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Sparse regularization has been recently proved to be a useful tool for the approximation of functions de-
fined over d-dimensional domains, due to its ability to lessen the curse of dimensionality when combined
with compressed sensing principles. This approach is based on three main elements: sparse approxi-
mation of the function with respect to orthogonal polynomials, random pointwise sampling, and sparse
recovery via a (weighted) ¢! minimization decoder. Combining these three ingredients, it is possible to
construct approximations using a number of pointwise evaluations that depends only logarithmically
on d [1, 4, 23]. This feature is particularly appealing in uncertainty quantification applications, where
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Abstract

We consider sparsity-based techniques for the approximation of high-dimensional functions from
random pointwise evaluations. To date, almost all the works published in this field contain some a
priori assumptions about the error corrupting the samples that are hard to verify in practice. In this
paper, we instead focus on the scenario where the error is unknown. We study the performance of
four sparsity-promoting optimization problems: weighted quadratically-constrained basis pursuit,
weighted LASSO, weighted square-root LASSO, and weighted LAD-LASSO. From the theoretical
perspective, we prove uniform recovery guarantees for these decoders, deriving recipes for the op-
timal choice of the respective tuning parameters. On the numerical side, we compare them in the
pure function approximation case and in applications to uncertainty quantification of ODEs and
PDEs with random inputs. Our main conclusion is that the lesser-known square-root LASSO is
better suited for high-dimensional approximation than the other procedures in the case of bounded
noise, since it avoids (both theoretically and numerically) the need for parameter tuning.

Introduction

the function to approximate is a quantity of interest of a parametric PDE [48, 67].

This paper concerns the effective treatment of errors in the data by sparse recovery procedures.

There are three primary sources of such error:

(i)

(i)

(iil)

Truncation error. This occurs when infinite expansion in an orthonormal polynomial basis is
replaced by a finite expansion. This is an intrinsic source of error in high-dimensional function

approximation, which does not depend on the particular application considered.

Discretization error. In practice, in applications to parametric PDEs, function samples are com-
puted using a numerical PDE solver. This error arises due to the discretization in the numerical

routine (e.g. introducing a finite element mesh or performing a Galerkin projection).

Numerical error. Following (ii), this further source of error occurs when the discretized problem

is solved numerically (e.g. via an iterative solver).
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To date, almost all works in sparse regularization for high-dimensional approximation have assumed
an a priori bound for this error. Specifically, if the vector of data is y = y®*** + e, where y°**°! is the
error-free data and e is the vector of errors, then one assumes the bound

lell2 < n, (1)

for some known n > 0. In this case, sparse regularization performed using the (weighted) quadratically-
constrained basis pursuit decoder admits rigorous theoretical recovery guarantees [1, 4, 23, 51, 66]. In
practice, however, a bound of the form (1) is usually unknown, since the sources of error (i), (ii), and
(iii) are function dependent. Cross validation is a common empirical remedy to tune such a parameter
[29, 40, 67]. Yet this is computationally expensive, and lacks theoretical guarantees. We also observe
that for certain model problems (in the context of parametric PDEs) theoretical estimates for 7 are
available. However, the presence of implicit constants can create numerical issues, as we will demonstrate
in our numerical experiments.

In this paper, we study three different decoders for sparse recovery: weighted quadratically-constrained
basis pursuit, weighted LASSO and weighted square-root LASSO. In all cases, we consider their perfor-
mance for unknown errors: that is, in the absence of the bound (1). These decoders are compared from
both the theoretical and numerical viewpoints. On the theoretical side, we prove uniform and robust
recovery error estimates for the proposed decoders. From the numerical viewpoint, we compare their
recovery performances in the case of pure function approximation and in the case of parametric ODEs
and PDEs.

One of our main messages is that the lesser-known weighted square-root LASSO is more suitable
for sparse high-dimensional function approximation than the commonly-used quadratically-constrained
basis pursuit decoder. It exhibits recovery performances comparable (if not superior) to the others, but
the optimal choice of its tuning parameter does not depend on the noise level in the data. Therefore, it
does not require any a priori knowledge on the error corrupting the samples. This fact is well-known by
statisticians; however, it does not seem to have been fully exploited by the high-dimensional function
approximation and the compressed sensing communities.

To complete the paper, we also consider a fourth type of error. In addition to (i), (ii), and (iii), in
large-scale uncertainty quantification implementations it is increasingly common to encounter

(iv) Corruption error. This occurs when an unknown subset of the measurements are corrupted
arbitrarily, for instance due to a node failure when computations are performed on a cluster.

This is a fundamentally different type of error to the others. Corruption errors can be arbitrarily large,
but only affect a (typically unknown) fraction of the measurements. They arise in modern complex
computational frameworks consisting of many interconnected parallel components, which are subject
to faults. These faults may be hard to detect and heavily pollute the measurements [14].

In this setting, the vector of errors is of the form e = ePourded L esParse  where e is a
combination of (i), (ii), or (iii) and has small norm, and e*P?*¢ is of type (iv) and it is sparse with large
norm. Methods that are robust to this type of errors are often called fault-tolerant or resilient and
have already been considered in uncertainty quantification and in compressed sensing [3, 41, 52, 63]. To
correct for this type of error, we study a fourth decoder; the weighted LAD-LASSO. Numerically, we
show that this method can achieve quite striking performance; in our experiments, it can easily correct
for over 10% corrupted measurements. Much like the square-root LASSO, we conclude that this should
be the method of choice in the presence of errors (i), (ii), (iii), and (iv).

The paper is organized as follows. In §2, we describe the problem setting, defining the high-
dimensional function approximation framework and the four decoders considered for weighted ¢! min-
imization; moreover, we present the main contributions of the paper, i.e. uniform recovery guarantees
for the proposed decoders under unknown error corrupting the measurements. §3 contains a review of
the literature for each decoder. In §4, we compare the four decoders from a numerical perspective in the
case of pure function approximation and in applications to parametric PDEs and ODEs with random
inputs. §5 deals with the theoretical analysis; this is the mathematical core of the paper and it is the
most technical part. Finally, in §6 we give our conclusions and state some open problems.
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2 Main contributions

We now present the main contributions of the paper. We define the sparse high-dimensional approxi-
mation methodology in §2.1. Then, in §2.3 we introduce the concept of sparsity in lower sets and other
related notions, which are necessary to understand the theoretical analysis. Finally, in §2.4 we state the
uniform robust recovery error estimates for the four decoders (proofs of these results are given in §5).

2.1 Sparse high-dimensional approximation
Let d € N:={1,2,3,...}, with d > 1, and consider a high-dimensional complex-valued function
f:D—C, with D:=(-1,1)%

We define d probability measures v, ..., v(9) on (—1,1) and the corresponding tensor product measure
on D as
v o= Q- ®I/(d).

Moreover, we consider d orthonormal bases {¢§_e)}j€N0 of L2, (—=1,1) for £ € [d], where [d] := {1,...,d}
and No := {0} UN. Then, we build {¢;};ca as the corresponding tensor product basis of L2(D):
bi:=df) © @4, VieN (2)

Assume f € L2(D) N L*(D) and consider its expansion

f= Z 5P, (3)

ieNg
where z; = (f, ¢;) L2, for every @ € N¢. Throughout the paper, we define the sequence of coefficients
2 \d
@ = (7);eng € € (Np).-

where (P(N&) denotes the space of sequences with finite /# norm. Given a subset A C N& of finite
cardinality |A| = n, we obtain a finite approximation of f by considering the truncated basis {¢;}ica.
The corresponding finite-dimensional vector of coefficients is denoted by xa. Assuming the set of

multi-indices in A is ordered as 41, ...,%,, we can also write
n
fa = E zi,¢5;, and @y = (T4;)jem) (4)
j=1

The vector ¢ will be equivalently considered as an element of C™ or of 2(Nd). In the latter case, the
components x; with 2 ¢ A are implicitly assumed to be zero.

We aim at recovering a sparse approximation of f with respect to the basis {¢;}i;ca from pointwise
samples. Hence, we define the vector of samples y € C™ and the design matriz A € C™*" as!

as
1 1

Yi = ﬁ(f(tl))v Ajj = ﬁ

where, as in previous works in high-dimensional polynomial approximation [23, 29, 67], the samples are
distributed independently at random according to the orthogonality measure v, i.e.

(¢4, (t:), Vie[m], jeln], ()

t1, et R (t). (6)
Then, the truncated vector of coefficients xp € C™ satisfies

y= Az, +e, (7)

IThe factor 1/y/m is needed in order to guarantee the restricted isometry property for the design matrix A. See §5.



where e € C™ is an unknown source of error corrupting the samples. The vector e contains (at the
very least) the truncation error

(egxrunc)i — ﬁ(f( ) fA %$z¢z N Vi € [m] (8)

In general, e = e}{" + e™s¢_ where e™¢ contains other sources of error, such as discretization error,
numerical error, faults, or other forms of noise, all of which occur commonly in uncertainty quantification
applications. In this paper we shall consider the following two types of noise models:

(a) Bounded noise. Here |le||2 is assumed to be small and the goal is to recover f up to this error.
This is the case for truncation and numerical errors (types (i), (ii), and (iii) in §1), for instance.

(b) Bounded + unbounded sparse noise. In this case, e = e , where ePounded ig a5 in

(a) and e°P?™¢ has only a small number of nonzero entries, but which can be arbitrarily large
and whose locations are unknown. This is the case when corruption errors, due for instance to
solver faults, are additionally present (type (iv) in §1). The goal in this case is to correct for the
corruption error, and to recover f up to |lePounded|,.

bounded sparse
+ e’

Note that, since the function to be approximated is high-dimensional, the cardinality n of the truncated
index set A is typically large. Therefore, we focus on the regime m < n, where (7) is underdetermined.

Finally, we will consider two particular examples of orthonormal systems of L2(D): the well-known
tensorized Legendre and Chebyshev polynomials. In d dimensions, these are orthogonal with respect
to the tensor uniform and Chebyshev measures

1
dv = —dt (Legendre), dv = t (Chebyshev).

2d

Hw\/l——

In each case, the samples t4,...,t,, are randomly and independently distributed according to v.

2.2 Decoders

In order to recover an approximate solution &y = (&3,);jep,) € C"* from (7), we use weighted ¢ min-
imization. Given a sequence of positive weights w = (wi)ieNg, the corresponding weighted ¢P norm,
referred to as the £ norm, is defined as

) 1/p
nwmw>—<§jw{ﬂmw) ,
ieNg

and (2, (Ng) is the space of sequences having finite /£, norm.
Given weights u and errors of the form (i) and (ii), and (iii) (see §1), we compute &, with one of
the following decoders:

Weighted Quadratically-Constrained Basis Pursuit (WQCBP)
2 = arg min 2] 5. A2~ ylla <. )
Weighted LASSO (WLASSO)
&y = arg min || 2] + A Az -y, (10)

Weighted Square-Root LASSO (WSR-LASSO)

Az —yll2, (11)




The above decoders are designed to deal specifically with bounded noise (model (a) in §2.1). Conversely,
if the measurements additionally contain corruption errors (model (b) in §2.1), in which case e has a
small number of large entries, then we instead consider the following decoder:

Weighted LAD-LASSO (WLAD-LASSO)

@p = arg min |[z]1u + AllAz — gl (12)

The use of the ¢'-norm in the fitting term is to exploit the sparsity of the corruptions in this case.
Notice that the minimizer 5 need not be necessarily unique in our framework. Given Zj, the
resulting approximation f of f is then defined by

f= sz(bz (13)

i€A

We assume throughout that 7 > 0 and A > 0. These will be referred to as tuning parameters. When
n = 0, the optimization program (9) is also referred to as weighted basis pursuit (WBP). It is worth
noting that WQCBP is the only optimization program in constrained form. We will comment more on
these decoders while reviewing the literature (§3).

As for the choice of the weights, u is chosen as follows:

U; = ||¢i||L°°; Vi € Ng (14)

They are referred to as intrinsic weights [1]. Notice that u; := [|¢i[[L~ > ||¢s]|r2 = 1. This particular
choice of weights has been proved to be effective for WQCBP, both theoretically and numerically
[1, 4, 23]. For the polynomial bases employed here, we have

d
Uy = H V2ig+1 (Legendre), u; = 2l1#llo/2 (Chebyshev). (15)
=1

2.3 Sparsity in lower sets

Compressed sensing theory considers the recovery of sparse vectors from limited numbers of measure-
ments. Many works have sought to apply these principles to high-dimensional approximation (see §3).
Unfortunately, standard application of these principles leads to sample complexities that depend expo-
nentially on the dimension d (see, for example, [4]). More recently [1, 23], it has been shown that this
curse of dimensionality in the sample complexity can be overcome by considering certain structured
sparsity models based on so-called lower sets (also known as downward closed or monotone sets):

Definition 2.1 (Lower set). The set S C N¢ is said to be a lower set if whenever ¢ € S and j < @
(where the inequality holds componentwise) then j € S.

Employing this definition, we consider the space of s-sparse vectors whose supports are lower sets
Yo = {z € A(N) : |supp(z)| < s, supp(z) lower}.

Here supp(z) := {i € N& : z; # 0}. The corresponding best s-term approximation in lower sets is

0s.0(2)10:= inf [z—2Z|

1u-
z'€Xs,L ’

Lower sets are common tools in high-dimensional approximation [21, 26, 30, 45, 46]. The lower set
structure turns out to be crucial when approximating (a quantity of interest of) the solution map of
a parametric PDE. For example, in [22] it has been proved that for a wide class of parametric PDEs
the best s-term approximation error (in the mean square and in the uniform sense) in lower sets of the



solution map with respect to Legendre polynomials decays algebraically in s and it is independent of
the dimension d of the parametric domain (see also [24, 25]).

An essential property of lower sets is that the union of all lower sets of cardinality s is the well-known
hyperbolic cross of order s, namely

d
ARS = {i_(il,...,id)ENg:H(ig—l-l)gs}: U s (16)

(=1 |S|<s
S lower

From now on, this set will be adopted as our truncated multi-index set, i.e.
A = AC,
We note that the cardinality of this index set can be bounded from above as (see, for example, [4])
n= |A§§| < min {2334d, e2s2+1°g2(d)} . (17)
With this in hand, we also define the intrinsic lower sparsity of order s as the quantity
K(s) :=max{|S[]u: 5 C Nd, |S|<s, S lower}, (18)

where
|G == Zuf (19)
i€S
is the weighted cardinality of a subset S with respect to the weights w [51]. This quantity is of crucial
importance to our results, since it will determine a sufficient condition on the sample complexity m. In
the case of Chebyshev and Legendre polynomials, K (s) is known to scale proportionally to s, with

v=2 (Legendre), v =1In(3)/In(2) (Chebyshev). (20)
Specifically, (see [23, Lemma 3.7]) we have the following:

Lemma 2.2 (Intrinsic lower-sparsity bounds). Let 2 < s <24+ [f {di}tiena is the tensor Legendre or
Chebyshev basis, then
s7/4 < K(s) <7, (21)

where K (s) and v are as in (18) and (20) respectively. Moreover, the upper estimate holds for all s > 2.

2.4 Robust recovery guarantees under unknown error

We now present the recovery guarantees for the decoders (9)-(12). These estimates are robust, in the
sense that they admit the presence of unknown error e corrupting the samples, and uniform since, given
a set of random pointwise samples distributed according to (6), they hold uniformly in f (with high
probability). The proofs of these results are given in §5.

As usual, the expression X <Y means that there exists a constant C' independent of X and Y such
that X < CY. The notation X > Y is defined analogously and X <Y means that X <Y and X 2 Y
hold simultaneously.

In all cases (apart from WLAD-LASSO, where an additional constraint appears), uniform recovery
with probability at least 1 — € holds, provided the sample complexity satisfies

m 2 s L, (22)
where v is given by (20) and L is a polylogarithmic factor defined as
L = L(s,e) = In*(s) min{In(s) + d,In(2d) In(s)} 4 In(s) In(s/¢). (23)

Note that the particular dependence on d in this estimates stems from bound (17) on the cardinality n
of the hyperbolic cross.
We now present the recovery guarantees decoder by decoder.



WQCBP Theorems 5.10 & 5.11 imply that, provided m =< s”L, the approximate solution f defined
in (13) obtained via WQCBP satisfies

17 = Flim S 0ur @i +572(0n + llell2) + QVTmax{lell2 — n,0}),
~ os.1.(x
17 = Tl $ 2L el 417~ fallz + QVEmax{lell: ~ .0},

with probability at least 1 — ¢, where

Alw 1
A Tut

where 0y, (/2 A") is the m'" singular value (in decreasing order) of ./ A*. Notice that the term
depending on Qv/L in the error bound vanishes when 7 > ||le|2: that is,

s US,L(w)l,u
nzlellz = lf=flez S =5 +n+lelz+If = fallrz,

and similarly for the L° error. Moreover, since 1 and ||e||2 both appear in the error bound, the optimal
choice of 7 is
n = el (24)

Conversely, when ||e||2 is unknown, the price to pay is an additional error term, which depends loga-
rithmically on d and algebraically on s. In particular, the algebraic dependence on s is a consequence
of Theorem 5.11, where we show that Q < s*/2/0,,(\/2A¥), with a = 1,2 for tensor Chebyshev and
Legendre polynomials, respectively.

This bound does, however, suggest that tuning 7 empirically via cross validation, so as to achieve
7 = ||e||2 can improve the recovery error. Our numerical results in §4 partially support this conclusion.

WLASSO In Theorem 5.13, we show that, provided (22) holds and

A=< VE(s) = iﬂ, (25)
el llell2
the approximate solution f computed by means of WLASSO satisfies
1f = fllze S os,n(@)1u + 572 le]l2, (26)
17 = Flaz § ZEEN e, 41— iz, (27)

with probability at least 1 — €.

Unfortunately, the choice of tuning parameter (25) requires knowledge of ||e|2, similar to WQCBP.
On the other hand, this requirement is certainly less stringent than the one-sided bound 7 > ||e||2: no
logarithmic factors are present in the error bounds if ||e||2 is estimated up to a constant.

WSR-LASSO Theorem 5.14 shows that provided (22) holds and
A= /K(s) < s7/2, (28)

the approximate solution f computed using WSR-LASSO satisfies (26) and (27) with probability at least
1 — . In other words, WSR-LASSO attains the same recovery guarantees as WLASSO and WQCBP
but without any prior knowledge on the noise e. Specifically, optimal WLASSO tuning parameter (25)
depends on ||e]|2, whereas the optimal WSR-LASSO tuning parameter (28) is independent of this factor.
We note in passing that A depends on the sparsity s, but this is always known in our framework since
it is the index of the truncated hyperbolic cross set (16).



WLAD-LASSO From Theorem 5.25, we see that, given k£ € N and provided that
m 2 s7 -max{L, k}, (29)
the approximate solution f obtained via WLAD-LASSO satisfies
1f = Fllze S 0s,2(@)1,u + Aok (e)r,

and also

37/2

1 = Flliz < (14 VO) (”S*L(“’)l*" n ”’“(e)1> 1 allies

=

with probability at least 1 — ¢, where

K(s)+ A2k
0= , 30
min{+/K (s), Wk} (30)

and

inf _ fle—dl|,

or(e) == in
d:| supp(d)|<k

where supp(d) := {i € [m] : d; # 0}, is the best k-term approximation error. Notice that the quantity

O defined in (30) is minimized for

K{(s)
P

However, A = 1 seems to be a better choice in practice (see Fig. 3 and numerical illustrations in [3]).

Observe that the recovery guarantees for WQCBP, WLASSO and WSR-LASSO all depend on |e||2.
Conversely, for WLAD-LASSO this term is replaced by ox(e);. This suggests WLAD-LASSO, unlike
the other decoders, can effectively correct for errors of type (b). Specifically, if e = ePounded 4 gsparse
where e°P#'*¢ has at most k nonzero entries, then

A= (31)

Uk(e)l < o,k(esparse)l +o,k(ebounded)1 < HeboundedHl < \/E”ebounded”}

In particular, if A < s7/2/V/k, as suggested by (31), this yields the error bound

s 0s,L\T)1, ounde
If = fllez S S(Vi/g)uJFSWQHeb Ay +11f = fallze, (32)

and similarly for the L>°-norm error. Up to the factor s7/2 (see Remark 2.3 below) this is the same as
the bounds for WLASSO and WSR-~LASSO. Except, of course, that the WLAD-LASSO corrects for an
k-sparse corruption error of arbitrary magnitude, unlike the other decoders.

Remark 2.3 (Sharpness of the sample complexity). The estimate (29) suggests the number of corrupted
samples k£ can be roughly L while retaining the same sample complexity as in the uncorrupted case.
We do not believe this is sharp. Indeed, there is reason to expect that k& = cm corruptions can be
allowed, for some 0 < ¢ < 1. See [3, 43] for further discussion. If this conjecture were true, then the
57/2 dependence in the noise term in (32) would vanish.

3 Literature review

For a general introduction to the optimization programs (9)-(12) in the unweighted case, we refer the
reader to, e.g., [31, 61, 37]. We now briefly review the literature regarding each decoder.



WQCBP This optimization program has a long history [28, 44], but here we are particularly interested
in its application in compressed sensing [18, 27, 31]. The weighted version of QCBP has been introduced
in the context of function approximation with bounded orthonormal systems in [51], although previously
studied in [19, 32, 48, 68]. For applications of WQCBP to high-dimensional function approximation and
uncertainty quantification, we refer the reader to [1, 2, 4, 23, 48, 50, 67] and references therein. All these
works focus on the error-aware scenario, where upper bounds of the form (1) are assumed to be known
a priori, even though this assumption is unlikely to be met in practice. It is worth mentioning that
robust recovery guarantees for unweighted ¢! minimization have been recently proved in the error-blind
scenario, where upper bounds of the form (1) are not assumed to be known (see [15, 16] and references
therein). In this paper, these results are generalized to the weighted case.

WLASSO The literature regarding LASSO (Least Absolute Shrinkage and Selection Operator) is
boundless. The pioneering paper [60] by R. Tibshirani has already reached more than twenty thousand
citations according to Google Scholar (roughly one thousand citations per year on average). We refer
the reader to [37, §2.10] and references therein for an extensive review on the state-of-the-art of LASSO
and for historical remarks. A weighted variant of LASSO, called the “adaptive LASSO” due to the
iterative and adaptive procedure used to update the weights, is considered in [39, 69].

WSR-LASSO The unweighted version of SR-LASSO has been introduced in [12] and studied under
the name “scaled LASSO” in [58]. Further results about SR-LASSO can be found in [8, 13, 17, 49, 59].
In [54], the authors consider a version of the SR-LASSO where the ¢! norm is replaced by a generic
sparsity-inducing norm, admitting the weighted SR-LASSO as a particular case. For the statisticians, an
attractive feature of SR-LASSO is that the optimal tuning parameter does not depend on the variance
of the random noise corrupting the observations, like in the LASSO case. Our study confirms that this
is the case also in high-dimensional function approximation.

WLAD-LASSO The LAD (Least Absolute Deviation) regression and the LASSO program have
been combined into the so-called LAD-LASSO decoder in order to make the LASSO more robust to
the presence of heavy-tailed errors or outliers in the response [33, 34, 62, 64, 65]. In the context
of compressed sensing, this decoder is also known as a fault-tolerant version of ¢! minimization. It
has been considered in [41, 43, 47, 53, 55, 56, 57, 63] and in [3, 52] with applications to uncertainty
quantification. In [7], the author introduces the weighted variant of LAD-LASSO and proves that is has
some statistical properties (asymptotic normality and consistency). An adaptively reweighted version
of LAD-LASSO is considered in [42].

4 Numerical experiments

We compare the decoders (9)-(12) from the numerical viewpoint. The section is structured as follows.
First, we formally define the cross-validation procedure employed to choose the tuning parameters in
64.1. Then, we compare the four decoders by studying their recovery error as a function of the tuning
parameter (§4.2) and of the sample complexity (§4.3). Finally, we compare the performance of the
four decoders in an application to the uncertainty quantification of parametric ODEs and PDEs with
random inputs in §4.4.

All the numerical experiments have been performed in MATLAB® using CVX, an optimization
toolbox for solving convex problems [35, 36]. We always run CVX setting cvx_precision best and
cvx_solver mosek. We have used MATLAB® R2016b version 9.1 64-bit on a MacBook Pro equipped
with a 3 GHz Intel Core i7 processor and with 8 GB DDR3 RAM. For the sake of convenience, we will
sometimes use the MATLAB® vector notation to denote objects like 10.”(1: 0.5 : 2) = (10%,10', 102).



4.1 Cross validation

We define the cross-validation procedure that will be employed in the next sections. The pseudo-code
is reported in Algorithm 4.1. It corresponds to the cross-validation procedure described in [37, §2.3],
usually referred to as K-fold cross validation [6]. It is worth noticing that step 9 of Algorithm 4.1
can be replaced with £(t, g,p) = || AT — y,||2, as it is done in [29, 67]. However, we prefer to use the
squared residual, in accordance with [37]. In addition to the design matrix A and the vector of samples
y, the cross-validation procedure takes as input:

e a number G € N of sample groups;

e a decoder A with tuning parameter p such that & = A(A,y;p) approximately solves Az = y;
e a finite set P of parameters;

e a number T € N of repeated random tests to run.

The procedure gives as output a tuning parameter p., € P.

Algorithm 4.1 Cross-validation procedure

1: procedure p., = CROSSVALIDATION(A,y, G, A, P, T);

2: for all t € [T] do

3:  Randomly partition [m] = I U--- U Ig into G sets of cardinality |m/G] or |[m/G]| + 1;
4:  for all g € [G] do

5

Ay =\ /17 (Aigier, gemls Yo = /17 WidieLy;

6 Ar =\ J5Zty (Aiietmi g, el Yr = ) ety Wi)iem\,s
7 for all p € P do

8 & =A(Ar,y,5p);

9 e(t,g.p) = HAvii:—va%,

10: end for

11:  end for

12: end for 1

13: pey = arg:rnxélg TG Z Z e(t,g,p).

te[T] g€[G]

4.2 Tuning parameter vs. error

We compare WQCBP, WLASSO, WSR-LASSO, and WLAD-LASSO by studying the behavior of the
recovery error as a function of the tuning parameter when approximating the function

d
f(t) = exp (-é Zcos(tz)> ., with d = 15. (33)
=1

The aim of this experiment is to both compare the performance of the four decoders, and to validate
the optimal choices of the tuning parameters suggested by the theory (see §2.4).

We consider a sparsity level s = 10, corresponding to n = |A11{5(7310| = 1432 and a number of samples
m = [s7log(n)], with v defined as in (20). In particular, this corresponds to a sample complexity
m = 727 for Legendre and m = 280 for Chebyshev polynomials. Then, we repeat the following
experiment 50 times: we generate m random samples and corrupt them by random noise e = fn/||n||2
with 3 € {0,1073,1072,1071}, where n € R™ is a random vector with independent entries uniformly
distributed over [—1, 1], and we solve the resulting system (7) by means of WQCBP, WLASSO, WSR-
LASSO, and WLAD-LASSO for each value of the tuning parameter, as specified in Table 1.2

2In practice, for WLAD-LASSO we use A = 1.01 instead of A = 1 since the choice A = 1 leads to the presence of
spurious outliers in the box plot. We think that this behavior is due to CVX and not to the decoder itself.
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WQCBP () | WLASSO (\) | WSR-LASSO (\) | WLAD-LASSO ())
10.7(=7:05:1) | 10.(~1:0.5:8) | 10.°(—2:0.25:5) | 10.(—2:0.25: 3)

Table 1: Sets of tuning parameters for WQCBP, WLASSO, WSR-LASSO, and WLAD-LASSO used to generate
Figs. 1 & 2.

The results are shown in Figs. 1 and 2. In order to make the statistics of the randomized experiments
transparent, we visualize the results in a box plot. The continuous lines represent the median values
(in accordance with the box plot information). We consider the L? error with respect to a high-fidelity
approximation to f, computed using least squares and 20n = 28620 random pointwise evaluations.?

It is remarkable that all the decoders are able to reach an accuracy below the noise level for suit-
able values of the parameter. Moreover, the optimal choice of the tuning parameters seems to be in
accordance with the theory provided in §2.4. Indeed, we observe a direct proportionality between the
optimal value of 7 and the noise level for WQCBP, and an inverse proportionality between the optimal
value of A\ and the noise level for WLASSO. For WSR-LASSO and WLAD-LASSO, the optimal values
of X are independent on the noise level. We also notice that the limit value of the L2 recovery error
associated with the unconstrained optimization programs for A — oo coincides with the limit value of
the L2 error associated with WQCBP for 7 — 0. This suggests that the solution to the unconstrained
programs tends to the solution of WBP as A — co. In other words, choosing a very large A forces the
data fidelity constraint to be realized exactly, as it is natural to expect.

Let us take a closer look to the performance of WSR-LASSO and WLAD-LASSO, recalling the
optimal choices for A given by (28) and (31), respectively. For WSR-LASSO, being s = 10, we have
VK (s) = 10 for Legendre and /K (s) ~ v10108(3)/(2106(2)) ~ 6.2 for Chebyshev polynomials. From
the box plots, the optimal value of A seems to be around 10'® ~ 31.6 (Legendre) and 10*%® ~ 17.8
(Chebyshev). Therefore, A ~ 3,/K(s). For the WLAD-LASSO, in principle the theory predicts that
A=~ /K(s)/K. Since the error e is nonsparse in this case, we have K = m =~ K(s)log(n). We see
that A = 3/4/log(n) ~ 1.1129 seems to match the numerics well. This is the reason why we choose the
hidden constant to be 3 in (28) and (31) for the subsequent experiments.

4.3 Sampling complexity vs. error

We make another comparison of the four decoders by studying the decay of the L2 error as a function of
the sampling complexity m when approximating the function f defined in (33) with d = 10, employing
tensorized Chebyshev polynomials. We set s = 15, corresponding to n = |A11{0(?15| = 1341 and consider
a number of samples m = [C - K(s)] for C = 2:0.5 : 4, where K(s) ~ 15198(3)/108(2) ~ 73.1. First, we
compute a high-fidelity solution @1,g by means of least squares, using 20 - n = 26820 random pointwise
samples. Then, we consider ten different combinations of solvers and parameters. For the sake of
the comparison, we use the high-fidelity solution &g to produce “oracle” estimates of the noise level
(notice that this is an idealized scenario since &g is not available in practice). Moreover, we employ
the cross-validation procedure described in Algorithm 4.1, and the values of the parameters suggested
by the theoretical analysis for WSR-LASSO (A = 34/K(s)) and WLAD-LASSO (A = 3/\/log(n))
(see §2.4 and the discussion at the end of §4.2). The cross-validation procedure is always employed
as CROSSVALIDATION(A, y,5, A, P,3), where A and P are specified on a case-by-case basis. The ten
combinations considered are the following:

1. WQCBP with n = 0;

2. WQCBP with 1 = foracte = ||A&Ls — yl|2;

3. WQCBP with cross validation, where P = noracle - 10.7(-2:0.5:2);
4. WLASSO with A = Aoracle = VK (8)/||AZLs — yl|2;

3Notice that the outliers are sometimes aligned (e.g., in the tail of the blue curve in Fig. 1 bottom right). This is due
to the structure of the proposed numerical experiment: for each randomized choice of samples, all the parameters are
tested using the same samples.
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Figure 1: Box plot of the recover L2 error as a function of the tuning parameter for WQCBP (top left),
WLASSO (top right), WSR-LASSO (bottom left), and WLAD-LASSO (bottom right) when computing the
sparse approximation of the function f defined in (33) with respect to tensorized Legendre polynomials.

WLASSO with cross validation, where P = Aopacie -+ 10.7(-2:0.5:2);
WSR-LASSO with A = 31/K (s):

WSR-LASSO with , where P = 3/K(s) - 10.7(-2:0.5:2);

WLAD-LASSO with A = 3/+/(k/m)log(n);

WLAD-LASSO with cross validation, where P = —3YH__ .10, (-2:0.5:2);

mlog(n)
10. WLAD-LASSO with A = 1.

© XN oo

Notice that for WLAD-LASSO we set v =1 in (12).

This comparison is performed in three different scenarios. First, without corrupting the samples,
thus having only truncation error (8) (Fig. 3, top right). Second, corrupting the measurement by random
noise e = 1072n/||n||2, where n is a random vector with independent entries uniformly distributed over
[-1,1] (Fig. 3, bottom left). Third, corrupting 10% of the measurements by a random noise uniformly
distributed over [—10, 10] (Fig. 3, bottom right). The respective curves show the L2 error with respect
to the high-fidelity solution, averaged over 25 trials.

Let us comment the results in Fig. 3. First, the choices of the parameters predicted by the theory
give good results in general. Moreover, the performance of each decoder is usually improved by cross
validation. WBP slightly underperforms with respect to all the other solvers apart from the case without
extra noise and for m large enough (Fig. 3 top right). The performance of WSR-LASSO is comparable
with those of WQCBP and WLASSO, but for WSR-LASSO the optimal parameter choice does not
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Figure 2: Same experiment as in Fig. 1, but for tensorized Chebyshev polynomials.

depend on the noise level. Finally, in the case of sparsely corrupted measurements, WLAD-LASSO
outperforms the other decoders, as expected (Fig. 3 bottom right). The choice A = 1 is particularly
good in the sparsely corrupted case. It is also worth noting that cross validation does not seem to help
in this case. This is natural, since Algorithm 4.1 chooses the tuning parameter that minimizes the ¢2
norm of the residual, which is not small in this case. A possible remedy could be to replace step 9 in
Algorithm 4.1 with e(t, g,p) = ||AvZ — y,||1-

We note in passing that the experiments in Figs.1, 2 & 3 yield analogous results when the random
noise n used to corrupt the samples has independent normal Gaussian entries A'(0,1). We do not add
the resulting figures for the sake of brevity.

4.4 Application to parametric ODEs and PDEs with random inputs

Finally, we compare the performance of the decoders under exam when the function begin approximated
is a quantity of interest of the solution to a parametric ODE or PDE random inputs.

4.4.1 Parametric PDEs: Diffusion equation

We consider the following diffusion equation:

-V (at(xay)vut(xay)) =F, V(x,y) € Q,
{ut(ac, y) =0, Y(x,y) € 09, (34)
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Figure 3: Comparison among WQCBP, WLASSO, WSR-LASSO, and WLAD-LASSO for the approximation of
(33) with d = 10. The ten combinations of decoder and parameter considered are described in §4.3.

where © = [0,1]? is the physical domain, a; is a parametric diffusion coefficient, us is the unknown
solution, and F' is a nonparametric forcing term. This example and analogous variations have been
considered in [9, 10, 20]. The parametric space is D = (—1,1)® and the diffusion coefficient affinely
depends on the parameters

8
ar(z,y) =1-> Lo, (z,y)(0.595 + 0.395t), V(z,y) € Q, Vt € D,
=1

where Q1,...,Qg are circular subregions of € of radius 0.13 placed symmetrically with respect to the
center of ) (see Fig. 4). If we think about ¢ as a random vector uniformly distributed in D, then a|q,
can be thought as a random variable uniformly distributed [0.01,0.99]. The forcing term is

F(z,y) =100 1o, (z,y), Y(z,y) € Q,

where Qp = [0.4,0.6]%. We are interested in the function defined by the following quantity of interest:
10 = [ wnlay)dady. (35)
Qp

We sample f(t) by solving the PDE (34) with FreeFem++ (version 3.42, 64 bits), employing triangular
P1 elements and generating finer and finer meshes [38]. The mesh is generated with the FreeFem+-+
mesher, by controlling its resolution by a parameter N,;. In particular, we parametrize each edge of {2
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Figure 4: The physical domain 2 discretized with increasing mesh resolution, corresponding to Ne; = 1,2,3,5
(from left to right). The circular regions 1,...,Qs and the central square region Qp are highlighted.

using 5Ng; elements, the circumference of each €y with 4N,; elements and each edge of Qi using N,
elements. Then, we let N.; = 1,2,3,5. The corresponding meshes are represented in Fig. 4 and have
a number of degrees of freedom equal to 56, 141, 267, and 715, respectively. Each sample f(t;) is then
computed by considering the integral of the resulting piecewise linear approximation to u¢, over Qp. In
this case, the unknown error affecting the samples contains the truncation error (8), the discretization
error due to the Galerkin projection, and the numerical error associated with the FreeFem-++ solver.
We only expect this unknown error to decrease with respect to N;.

Similarly to §4.2 & 4.3, we study the behavior of the recovery error as a function of the tuning
parameter and of the sample complexity. Since ¢ is uniformly distributed in D, we employ tensorized
Legendre polynomials.

In Fig. 5 we consider an experiment analogous to Figs. 1 & 2 for the function f defined in (35).
Namely, we plot the L2 error as a function of the tuning parameter (chosen as in Table 1) for the four
decoders. We set s = 10, resulting in n = 353, and m = 30. For each value of N, = 1,2,3,5, we run
50 random experiments. The L2 error is computed with respect to a high-fidelity solution computed
using a mesh size N, = 100 (with 267076 degrees of freedom) and approximated with least squares
from 50000 random samples.

As expected, the best accuracy achieved by each solver is a decreasing function of Ng. We can
still see that the best choice of the parameter depends on the noise level for WQCBP and WLASSO,
whereas it is independent of the noise for WSR-LASSO and WLAD-LASSO. Surprisingly, the strict
global minima corresponding to the optimal choice of the parameter observed in Figs. 1 & 2 do not
appear here. In fact, all solvers exhibit a plateau. We may argue that the optimal choices (24), (25),
(28), and (31) hold under the form of inequality, and not of equality. Namely, n < |le||2 for WCQBP,
A= /K(s)/|le||2 for WLASSO, A > /K (s) for WSR-LASSO, and A > 1/4/log(n) for WLAD-LASSO.*
See §4.4.3 for some further discussion.

Next, we compare the performance of the four decoders using the ten combinations of decoders and
tuning parameters described in §4.3. We let m = (20 : 20 : 100) and use N = 5. Fig. 6 shows the
L2 error as a function of m, averaged over 25 trials. Overall, the decoders have similar performances,
in that the recovery error differs by less than one digit. Cross validation is able to achieve the best
accuracy level in all cases. Remarkably, WSR-LASSO achieves the best accuracy using the choice (28)
suggested by the theory.

4We have performed the same experiment for quantities of interest different from (35), such as the integral of us over
the regions €2;, pointwise evaluations of u¢, or the integral of u% over €2; or Qp. In all these cases, we do not observe the
strict global minima in the parameter-vs-error plot. These experiment are not reported here for the sake of brevity.
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Figure 5: Box plot of the recovery error as a function of the tuning parameter for WQCBP (top left), WLASSO
(top right), WSR-LASSO (bottom left), and WLAD-LASSO (bottom right) for the sparse approximation of the
quantity of interest f defined in (35) with respect to tensorized Legendre polynomials.
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Figure 6: Comparison among WQCBP, WLASSO, WSR-LASSO, and WLAD-LASSO for the approximation of
the quantity of interest f defined in (35).
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Figure 7: Boxplot of the L2 error as a function of the tuning parameter for WQCBP (left) and WSR-LASSO
(right) when approximating the quantity of interest (37) in the damped harmonic oscillator case.

4.4.2 Parametric ODEs: Damped harmonic oscillator

We study an application to parametric ODEs with random inputs, considering the equation of a damped
harmonic oscillator subject to external forcing

uy (x) + yug(z) + kug(z) = gcos(wz), V>0, (36)
ut(0) = ug, ui(0) = vo,
where the parameters v, k, g, w, ug, vg are defined as a function of a random vector ¢ uniformly distributed
in D = [~1,1]% as follows:

v =0.140.02t; € [0.08,0.12], k= 0.035+ 0.05¢; € [0.03,0.04], g = 0.1+ 0.02t5 € [0.08,0.12],
w=1+02t; €[0.8,1.2], up = 0.5+ 0.05¢5 € [0.45,0.55], v = 0.05t5 € [—0.05,0.05].

These restrictions make the oscillator always underdamped. We are interested in approximating the
following quantity of interest:

f(t) = ue(20). (37)

An analogous experiment is considered in [3].

We generate the pointwise samples by solving (36) in MATLAB® using the command ode23 and
setting different values for the tolerance parameter AbsTol € {107!,1073,107°} within odeset. We
employ the Legendre polynomials as sparsity basis and set s = 20 (corresponding to n = 795) and m =
100. In Fig. 7 (left), we show the boxplot of the L2 error as a function of the parameter  for WQCBP
and WSR-LASSO over 25 runs, where the L? error is computed with respect to a high-fidelity reference
solution ., approximated via least squares from 10000 random samples with AbsTol = 10714,

Analogously to the case of the parametric PDE (Fig. 5 top left), we see that there are no strict global
minima. The optimal parameter choices appear to be n < |le|lz and A 2 /K (s) as in the previous
experiment.’

4.4.3 Discussion

Both the parametric PDE and ODE problems considered fail to exhibit the strict global minima in
the error versus parameter plots as seen in the synthetic examples (Figs. 1 & 2). We conjecture that
this stems from the fact that errors produced by the numerical solvers are structured, as opposed to

5The same phenomenon is observed for WLASSO and WLAD-LASSO, but the plots are not shown here for the sake
of brevity.
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random. Note that our theoretical recovery guarantees are adversarial, i.e. uniform with respect to
the 2-norm ||e||2 of the error e € C™, and therefore cannot explain this behaviour. Evidently, the
structured errors produced by the solvers are quite far from this worst-case scenario. This may imply
that careful parameter tuning is not required in practice, although such a conclusion requires more broad
examination. In particular, understanding this phenomenon from the theoretical viewpoint remains an
open problem.

5 Theoretical analysis

This section contains the proofs of the results of §2.4. It is organized in two main parts. First, we
prove recovery error estimates for WQCBP, WLASSO, and WSR-LASSO in §5.1. Then, in §5.2 we deal
with WLAD-LASSO. This section structure depends on the fact that the proof strategy adopted for
the WLAD-LASSO contains some additional technicalities with respect to the other three decoders.

Remark 5.1 (Proof strategy). In order to prove robust recovery error estimates, we will follow a con-
ceptual roadmap commonly employed in compressed sensing [31]. This is composed of the following
elements: (LB) lower bound on the sample complexity m; (RIP) restricted isometry property for A;
(RNSP) robust null space property for A; (DB) distance bound; (REE) recovery error estimate. The
chain of implications showed is then:

(LB) = (RIP)""? = (RNSP)"'P = (DB)""? = (REE)""P,
where the notation (z)""? indicates that the property (z) holds with high probability.

5.1 WQCBP, WLASSO, and WSR-LASSO

Before showing recovery error estimates for WQCBP, WLASSO, and WSR-LASSO, we need to introduce
suitable versions of the restricted isometry property and of the robust null space property, adapted to
the lower set setting (§5.1.1). Then, we prove the recovery error estimates for WQCBP, WLASSO, and
WSR-LASSO in §5.1.2, 5.1.3, and 5.1.4, respectively.

5.1.1 Preliminaries

We first recall the lower restricted isometry property and of lower robust null space property [23]:

Definition 5.2 (Lower restricted isometry property). A matrix A € C™*" is said to have the lower
restricted isometry property of order s if there exists a constant 0 < § < 1 such that

(1= 0)ll2l3 < |Az]3 < (L +9)]|2]l3, Vz€C", |supp(2)lu < K(s),

where supp(z) := {i € [n] : z; # 0} and |supp(2)|. is its weighted cardinality defined as in (19). The
smallest constant such that this property holds is called the s lower restricted isometry constant of A
and it is denoted as ds, ..

Definition 5.3 (Lower robust null space property). Given 0 < p < 1 and 7 > 0, a matrix A € C™*"
is said to have the lower robust null space property of order s if

[zsll2 < |zsellu + 7 Az[l2, vz €C,

p
K(s)
for any S C A such that |S|, < K(s), where K(s) is defined as in (18).

The lower restricted isometry and the lower robust null space properties of order s are equivalent to
the weighted restricted isometry and weighted robust null space properties of order K (s), respectively
(see [51, Definition 1.3] and [51, Definition 4.1]).

The following result, corresponding to [23, Proposition 4.4], states that the lower restricted isometry
property implies the lower robust null space property up to a suitable restriction on the lower restricted
isometry constant.
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Lemma 5.4 (Lower restricted isometry property = lower robust null space property). Let s > 2 and
A € C™*™ satisfy the lower restricted isometry property of order as with constant

1
0= 6as,L < ga
where oo = 2 if the intrinsic weights w arise from the tensor Legendre basis and o = 3 if the weights
arise from the tensor Chebyshev basis. Then A has the lower robust null space property of order s with

46 V1496

p=—— and T=

1-6 1-9

In [23, Theorem 2.2] it is proved that a sufficient condition for the lower restricted isometry property
of order s to hold with high probability is that the sample complexity m must scale linearly with the
intrinsic sparsity K (s) up to a polylogarithmic factor. This result is stated below.

Theorem 5.5 (Sample complexity = lower restricted isometry property). Fizx 0 <e < 1,0 <4 < 1,
let {¢i}sena be as in (2) and w be the intrinsic weights defined in (14) and suppose that

m 2 K(s)- L(s,n,d,¢), (38)

where K(s) is as in (18) and where L = L(s,n,d,¢€) is a polylogarithmic factor defined as

L= 532111 (%) max{éi4 In <K5(2$) In (Ké(ﬁ)) In(n), % In (5_15 In <K5(28)>) } . (39)

Then with probability at least 1 — e the design matriz A defined in (5) satisfies the lower restricted
isometry property of order s with constant 651, < 0.

A fundamental feature of the lower (or weighted) robust null space property is that it implies a
suitable ¢}, distance bound. This is stated in the following theorem, an immediate consequence of [51,
Theorem 4.2] (notice that ox(s)(2)1,u < 0s,0(2)1,4, for any z € C"). This can also be viewed as a
corollary of the Theorem 5.18, which deals with the framework of 2-level sparsity.

Theorem 5.6 (Lower robust null space property = ¢}, distance bound). If the matriz A € C™*" has
the lower null space property of order s, then for every z,z € C" the following holds:

VEE)) 55— 2.

. 1+ .
2 = 2l < 170 0nn (D + 3w~ 2lha) + =32

The next step is to convert an £}, error estimate into an L2 error estimate. In order to do this, we
need to recall two technical lemmas. Namely, an upper bound on the /> norm of the intrinsic weights
and a weighted version of the Stechkin inequality. Their proofs can be found in [23, Lemma 4.1] and
[51, Theorem 3.2], respectively.

Lemma 5.7 (¢°° bound on the intrinsic weights). For any s > 2 and d > 1, let A = Agg. Then
3
Junll, < 3K ()

where (Ui)ieNg are the weights (14) associated with the tensor Chebyshev or Legendre polynomials.

Lemma 5.8 (Weighted Stechkin inequality). For any z € (L(Nd) and K € N, with K > |lu|?%, the
following holds
[E2IE"

VE —lul%

inf{||z — 2|2 : | supp(2’)[u < K} <
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Thanks to Lemma 5.7, Lemma 5.8, we are able to give a way to convert an £. error estimate (on
the coefficients) into an L2 error estimate (on the function) under the lower robust null space property.

Lemma 5.9 (Lower robust null space property = £, — L2 estimate conversion). Let &, be the output
of any decoder and assume that A has the lower robust null space property of order s. Then,

2+p

If = fllzz < IIf = fallz + W

len — @Al + T|A(TA — 20)]2-

where f is as in (13).
Proof. First, observe that

1f = Fllze = Iz = &all2 < llzacll2 + llza — &alla = 1f = fallzz + llza — &all2.
Now, choose a (not necessarily lower) set S C A such that

LA — TA)se|ls = inf z—(xpA — T .
(XA — &A)s¢]]2 z:|supp(z)|uSK(s)|\ (xa — )2

(Notice that the infimum is actually a minimum because it is defined over a finite union of linear
subspaces). Employing the weighted Stechkin inequality (Lemma 5.8) and the upper bound |ju|%, <
3K (s) (Lemma 5.7), we obtain

- 2 A
H(wA _ iﬁA)SCHz < ”"EA wA||l,u2 < ”"EA wA”l,u
K(s) = [luallz K(s)

Moreover, the lower robust null space property implies

X p . .
(A —&a)s]l2 < (s — &a)se |10 + 7| A(TA — ZA)| 2
VK (s)

Combining the above inequalities with the triangle inequality ||[xan — @2 < [[(zA — &A)s]|2 + || (A —
ZA)ge||2 concludes the proof. O

5.1.2 Robustness of WQCBP

In this section, we prove that the WQCBP decoder (9) is robust under unknown error. In particular,
we will assume to be in the error-blind scenario, where upper bounds of the form |le|ls < 5 are not
available. The results proved here generalize the robust recovery error guarantees given in [15] for the
unweighted case. The recovery error estimate depends on the best s-term approximation error in lower
sets, on the parameter 7, on the unknown error norm |/e||2, and on a tail term 7 whose behavior is
studied in Theorem 5.11. We follow the proof strategy explained in Remark 5.1.

Theorem 5.10 (Robust recovery for WQCBP). Let0 < e <1,0< 8§ <1,2<s <29 A= Agf
be the hyperbolic cross index set defined in (16), and {¢;};ens be the tensor Legendre or Chebyshev
polynomial basis. Draw tq,...,t,, independently according to the corresponding measure v, with

m 2 s7L(s,n,d,¢), (40)

where 7y is defined as in (20) and L(s,n,0,¢) is the polylogatrithmic factor defined in (39). Then, the
Jfollowing holds with probability at least 1 — . For any n >0 and f € L2(D) N L*(D) expanded as in
(3), the approxzimation f defined as in (13) computed using the WQCBP decoder (9) satisfies

15 = Flie < Crosn(@)ia + 572 [Caln + ) + CT), (a1)
z Os,L\T)1,u
17 = Pl < 07O 4 Gy el) + CoT + 1~ falliz, (12)
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where fa is defined as in (4),

T=T(A A eu,n) := min{'z’lj/lz’u :z2e€C" |[Az — €2 < 77}. (43)
s
and with constants
3 2 1 2(1 2 9+3
Clzﬂ, Cy = 77 C3:ﬂ, 04_w7 C5=u, Ce = Ci,
1—0p 1—p 1—0p 1—p 1—0p

where p=46/(1—9) and T =+/1—-9/(1 —9).

Proof. Thanks to Theorem 5.5 and Lemma 5.4, the sample complexity bound (40) guarantees that A
has the lower robust null space property with probability at least 1 —e. As a consequence, Theorem 5.6
holds with probability at least 1 — €.

Now, we observe that, on the one hand,

[A(zr — @a)ll2 < [|[Aza — yll2 + [[AZA — yll2 < [le[l2+7 (44)
and, on the other hand,

[Zall1u = [[@all1u = min{[[z]14 : 2 € C*, [[Az — y[l2 < 0} — |[@a][10
<min{||z —xa|1u:2€C" ||Az —y|2 <n}
=min{||z|l1,.: 2 € C",||Az —e|]2 < n}
=s"2T (A, A, e, u,n).

Noting that o, (€A)1,u = 0s,0(%)1,4 (since A is the union of all lower sets of cardinality s), that
K(s) < 57 (due to Lemma 2.2), and employing Theorem 5.6 with z = & and 2 = &,, we obtain

2(1+p)

1 Uva(w)l,u + 87/2

lxa —ZAll1,0 < (He||2 +1) + T (45)

1
Using ||z — @A 1,4 < 0s,0(%)1, and plugging (45) into

If = fllz= < & = @alhiw < 2 = 2alliw + lza — &4l

gives (41).
Finally, we employ the ¢}, — L2 estimate conversion result (Lemma 5.9) combined with (44), (45),
and with the fact that K(s) > 157 (Lemma 2.2), to obtain (42). O

In the following result, we give an upper bound to the tail term 7 defined in (43) in terms of the
" singular value (in decreasing order) of the matrix /7 A", denoted as oy, (y/ZA").

Theorem 5.11 (Tail term bound). Consider the setup of Theorem 5.10 with
m < s7L(s,n,d,¢), (46)
and let T =T (A, A, e,u,n) be as in (43). Then,

a/Q\/Z
S
TS — 7 pey max{llell2 =, 0}, (47)

W (VEA)

where L is as in (39) and o = 1,2 in the Chebyshev or Legendre case, respectively.
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Proof. Notice that if the rank of A is not full, then oy, (y/ZA*) = 0 and (47) is trivially satisfied.
Hence, we assume that A has full rank. Also if 7 > ||e||2 the result holds trivially. Then, we also
suppose that 7 < | e]|2.

Since ||e||y # 0, we can define the ansatz z := (1 —n/||e||2)A'e, where AT = A*(AA*)~! is the
pseudoinverse. Then z satisfies ||Az — e||2 = 7, and hence, recalling the definition (43) of 7, we have

VAL
7T < lzlliw < VIALulizll2 < (lell2 =)

om(AY)

Equation (46) implies that \/Z < v/L, and therefore

/Al VL
TS n o, (\/%A*) (He”2 - 77)' (48)

The last step is to estimate |Al,, using the explicit formulae (15) for the intrinsic weights. For the
Chebyshev case, we have

d
|A|u222|\i”0 SZH(@'Z—I—I) §521:sn

i€A i€ =1 i€A

where in the penultimate step we used the definition of the hyperbolic cross (16). For the Legendre
case, we have

d d
Al =Y [ @ie+1) <D 2l I (ie + 1) < s°n.
1eAN (=1 1€EA (=1

This completes the proof. O

Theorems 5.10 & 5.11 show that the robustness of WQCBP is implied by inequalities of the form
om(y/ZA") 2 1. When d = 1, this can be achieved by resorting to the spectral theory of random
matrices with heavy-tailed rows [15]. Showing this type of inequality when d > 1 is still an open
problem. However, it is not difficult to show that (see [4, Lemma 3])

o (3[2447) =1

1
n
By inspecting the proof of Theorem 5.11, we notice that

T S QVLmax{| ||z — 7,0},

where

Q= O(A,A,u) =/ 'ﬂ” : (\/1@4*)' (49)

This constant can be easily estimated numerically and turns out to have moderate size (see [4]).
To conclude, we notice that Theorem 5.10 implies an analogous result in the error-aware scenario,
i.e. when |le]|2 <.

Theorem 5.12 (Robust recovery of WQCBP in the error-aware setting). Consider the same setup of
Theorem 5.10 and let ||e|l2 < n. Then, with probability at least 1 — e the following inequalities hold:

If = Flle S osn(@)1u + 87,

3 US,L(w)l,u
1f=fllzz < o +n+f = fallrz-
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5.1.3 Robustness of WLASSO

In this section, we prove that the WLASSO decoder is robust under unknown error, when the tuning
parameter is chosen proportionally to the ratio /K (s)/| e||2-

Theorem 5.13 (WLASSO robust recovery). Let0 <e <1,0<d<1,2<s <2l A= Agf be the
hyperbolic cross index set defined in (16), and {¢i}ieNg be the tensor Legendre or Chebyshev polynomial
basis. Draw tq,...,t,, independently according to the corresponding measure v, with

m 2 s7L(s,n,d,¢),

where 7 is defined as in (20) and L(s,n,d,€) is the polylogatrithmic factor defined in (39). Then, the
Jollowing holds with probability at least 1 —e. For any f € L2(D) N L>(D) expanded as in (3), the
approzimation f defined as in (13) computed using the WLASSO decoder (10) with tuning parameter

K
A= oVEB) e o, (50)
llell2
satisfies
1f = Fllz= < Crog(@)1,u + Cas™[le]l2, (51)
= os,1(x
15 = Flaz < O 2N e, 4 1 — iz, (52)
where fa is defined as in (4), and the constants are
3+p 1 T2
Ci=— Ci=—|—+(1 0+27|,
- P l—p[(1+p)9+( teR T}
and
41+ p)(2+p) 1 [ (5+ p)ir? ]
O3 = ———m— Cy = + (1 +p)2+p)0+(5+ ;
3 T, (e FTES IR, (1+p)(2+p)0+ (5+p)7

where p=40/(1—-9), 7=+1-0/(1 —9).
Proof. First, notice that (10) can be reformulated in augmented form as

p, €)= a i 2 M2 st. Az+d=1y.
(A, €) rg(z,d%é?xm 12]l1,u + Alld|3 + Y

Moreover, Theorem 5.6 (that holds with probability at least 1 — ) implies

. 2(1+
o = ealliw < 2o @i+ 1 (53)
where
§:= 1+ p)(I@al — [2alla) + 27K Ao — )] (4)

Since ||A(zp — xa)ll2 < ||€]|2 + |le||2, we estimate

§ < (M4 p)ll@alliu+ 27V K (s)[|€ll2 = (14 p)ll@allru + 27V K(s)]le]|2-

Now, we employ Young’s inequality ab < wa? + %, with w = (1 4+ p)A, a = ||é]|2, and b = 27/ K (s).
This, combined with the optimality of (4, &) yields

£< ﬁ + 1+ p)Allell3 + 27 VE ) [el.
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Now, plugging (50) into the above relation, we see that

7_2
e< |t O+ 00+ 2| VEG el

Finally, recalling Lemma 2.2, from (53) we obtain (51) as in Theorem 5.10.
Now, Lemma 5.9 combined with (53) yields

15 = Flsg < 1 =l + ERCI ATl ey L (55)
where
Ci= (L4 D)@+ (el — ) + 6+ 0)7VEGI A — )l (50

Employing Young’s inequality with w = (1 4+ p)(2 + p)\, a = ||&]|2, and (5 + p)7+/K(s) and using
analogous manipulations as before, we have

(5+ p)2r?
(< m+(l+p)(2+p)9+(5+p)7 VE(s)llell2.

Combining the above inequality with (55) and recalling Lemma 2.2 gives (52), as required. O

5.1.4 Robustness of WSR-LASSO

We prove a robustness under unknown error for the WSR-LASSO decoder (11). Our theory suggests
that the tuning parameter should be chosen directly proportional to the quantity /K (s). This choice
is advantageous, since it is independent of the unknown error e.

Theorem 5.14 (WSR-LASSO robust recovery). Let 0 < e <1,0<d <1,2<s <2 A= Afl{g
be the hyperbolic cross index set defined in (16), and {¢i};eng be the tensor Legendre or Chebyshev
polynomial basis. Draw ty,...,t,, independently according to the corresponding measure v, with

m 2> s"L(s,n,d,¢),

where 7y is defined as in (20) and L(s,n,0,¢) is the polylogatrithmic factor defined in (39). Then, the
following holds with probability at least 1 —e. For any f € L2(D) N L>(D) expanded as in (3), the
approzimation f defined as in (13) computed using the WSR-LASSO decoder (11) with tuning parameter

B . 5+ p)
A=0v/K(s), with> IR (57)

where p=46/(1 —0) and 7 =+/1—05/(1 —9), satisfies

£ = Flie < Crown(@hi +Cas™ e, (5%)
7 O0s,L(T)1,u
15 = Flaz < O T2 4 ey 4 1 — i, (59)

where fa is defined as in (4) and the constants are

_3+p
=1,

(1+p)8+27 C_4(1+p)(2+p) C_(1+p)(2+p)9—|—(5+p)7'
- 1 33— 1 4 — .

1—0p 1—p 1—p

Cq ) =

Proof. The proof is similar to that of Theorem 5.13. First, observe that (11) admits the equivalent
augmented formulation

(Zp,€) =arg  min |z

(2,d)eCmxC | 1,u+)\HdH2 s.t. AZ+d:y
z,d)eCrxCm
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Moreover, Theorem 5.6 (that holds with probability at least 1 — ) implies the £1 estimate (53). Now,
we observe that p < 1 and (57) yield
54+ p)TVK(s) - 27/ K (s)
T (1+p2+p) T 1+4p

Therefore, using the above inequality and the optimality of (, &), we obtain

£< (T+p) (I2alliw + Alell2) + 27V K (s)llellz = (1 + p)l|l@all1,u

S[A+pA+2rVK(s)lllelz = [(1+p)0 + 27]v/ K (s)]le]2,

where ¢ is defined as in (54). Plugging the above inequality into (53) gives (58).
Again, analogously to the proof of Theorem 5.13, we have that the L? estimate (55) holds. Then,
using (57) and an argument analogous to that employed to bound &, we obtain

<1 +p)2+p)0 + (5+ p)TIVE(s)ell2,
where ( is defined as in (56). Recalling Lemma 2.2, we have (59). The proof is thus complete. O

5.2 WLAD-LASSO

The proof strategy to show the robustness of WLAD-LASSO under unknown error still follows the
guidelines of Remark 5.1. Yet, in this case we need to introduce a further level of technical difficulty,
dealing with the framework of sparsity in levels, introduced in [5]. In particular, we will make use of a
weighted version of the 2-level sparsity. We introduce this notion and some related technical lemmas in
§5.2.1. Then, we show the robustness of WLAD-LASSO in §5.2.2.

For the sake of generality, the results in this section are proved for a variant of (12) with weighted
¢! penalization of the data-fidelity term

+ Az =y, (60)

where v € R™ is such that v; > 1 for every i € [m].

5.2.1 Preliminaries
We first introduce some notation regarding the weighted 2-level sparsity framework [5].

Definition 5.15 (Weighted 2-level sparsity notation). Let n,p € N. Consider a vector z € C"™ and
weights w € R™"P, partitioned as
2} el
z= , w= ,
z2 w2

such that z; € C", zo € CP, w; € R", and ws € RP. Then, given J := (J1,J2) € R?, z is said to be
weighted J -sparse if

|supp(2i)|w, < Ji, Vi=1,2.
The weighted best J-term approximation error to z is

z = inf z—2z )
07(2)1,w z’:\suppl(gg)\wigh I 1 0

We also introduce a scale A > 0 that will allow us to switch from the two- to the one-level formalism.
Definition 5.16 (Scaled weights and scaled sparsity). Let A > 0 be a scale, then for every w = {Zl] €
2

C"*P and J = (Jy,J2) € R?, we define the scaled weights wy and the scaled sparsity Jy as

wy = [;&], Iy = Ji + A2 . (61)
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Notice that if z is J-sparse, then

Lw, < V2|2 (62)

Using the notation above, the WLAD-LASSO optimization program (60) admits an equivalent aug-
mented formulation as a weighted basis pursuit program, i.e.

1]

N : _
[ S ] =arg_min 1z|l1w,y st Mz =1y, (63)

where w := {Z], M :=[A I and w, is defined as in (61).
We are now in a position to define the 2-level weighted robust null space property.

Definition 5.17 (2-level weighted robust null space property). A matrix M € C™*(N+P) is said to
satisfy the 2-level weighted robust null space property of scale A > 0 and order J = (Jp, J2) if

P
25,08, 2 < \/—J—/\Hz(slusz)cnl,m + 7| Mz|2,

for every S1 C [n], S2 C n + [p], such that |S;|w, < J;, for i =1,2.

Notice that in the one-level case (i.e., when p = 0) and with J; = K(s) Definition 5.17 and Defini-
tion 5.3 are equivalent.

We now prove a result analogous to Theorem 5.6. It is an upper bound to the K}Uk distance between
two arbitrary finite-dimensional vectors under the weighted robust null space property. This result is
the 2-level generalization of [51, Theorem 4.2] and is based on the same proof strategy.

Theorem 5.18 (¢}, distance bound). If the matriz M € Cm*(N+P) has the 2-level weighted robust
null space property, then for every z,2 € C"™P the following holds:

R 1+4+p . 27 I .
12 = 2wy < 377 o (@)1 + [12laws = [2l1w0) + 572 M(z = 2)ll2- (64)
Proof. Choose S1 C [n] and Sz C [p] such that 05(2)1,w, = |2 — 27|l1.wy, = ||Z7¢|l1,w, and define

T := 51 U Sy. Using the 2-level weighted robust null space property and recalling (62), we obtain

1z = 2)7ll1wy < Pl(z = 2)7e 1005 + TV IN[M (2 = 2)]l2. (65)

Then, we estimate

(2 = 2)rell1wy < [127e 100y + 12711,
=2[|zre|l1wy + 1271wy — 127110y + [|2]]1,20, — [|2]
<205(2)1w, + (2 = 2)7[l1,0, + [|2]

1wy

Lwy — HZ”l,wA-

Plugging (65) into the inequality above and solving for ||(z — 2)re||1,w,, We see that

20 (2)1,w, + TV LM (z — 2)|| + 2]
I—p

<

lawy, >

(2 = 2)7e| Lwy — [12llw, (66)

Combining (65) and (66) with the triangle inequality ||z — 2||1,w, < ||(z = 2)7|
concludes the proof.

Lwy + [[(2 = 2)7¢[[1,,

Before proving Theorem 5.25, we need to introduce some more technical elements to the picture.
First, we consider the 2-level weighted restricted isometry property (a weighted version of the restricted
isometry property in levels, introduced in [11], also studied in [3] for sparse corruptions).
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Definition 5.19 (2-level weighted restricted isometry property). Let J € R?, and w € R™*? partitioned
as in Definition 5.15. Then, a matrix M € C™*("+P) is said to have the 2-level weighted restricted
isometry property of order J if there exists a constant 0 < § < 1 such that

(1= a)llzl3 < [IM=z]3 < (1 +0)]z]I3, VzeC™:|supp(2i)lw, < Ji, ¥i=1,2.

The smallest constant such that this property holds is called the J th 2 level weighted restricted isometry
constant of M and it is denoted as §;.

As a consequence of the definition above, we have the following technical result.

Lemma 5.20. Consider z,2 € C"P, weights w € R"P, and J,:f € R? partitioned as in Defini-
tion 5.15 and such that |supp(z;)|w, < Ji and |supp(2;)|w, < Ji, for i = 1,2. Moreover, assume that
supp(z1) Nsupp(21) = supp(z2) Nsupp(22) = 0. Then, it holds

(M2, M2)| <5, jllzlsl2]s with M =[A I].

Proof. Let Sy := supp(z1)Usupp(21) and Sy := supp(22) Usupp(22). Then |Si|w, < Ji+J;, for i =1,2.
Using the disjointedness of the supports of z; and 2; and of those of z; and 25, we have

|[(Mz,M2%)| = |(Mz, M%) — (z,2)|
= ’<|:Asl IS2}’ZSIUS2 [ASI IS2}z51USQ> - <ZSIUSQ7’%S1US2>’
‘<( As, Is,)"[As, Is,] —I) Z51u52,251u52>
< | [ASI I52] [ASI ISz} _I||2—>2 ”leUSQHQ H251U52”2
< 074 gllzll2l1Z]2-
This completes the proof. O

In view of Remark 5.1, we now prove that the restricted isometry property implies the robust null
space property in the 2-level weighted setting.

Theorem 5.21 (2-level weighted restricted isometry property = 2-level weighted robust null space
property). Given J = (K, H) € R?, any matriz M € C™*("*P) of the form M = [A I with (3J)™"

weighted restricted isometry constant

\/ 2
d35 < #, with © = ﬂ7 (67)
1+46 min{vK, \WH}

with respect to weights w = : € R™P such that J > 3(||ullZ, |v||%,) satisfies the 2-level weighted

robust null space property of order J with constants

46550 VI+ 637

p= BT L VIO 68

(1 —0s) 1 —d3g (68)
Proof. Consider & € C" and S C [n] with |S|,, < K. We partition S¢ = [n] \ S into disjoint blocks
S1, 82, ... with K —||ul|% < |S¢|u < K according to the non-increasing rearrangement of (|Ij|u;1)j€Sc.

As a result, we have |a:j|u;1 < |a:k|u,;1 for all j € Sy, k € Sy_1, and £ > 2. Similarly, we let e € CP and
T C [p] with |T|, < H. We partition T¢ into blocks Ty, Ty, ... with H — ||v||%, < |S¢|» < H according
to the non-increasing rearrangement of (|ej|v;1)j€Tc. We have |ej|v]71 < leg|v, ! forall j € Ty, k € Ty,
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and ¢ > 2. Using and the 2-level weighted restricted isometry property, we have
2

|:wSU51:| 1 M |:wSU51:|
erur |||y~ 1 — 02 erur | ||y

_ 1 M:I}SUsl ,Mw—ZMwSE

1-— 62J erTut, e er,
£>2
ror] (Gl MDA MCE vt RE )

1—dag erur, e = erur, er,

Then, employing agin the restricted isometry property, Lemma 5.20, and the Cauchy-Schwarz inequality,
we see that

2

A

2
1
L (e e R 5
eruty |||y — 1 =02 €TuT: | ||o erut |||y 75 Il LeTe ] i,
- V1+dag [mswl] Az + e]» + 937 |:$Su51:| [ms@]
— 1—og erut, |||y 1— 90625 ||| €TuT: 2553 LT ],
Dividing both sides by ‘ {Cgsusl} and using the fact that do5 < 035 yields
TUT, 2
V1+6 1)
{ws] < ‘ [CCSusl] < + 3J||A.’1}+6||2+ 3J Z [CCSZ} '
er ||, eTuT | || 1—435 1—435 e €Ty | |l9

Thanks to the definition of the S;’s, for every j € Sy and k € Sy_; with £ > 2, we have |a:j|uj_1 < |a:k|u,:1.
Moreover, let ay, := u3/|Sr—1|u. Then, Zkesg,l ar = 1 and, for every j € Sy and £ > 2, we see that

bl gl s s b
Ug 1Se-1lu = K —[Jull%

J k€S,

Therefore, for any ¢ > 2, using that K > 3| u|2,, we have

s, il _ 425, 1w
[@s,[ls < VE 7 < —.
' K —[lul3 VK

. . 4 v
Using an analogous argument, we obtain ||er, ||z < % for every ¢ > 2.

1135,Z
(S 9

4

Therefore, we estimate

T3 03
<
‘ LT] ~ 1—0d3g Z

2 0>2

VI+oss
1_53J

Az + e|;

037

V14035
ST on, (lzsll2 + ller |l2) + ——

= 1— 635

4037 Z (|m5e1||1,u n /\||6T151|1.,v) n V1+035
~1—435 VK MWH 1 — 035

>2
ths (Lol der o) VT7
1— 03 VK MWH 1— 03
Tge
]

Az + ells

Az + ells

[Az + ef2

4035 i V14037 M[:ﬂ

1 1
< ax { ——, ——
—1—63me{m WEH T

1,1.0,\ 2
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Now, observing that

1 1 (C]
max § ——, = ’
{\/? A\/ﬁ} VH+ XK
we have shown the 2-level null-space property with constants p and 7 defined by (68). For p to be
strictly smaller than 1, we need condition (67). This concludes the proof. O
Remark 5.22. The constant 4/3 in the hypothesis J > 2(||u[/%,[|v]|%,) of Theorem 5.21 can be made
arbitrarily close to 1. This particular choice has been made in view of Lemma 5.7.

Finally, we establish the 2-level weighted restricted isometry property for the augmented matrix
[A I } with high probability provided a suitable lower bound for the sample complexity m.

Theorem 5.23 (Sample complexity = 2-level weighted restricted isometry property). Let J = (K (s), H),
0 < 6§ <1, and suppose that
m > K(s)max{L(s,n,0,¢),0 2H}

Then, with probability at least 1 — e, the matriz [A I} has the 2-level weighted restricted isometry
property of order J with weights (up,v) and constant 5y < 0.

Proof. First, notice that [3, Lemma 3.14] can be easily adapted to the weighted case by noticing that

| (Axz,e) | < %Hwﬂgﬂeﬂg, due to the assumption v > 1. As a consequence, [3, Theorem 3.15]

admits an analogous generalization to the weighted case. The thesis now follows from Theorem 5.5. [

Finally, we introduce the concept of quasi-best weighted K-term approximation, introduced and
studied in [51].

Definition 5.24 (Quasi-best weighted K-term approximation). Given z € C", the corresponding
weighted quasi-best K -term approximation error is defined as

0k (2)pw = 12 — 25 |lpw,

where S = {r(1),...,7(s)} where s is the maximal number such that >>°_, wi(j) < K, and 7 is some

permutation such that |z [Pw; " > |zx(j4 1) [Pw; ) for every j € [n].
Equipped with the technical elements discussed above, we are now ready to prove the robustness of
WLAD-LASSO under unknown error.
5.2.2 Robustness of WLAD-LASSO
We prove robust recovery error estimates for the WLAD-LASSO decoder (60) under unknown error.

Theorem 5.25 (WLAD-LASSO recovery estimate). Let 0 < e <1,2<s<2/ H >0, A= Agf
be the hyperbolic cross index set defined in (16), and {$;};eng be the tensor Legendre or Chebyshev
polynomial basis. Let 0 < § < 1 be such that

1 ) K(s)+ NH
6 < —, with ©® = .
~1+40 min {\/K(s), \WH}

Draw tq, ..., t, independently according to the corresponding measure v, with

m > 72 max{L(s,n,d,¢),0 H} (69)
where 7y is defined as in (20) and L(s,n,d,¢e) is the polylogarithmic factor defined in (39). Then, the
following holds with probability at least 1 —e. For any f € L2(D) N L>(D) expanded as in (3), the
approzimation f defined as in (13) computed using the WLAD-LASSO decoder (60) satisfies

1f = Fllz= + Ale = (y = A&) 10 < C1 (05,1(2)1,u + ATr(€)10) (70)
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and, additionally assuming H > 2||v||2,,

I = iz +lle = (v = Adn)l < Cat + V) (e 4 Y sy gy ()

where fa is defined as in (4) and the constants are

3+ o 4\/5(1+p)ma><{p,2f}
1—p 2 1-p

where p=46/(1—=9), T=+1-06/(1 —9).

Proof. First, we observe that the sample complexity lower bound (69) is sufficient to guarantee the
2-level weighted restricted isometry property and the 2-level weighted robust null space property for
the matrix [A I] with probability at least 1 — ¢, due to Theorems 5.23 & 5.21.

Now, considering the augmented formulation (63) of WLAD-LASSO, we apply Theorem 5.18 with

M = [A I], z= {wl\} and 2z = [wf\]. We obtain
e é

Cy =

- 2(1+p)

T, (@sr(@)iu+Aon(e)10), (72)

B2

which, for reasons analogous to those of the previous robust recovery theorems, implies (70).

As a second step, we now convert the weighted ¢! error estimate (72) into an L2 error estimate as
usual. This will require some extra work in this case.

Recalling Definition 5.24, let d := &y — &5 and f := e —é. Let S and T be such that ||d —dgl|1.. =
lldselliu = 0r(s)(d)1wand [|f—=Fsll10 = [|Frell10 = 6§ (f)1,0. Moreover, using the 2-level notation of

] and J := (K (s), H). Recalling (61), let wy := [;}} Jx = K(s)+\*H.

Definition 5.15, define g := [.(;

Moreover, define

Hd::minu, 9f5:minﬁ, 9:_max{9d,7f}.

€S U; JET wj

Using the fact that S and T realize the quasi-best approximation error, we estimate

lgsoryells =D 1dil® + Y 11> < 0a Y wildi| + 65> vilf; (73)

i#S JeT igs JeT

(74)

<0 Zui|di|+/\zvj|fj| = 0llg(suryell1,

igs J¢T

Similarly to the proof of Theorem 5.21, let ay, := u3 /|S|,. Notice that ay < (K(s) — |lua /%) ui (due
to the maximality of S, realizing the quasi-best term approximation) and that », 4 ap = 1. Now we
observe that

Hd—zal%??(lk|>SZO‘Z'CZZ')2§K< o T 2 (|d|> = T e el

€S €S €S

Recalling that 3K (s) > ||ua |2, (due to Lemma 5.7), we get g < \/% |lds||2. Similarly, we can deduce

that 0y < % | £7ll2 thanks to the hypothesis H > 2||v||%,. Therefore, using the 2-level weighted robust
null space property, we obtain

ezmax{gd e_f} - 2(|ldsll2 + || f7]l2) - 2v/2|lg s |2 _ 2v20|lg(surye ll1.ws |
"X T min {\/K(s), WH} ~ min{y/K(s), \WH} ~ min{\/K(s), \WH T

6Notice that since M (z — 2) = 0 the constant 7 does not appear in (72). Indeed, we are just using a 2-level weighted
version of the so-called stable null space property (see [31, §4.2]).
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HQ(SUT)C”LU’)\
VAN

19 sumye 13 < 0llg(sur)e lLwy < 2v2008% < 4p05°.

Using the above estimate and the weighted 2-level robust null space property again, we see that

Plugging the above inequality into (74) and defining 3 := , we deduce that

% (Idllz + [ £fll2) < ligll2 < llgsurll2 + lgsuryell2
p
< \/—J—AHQ(SUT)CHLU& + lg(surell2
< pB+2y/pOB < max{p,2\/p} (1+ V8) 5.
Now, taking advantage of (72), we have

lgll1,w < 2(1+p) os 1(x)14 +Aom (€)1 < 2(1+p) [0s0(T)10 4 )\UH(e)l,v
VI T 1-p K(s)+XH ~ 1-p K(s) vVH )’

p<

The above inequalities, combined with Lemma 2.2 and with the inequality || f— f[lz2 < |[f— fallr2 +|d]|2
yield (71). This concludes the proof. O

6 Conclusions

In the context of sparse high-dimensional approximation from pointwise samples, we have considered
four decoders for weighted ¢! minimization: weighted quadratically-constrained basis pursuit, weighted
LASSO, weighted square-root LASSO, and weighted LAD-LASSO. We have compared these decoders
from the theoretical and the numerical perspectives, focusing on the case where the samples are cor-
rupted by unknown error (such as truncation, discretization, and numerical error).

On the theoretical side, we have proved uniform robust recovery guarantees for all the decoders
considered, showing that they achieve the best s-term approximation error in lower sets, provided a
suitable lower bound on the sample complexity and up to the error level (see §2.4 and Theorems 5.10,
5.13, 5.14, and 5.25). Our analysis suggests optimal strategies for the choice of the respective tuning
parameters (see equations (24), (25), (28), and (31)).

From the numerical viewpoint, we have compared the decoders’ performance on a synthetic example,
were [ is explicitly available (§4.2 & 4.3), and on a more applicable case, where the function is defined
as the quantity of interest of a parametric ODE or PDE with random inputs (§4.4). The first set
of experiments corroborates the robustness and the reliability of the decoders under examination and
confirms the optimality of the choices of the tuning parameters suggested by the theory. Conversely,
for the latter examples, our numerical results suggest that careful parameter tuning may not always
be needed, possibly due to the structured nature of the error arising in these types of problems (see
§4.4.3). A proper theoretical understanding of this phenomenon is still an open issue. Moreover, devising
suitable strategies to incorporate some a priori information on f to the proposed approximation scheme
is another open problem. For example, when f is known to have more variability along certain axial
directions than others, one might replace the hyperbolic cross with some anisotropic set A or modify
the weights u used in the decoders. Analyzing these issues is beyond the scope of this paper and it is
left to future work.

Finally, we remark the following. In light of the comparison made in this paper, we suggest that
the square-root LASSO should be the decoder of choice out of those studied (apart from the case
of sparse corruptions, where the best choice is of course the weighted LAD-LASSO). Indeed, this
decoder has the same theoretical guarantees as the other ones and exhibits comparable (and sometimes
better) numerical performance. Yet, the optimal choice of its tuning parameter does not depend on the
unknown error. Although this fact is well-known in the statistics community, we think that it has not
been fully exploited in high-dimensional function approximation and in compressed sensing. We hope
that this paper could convince the reader to consider the square-root LASSO as a valid alternative to
quadratically-constrained basis pursuit and LASSO in their future investigations.
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