe that |w| =1 and (x,wy)y — (x,wy)2 is a real number.

By a union bound for the probability of success, ® is an e-embedding for span(x + wy) and
span(x — wy) with probability at least 1 — 20. Then, using the parallelogram identity we obtain

Alx, vy — (%, ¥)5| = |4(x,wy)v — 4(x, wy)p|
= |lx + wyllf — lx — wyll7; + 4Im((x, wy)v)
— ((Ix+wyll?)? = (Ix — wyll?)? + 4m((x, wy)7)) |
= [lIx + wyllr = (Ix + wyll?)* = (Ix —wylf = (Ix —wyll7)?)
— 4Im((x, wy)v — (x,wy)7)]
<cellx + wyllt; + ellx — wyllf = 4e.

We conclude that relation (66) holds with probability at least 1 — 24. O

Proof of Proposition 8.5. We can use a similar proof as in Proposition 8.4 with the fact that if ©
is an e-embedding for L + U, + W, then it satisfies the e-embedding property for span(x + wy)
and span(x — wy). O
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