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Abstract

We present a theoretical analysis of the CORSING (COmpRessed
SolvING) method for the numerical approximation of partial differential
equations based on compressed sensing. In particular, we show that the
best s-term approximation of the weak solution of a PDE with respect
to an orthonormal system of N trial functions, can be recovered via
a Petrov-Galerkin approach using m < N orthonormal test functions.
This recovery is guaranteed if the local a-coherence associated with the
bilinear form and the selected trial and test bases fulfills suitable decay
properties. The fundamental tool of this analysis is the restricted inf-
sup property, i.e., a combination of the classical inf-sup condition and
the well-known restricted isometry property of compressed sensing.
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1 Introduction

Compressed Sensing (CS) is an extremely powerful tool of signal processing
employed to recover a sparse signal using far fewer measurements than those
required by the Nyquist-Shannon sampling theorem. In particular, expand-
ing the signal with respect to a basis of N vectors, it is possible to recover
the best s-term approximation to the signal, with s < N, by means of m
random measurements, with s < m < N [16, 7, 18].

In [6], we introduced an application of CS to the numerical approxima-
tion of Partial Differential Equations (PDEs). For this purpose, we rely on
an analogy between the sampling process of a signal and the evaluation of the
bilinear form associated with a Petrov-Galerkin discretization ([4, 17, 26]) of
the PDE against randomly chosen test functions. We named the resulting
numerical method CORSING, acronym for COmpRessed SolvING. In partic-
ular, we showed through an extensive numerical assessment that CORSING
can successfully reduce the computational cost of a full Petrov-Galerkin dis-
cretization of an elliptic problem.

Comparison with other techniques. The CORSING method aims at
computing the best s-term approximation to the solution to a PDE. There-
fore, it can be classified among nonlinear approximation methods ([15, 30])
for PDEs. Although the framework for CORSING is very general and can
accommodate many different choices of trial and test spaces, when consider-
ing hierarchical piecewise polynomials over an initial coarse triangulation as
trial basis functions, a possible competitor approach is the Adaptive Finite
Element Method (AFEM) (see, e.g., [24] and the references therein). AFEM
and CORSING are, however, thoroughly different: in AFEM, the solution is
iteratively computed according to the loop

SOLVE — ESTIMATE — MARK — REFINE,

and exploiting suitable a posteriori error estimators. On the contrary, with
CORSING we employ a reduced Petrov-Galerkin discretization, using a fixed
trial space of dimension N (which corresponds ideally to a very fine uniform
refinement, expressed in a hierarchical basis) and performing a fixed number
of random measurements in the test space. In particular:

(1) the trial space is not iteratively enlarged, but fixed initially;
(2) the measurements in the test space are performed non-adaptively;
(3) no a posteriori error estimators/indicators are needed.

The CORSING procedure then recovers an s-sparse solution (with s < N),
which can be compared with the AFEM solution on the same grounds. We
consider (1) as a possible drawback of CORSING, whereas (2) and (3) are



upsides. In principle (1) requires a higher computational cost in the recovery
phase, whereas (2) allows for full parallelization and (3) significantly reduces
the implementation complexity.

From a different perspective, CORSING can be considered as a variant
of the infinite-dimensional CS, where CS is applied to infinite-dimensional
Hilbert spaces [1, 2]. This is achieved by subsampling a given isometry of
the Hilbert space, usually associated with an inner product and a change of
basis (e.g., from a wavelet basis to the Fourier basis). The main idea behind
CORSING is different, since it deals with the bilinear form arising from the
weak formulation, that can be even nonsymmetric. Nevertheless, we think
that the theory developed in [1, 2] could play a significant role for a deeper
understanding of the CORSING technique and this will be a subject of future
investigation.

Main contributions of the paper. The goal of this paper is to set up
a theoretical analysis of CORSING, providing sufficient conditions for con-
vergence, and formalizing the empirical recipes given in [6]. With this aim,
we introduce a novel variant of the classical inf-sup condition [5|, where the
infimum is considered among the sparse elements of the trial space and the
supremum over a small test space. We refer to this condition as Restricted
Inf-Sup Property (RISP), since it combines the inf-sup condition and the
Restricted Isometry Property (RIP), a well-known tool in the CS literature.
Another important tool of the analysis is the concept of local a-coherence,
a generalization of the local coherence to bilinear forms on Hilbert spaces.
In particular, we have been inspired by [19], where an optimal recovery re-
sult for compressed sensing, with non-uniform random subsampling based
on the local coherence, is proved for the Haar and Fourier discrete bases in
dimension one and two.

The main results of the paper can be thus summarized. First, we prove
sufficient conditions for the RISP, depending on suitable hypotheses on the
local a-coherence. Then, recovery error estimates for the CORSING algo-
rithm are provided. In particular, in Theorem 3.8 we show that a sufficient
condition for the RISP to hold with high probability in a given s-sparse set
is that m and s be linear dependent, up to logarithmic factors. On the
contrary, at the moment we are only able to prove (Theorem 3.9) a uniform
RISP (i.e., a RISP holding in all possible s-sparse sets) assuming a quadratic
dependence between m and s, although we conjecture that, as in CS, the
dependence on s should be linear. Exploiting these theorems, we prove a re-
covery result in expectation (Theorem 3.13) and one in probability (Theorem
3.14). In particular, we check the hypotheses on the local a-coherence in the
case of a one-dimensional advection-diffusion-reaction equation employing
the hierarchical multiscale basis in [33, 13] and the Fourier sine basis.



Outline of the paper. In Section 2, we formally introduce the CORS-
ING, defining all the input/output variables involved in the algorithm. The
theoretical analysis based on the RISP is presented in Section 3, and an
application of the theory to a one-dimensional advection-diffusion-reaction
equation is discussed in Section 4. In Section 5, we provide some numerical
results, and we draw some conclusions in Section 6.

2 CORSING

In this section, after setting up the notation, we describe the COmpRessed
SolvING procedure, in short, CORSING, first introduced in [6].

2.1 Notation

Let N := {1,2,3,...} be the set of positive natural numbers and Ny :=
N U {0}. Consider two separable Hilbert spaces, U = span{t;}jen and
V' = span{yq }qen, generated by the bases {1} jen and {@g}qen, respectively,
and equipped with the inner products (-, )y and (-,-)y. Given two positive
integers N and M, we define the finite dimensional truncations of U and V,
which represent the trial and test space, respectively, as

UN i=span{ty}jey and Vo= span{p}oep),

where [k] := {1,...,k} for every k € N. In particular, [co] = N. We denote
the span of the basis functions relative to a given subset of indices S C [N]
as

Uév := span{v; } jes-

Given a positive integer s < N, we also define the set UV of s-sparse func-
tions of UV with respect to the basis {¥j}jeiny as the set of all functions
that are linear combinations of at most s basis functions, namely

vN= | Uf.
SCINJ;|S|=s

We stress that U is not a vector space. Indeed, the sum of two s-sparse ele-
ments is in general 2s-sparse. The sets V7M and VM are defined analogously,
for every 7 C [M] and m < M.

We denote by U* and V* the dual spaces of U and V', respectively.

We also introduce the reconstruction and decomposition operators as-
sociated with a basis, that allow us to switch between functions and the
corresponding coefficients in the basis expansion.

Definition 2.1. The reconstruction operator ¥ : > — U related to the
basis {1;}jen of U associates with a sequence u = (u;)jen € ¢* the linear



combination

[e.e]
u="Yu:= Zujwj.

j=1

The decomposition operator W* : U — (% applied to a given function u € U
is defined component-wise as

(Y*u)g == (u,¥p)v, YkeN,

where {9} }ren is the basis biorthogonal to {;};en, namely, (¢;,¥})v =
5j,k7 Vi, k € N.

The reconstruction operator ® and the decomposition operator ®* asso-
ciated with the basis {¢4}4en of V' are defined analogously.

Remark 2.2. We observe that WU* = Idy; and W*W = Idj.
2.2 The general reference problem
Consider the following problem
find u € U : a(u,v) = F(v), YveV, (1)

where a : U x V — R is a bilinear form and F € V*. We assume a(-,-) to
fulfill the following three conditions

da > 0: inf sup M 2 a, (2)
wel yev [lullullvllv
3850 Supsupw<ﬁ, (3)

uweU vev [ullollvlly —

sup a(u,v) >0, Vve V\{0}.
uelU

These assumptions imply the existence and uniqueness of the solution to (1),
thanks to a generalization of the Lax-Milgram lemma due to Necas [23], [26,
Theorem 5.1.2].

To simplify the notation, when an infimum or a supremum of a fraction
f(x)/g(x) over a given set X is considered, the zeros of g(x) are understood
to be removed from X.

Our goal is to approximate the solution to (1), by merging the classical
Petrov-Galerkin formulation (sometimes also called non-standard Galerkin
method) [4, 26, 17] with Compressed Sensing techniques [16, 7]. The adopted
procedure corresponds to the R-CORSING method, recently introduced in [6],
simply denoted by CORSING in the following developments.



2.3 Main hypotheses
We will use three assumptions throughout the article.

Hypothesis 1 (Orthonormal tests). The test basis {¢q}qen is an orthonor-
mal system of V.

We generalize the notion of local coherence (see, e.g., [19]) to bilinear
forms defined over Hilbert spaces.

Definition 2.3 (Local a-coherence u). Given N € NU{co}, the real-valued
sequence p' defined as

pl = sup la(¥;, ¢q)*, Vg €N,
JE[N]

is called local a-coherence of {1;};e;n] with respect to {¢g}qen.
The second hypothesis concerns the local a-coherence.

Hypothesis 2 (Summability of u’V). The local a-coherence of {¥i}iemn
with respect to {pq}tqen fulfills the summability condition

™11 < oo,
or, equivalently, pN € (.

Notice that Hypothesis 2 does not hinge on the ordering considered for
the elements of the truncated trial basis {1;};c(n]-

The last hypothesis concerns an explicit upper bound to the local a-
coherence.

Hypothesis 3 (Upper bound vV). For every N € N, we assume to have
a computable componentwise upper bound vN to the local a-coherence p",
i.e., a real-valued sequence such that

,uév < uév, Vq € N.
For every M € N, we define the vector v™N"M € RM s the restriction of vy
to the first M components. Moreover, we require that
o the vector vNM /||LuNM ||| is efficiently computable for every N, M € N;

o there exists a real bivariate polynomial P such that

|NM | < P(log N, log M).

The upper bound v need not be sharp.

As usual, with notation z ~ y, x < y or x 2 vy, it is understood that
there exists a constant C' > 0 not depending on x and y, such that z = Cy,
x < Cy or x > Cy, respectively.



Algorithm 2.1

PROCEDURE @ — CORSING (N, s, ™, var, Car, Yimy, Cn)

1.

>

Definition of M and m
M <« Cys"™ N

m < Cp 87 ||V M| log(N/s);

. Test selection

p < v MMM

Draw 71, ..., Tsm independently at random from [M] according to the
probability p;

3. Assembly
> Build A, f and D, defined in (5) and (6), respectively;
4. Recovery
> Find a solution U to min,cg~ [[D(Au—f)[|3, s.t. [Juo < s;
> U<+ Yu.
2.4 The CORSING procedure

The CORSING procedure is summarized in Algorithm 2.1. Let us now de-
scribe in more detail the input/output variables and the main steps of the
method.

INPUT

N: dimension of the trial space;
s < N: number of trial coefficients to recover;

upper bound vV in Hypothesis 3 and four positive constants va7, Car,
Ym, and Cy, used to select the dimension M of the test space and the
m tests to perform.

ouTPUT

2 € UN: approximate s-sparse solution to (1).



1. Definition of M and m. The test space dimension M and the number
m of tests to perform are chosen as functions of N and s as

M = Cys"™N, m = Cuns"|[tNM |y log(N/s).

In Section 3, we prove the existence of suitable values for the constants
Yum, Cur, Ym that ensure the CORSING algorithm to recover the best s-
term approximation to u in expectation and in probability. In Section 4, we
perform a sensitivity analysis on the constants Cy; and C,, for some specific
differential problems and with 7, = 1,2. Numerical evidence shows that
Ym = 1 is a valid choice, but proving this from a theoretical viewpoint still
remains an open problem. On the contrary, the value of «,; seems to depend
on the trial and test bases considered (see Section 4).

2. Test selection. In order to formalize the test selection procedure,
we introduce a probability space (£2,&,P) and consider 71,..., 7, as i.i.d.
discrete random variables taking values in [M], namely

7i: Q — [M], Vie€[m)].

Moreover, given a vector p = (pg)qeimy € [0, 1] such that ||p|l1 = 1, the
probability law is defined as

P{ri=q} =pg Vg€ [M].

Throughout the paper, the vector p will be assumed to be of the form
N,M
V b

N,M

where the values for v are known from Hypothesis 3.

3. Assembly. In this phase, we build the stiffness matriz A € R™*N and

the load vector £ € R™ associated with the Petrov-Galerkin discretization of
(1), defined as

Aij = (L(Q,Z)j,gp.,-i), fz = ]:(‘:D‘ri)a Vj € [N]a Vi € [m] (5)

Rmxm

Moreover, the matrix D € is a diagonal preconditioner, depending on

the vector p as
Oik

Dik = )
g2

Vi € [m)]. (6)



4. Recovery. The vector of trial coefficients u of the approximate solution
is recovered as

4 :=arg min |D(Av —£)||3, st. ||[v]o <s, (7)
veRN
where |lullo = [{j : u; # 0} is the so called £°-norm. Consequently, the

approximate solution is defined as # := ¥u. An equivalent functional for-
mulation of (7) is

m

_ , 1

0= arg min E . (a(v,r,) = Flpr))?. (8)
1=

In practice, problem (7) is approximately solved through the greedy algo-
rithm Orthogonal Matching Pursuit (OMP), [20, 25].

The procedure defined by (7) (or, equivalently, (8)) has been proved
to be generally NP-hard, [21]|, but fortunately, there are several ways to
efficiently and accurately approximate its solutions under particular circum-
stances, e.g., when the RIP holds. These strategies can be divided in two
main families: convex relaxation techniques, such as the well known ¢!-
minimization, also known as Basis Pursuit (BP) [8], and greedy algorithms
[31, 22|. In this paper, we focus on greedy techniques and, in particular, we
employ the OMP algorithm. For recent results concerning its accuracy, we
refer to (34, 11].

The reason for this choice is twofold. First, using OMP we can easily
control the parameter s, i.e., the sparsity of the compressed solution u. Sec-
ond, the time complexity of the OMP algorithm is easily estimated, namely
O(smN) for basic implementations, while the complexity of BP depends on
the particular algorithm used to solve the corresponding Linear Program-
ming and it is not easily quantifiable. All the numerical experiments made
in this work are performed using the oMP-BOX MATLAB® package, version
10 - see [29, 28].1

3 Theoretical analysis

3.1 Preliminary results

The main statistical tools employed in this paper are Chernoff’s bounds for
matrices. They were introduced by H. Chernoff during the early 50’s in the
scalar form [9], and generalized to the matrix setting by R. Ahlswede and
A. Winter in 2003 [3]. These bounds have been recently refined in 2012 by
J. Tropp in [32].

First, we present the main result employed in our analysis. The proof of
the following theorem can be found in |32, Corollary 5.2].

!The reader interested in the algorithmic issues can find many comparisons between
the OMP and BP approaches in [6, Section 5].



Theorem 3.1 (Matrix Chernoff’s bounds). Consider a finite sequence of
i.4i.d. random, symmetric s X s real matrices X', ..., X™ such that

0< )\min(Xi) and )\maX(Xi) < R almost surely, Vi € [m)].

Define X := 2> X', Epin = Anin(E[X]) and Emax = Amax(E[X]).
=1

Then,
_ mpéEmin
P{\min(X) < (1 — 0)Epmin} < sexp <_R> , Vdelo,1], (9)
N 0. Em X
P{Amax(X) > (1+ 6) Finax} < s exp (—m”;f‘> . Y6 >0,

with
psi= (1= 0)log(1—8) + 8, ps:=(1+0)log(1+8)—35  (10)

O

Notice that both constants ps, ps ~ 6> when § — 0.
We conclude this section by recalling few results that will be repeatedly
used in the next proofs.

Lemma 3.2. If A,B € R¥? are symmetric and B is also positive definite,
it holds

_1 _1 . . uTAu
Amin(B72AB72) = inf (11)
TA
Amax(B"2AB™2) = sup 0 (12)

Lemma 3.3. Consider a generic set X. The infimum and the supremum
on X fulfill the following properties

sup1/(z) = 1/ inf /(@) VF X 5 (0, 40), (13)
T€ z
sup f(z)g(z) < sup f(z) sup g(x), Vf,g: X —[0,+00), (14)
rxeX xeX zeX
ig)f((f(w) —g(z)) > ig)f(f(fv) — sup g(x), Vf,g: X —R.(15)
T T reX

3.2 Non-uniform restricted inf-sup property

In this section, we deal with the core of our paper, namely an analysis of the
CORSING algorithm.

10



We denote the space of vectors of RV supported in S C [N] as RY,
namely
RY :={uecR":u; =0, Vj ¢S}

Moreover, we introduce some further notation.

Definition 3.4 (Matrices K, K5 and As). We define the matrix K € RV*V
as

K == (¥, ¢n)u-
and its restriction Kg € R**% to S := {01,...,05} C [N] as

(KS)jk = (/(/}Uj ) wak)U'

Moreover, we denote by Ag € R™** the submatrix of A consisting only of
the columns with indices in S.

We observe that K is symmetric and positive definite (s.p.d.) and fulfills
u'Ku = || Tul?, VYueRY, (16)

where the reconstruction operator in (16) is implicitly restricted from £2 to
RYN (equivalently, the vector u is extended to £2 by adding zeros for j > N).
The matrix Kg is also s.p.d. and it satisfies the relation

utKsus = u'Ku, VYueRY,

where us € R® is the restriction of u to S, namely (us); = Ug;, for every
J € [s]. In this section, we fix a subset S := {01,...,05} C [N] of cardinality
S.

We introduce the Gram matrix G* relative to the restriction of a(-,-) to
UN x vee,

Definition 3.5 (Matrix G*°). Define the matrix G € R***¢ such that

[e.e]

= a(Y,,00)a(Ve, . 0q), Vi k € [s],

g=1

where the series are well defined thanks to Hypothesis 2 and G5 < || wNl,
for every j, k € [s].

The first lemma provides a relation between the inf-sup constant « asso-
ciated with the bilinear form a(-,-) and the Gram matrix G*°.

Lemma 3.6. Suppose that the bilinear form a(-,-) fulfills the inf-sup property
(2). Then, it holds

_1 _1
Amin(Kg?G¥Kg?) > o

11



Proof. The following chain of inequalities holds

a(u,v)

a < inf sup < inf sup ————
welvev [lullllvlly ~ wevd vev llullullvllv

a(u,v)

1 oo

= inf sup ———— Z a(Yu, pg)vy = inf Z u, p,)?

ueRy vee [[Kzullo[vll2 o= ueRy HK2UH2 =

The first inequality is property (2), while the second inequality follows from
taking the infimum over a subset of U. The first equality is obtained by ex-
panding u and v with respect to the bases {1;}jes and {4 }4en, respectively;
moreover, we use relations (16) and ||v||2 = ||v||y implied by Hypothesis 1
The last equality can be deduced by applying the definition of operator norm

o0

Sup —r— Z a(Pu, pq)vg = [[(a(Pu, Soq))quH(ZQ)*
AN

and by identifying (¢2)* with ¢2. Now, since all the quantities involved in
the chain of inequalities are positive, we can square the terms

2

i Ju = inf
uGRéV uK Z ) Soq uléle uTKSU Z Z ’LL] 1/)0'] ) Soq

- uiélﬂgs uTKSu Z Z Z Ujura wUJ ) (pQ) (wdzw ‘PQ>

ql]lkl

- u'eﬁgs uTKSu Z Z jtk Z QZ)C’J’%I (Yo, Pq)

7=1 k=1
u’'G*°u _1 1

—inf 22U KQGOOKQ.

e~ (KT GS)
We have expanded Yu and identified u with its restriction to S. Then, we
have exchanged the summations thanks to Hypothesis 2 and Fubini-Tonelli’s
theorem. Successively, we have used the definition of G* together with
relation (11). O

The second lemma provides a recipe on how to choose the truncation
level M on the tests, after selecting N and s.

Lemma 3.7. Under the same hypotheses as in Lemma 3.6, we fix a real
number dpr € [0,1). Then, if M € N satisfies the truncation condition

s Z ,uév < &M uin(Ks)das, (17)
q>M

12



the following inequality holds
_1 _1
Amin(Kg2GMK?) > (1 - dpr)a?,

where GM € R$** s the truncated version of G, namely

M

ij e Z a(Va;, 0q)a(Ya, Pq)-

q=1

Proof. First, consider the splitting G® = GM +TM | where TM corresponds
to the tail of the series identifying G°,

T’]k - Z a(waja@q)a(¢aka@q)~

q>M
Now, notice that
_1 _1 _1 _1
Amin (K * GMKS ?) = Amin (K * (G™ — TM)KS ?)
_1 _1 _1 _1
Z )\min(KS 2 GOOKS 2 ) - )\maX(KS 2 TMKS 2)

The inequality can be proved using Lemma 3.2 and exploiting property (15).
Applying Lemma 3.6, we obtain

_1 _1 _1 _1
Amin(Kg? GMKG?) > 0?(1 — Anax (K TMKg2)/a?).

Thus, the thesis is proved if we bound the maximum eigenvalue of the tail
as follows

1 1
Amax (K52 TVK?) < dpa”.

For this purpose, we compute

_1 _1 TTMqu
2mM 2\ _ u
Anax(Ks " TS ™) = S0 R

s s
- Y o
E]Rs uTKSU.ZZ k 1/}UJ7S0Q) (wO'k?sOq)
7=1 k=1 q>M
2
s
= sup Z Z’LL]CL ¢a a@q
s uTK u I
uelR S >M | =1
N __
<y S e Y
uTK u q . q
uERS S >M ml > M

We start from definition (12). Then, by exploiting Hypothesis 2 and Fubini-
Tonelli’s theorem, combined with Cauchy-Schwarz inequality, the definition
of u, of (11) and of (13), we obtain the desired result under hypothesis
(17). 0

13



This lemma provides a sufficient condition on the truncation parameter
M that ensures an arbitrarily small decrease of the inf-sup constant a by
a factor (1 — 5M)%- Moreover, a value M that fulfills (17) always exists
thanks to Hypothesis 2. Relation (17) can be also interpreted as a sufficient
condition for the space VM to be §-proximal for UL, with constant § = /dps
(see [14]).

Now, we prove the main result of this section.

Theorem 3.8 (Non-uniform RISP). Let the truncation condition in Lemma
3.7 hold. Then, for every 0 < e <1 and 6., € [0,1), provided that

m = Cs s|lv™M] 1 log(s/e),

where Cs = [ps, (1 — 631)02Amin(Ks)] ™ and ps,, is defined according to
(10), the following non-uniform RISP holds with probability greater than or

equal to 1 — ¢
TDA ~
inf sup — S0 S >0, (18)

MR K Gulla v]l
where o = (1 — 5M)%(1 - 6m)%a and D is defined in (6).

Proof. The proof is organized as follows. First, we show that the inf-sup in
(18) can be interpreted as the square root of the minimum eigenvalue of the
sample mean of a sequence of certain i.i.d. random matrices X™, ..., X",
Then, we compute the expectation of X™ and show that the maximum eigen-
value of X" is uniformly bounded. Finally, we apply the matrix Chernoff

bound (9).
Let us discuss each step of the proof in detail. First, we compute
. viIDAsu 1 viIDAsu
1nﬂ£ sup ———— = 1215 ———— sup W
ucRs m B ueRs 5 m
VERT K gull2[[v]l2 IKul2 VX 2

DA
4y IDASU

€Rs 3
K3l

[NIES

_1 _1
= Mmin(Kg2ALD*AsK ?)]2.

The second equality hinges on the definition of operator norm combined with
the identification of (R™)* with R™ while the third one exploits (11).
Relying on the following relation,
T2 1.1
(ASD AS)jk = — Z 7(1(77&0]» 907'1‘)0’(1/}01@7 907'1‘)

m )
i=1 Pri

we define the matrices H™ € R*** with HJT,; = p%.awaj ,0r)a(Vg, , pr,) and

(NI

_1 _
X.Ti = KS2HT’LKS 5

14



so that

— 1 & -1
=—>) X"=K QATD AsKg2.
Thus, it holds
TDA _
inf sup Vl—su = [)\min(X)]%- (19)

R veR™ | K 2ullo||v ]2

With a view to the Chernoff bounds, we estimate E[X™] and the corre-
sponding minimum eigenvalue. A direct computation yields

HTZ ZP{TZ—Q} jk—zpq ¢U]790q) (walw@q) :G%

As a consequence, we have

Jun
[

1 1 1

_1 _1 _1 _ _ _1
E[X"] = E[Kg*H"K?] = K E[H K2 = Kg*GMK,?,

i.e., from Lemma 3.7
Amin (E[X7]) > (1 — Sar)a. (20)

Our aim is now to bound Amax(X7) from above. We have

, uTH"u uTu u'H"u
Amax(X"™) = sup < sup sup
ucks UTKsu ™ yeps UTKSU ucks ulu

= [)‘min(KS)] Sup —— Z Zu]uk @Z’a,»@‘rz) (Yo, r:)

ucks uTu =1 k=1
2
= Amin K — P ’
Pinin (Ks)] ™ o fgﬂg — Zuj (Yo, 0r)
v ’MHI 2 -1 N,M
< Pmin(Ks)] Tza(waj,son) < Pmin(Ks)] 7 sl 1.
Ti jzl

(21)
The first line follows from (12) and property (14). The last line exploits

Cauchy-Schwarz inequality combined with definition (4) of p, and Hypoth-
esis 3.
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Now, we compute the probability of failure of satisfying (18), i.e.,

T _
P inf sup Y PASE G Upry (X < (1)1 - a)a?)

]R =
T VERT | K Zula]|v]2

< P{Amin(X) < (1 = 6) Amin (B[X])} < sexp <_ mps,, Amin (E[X7]) )

sl M1 [Amin (Ks)] !

M (1 = Onr)o” > (22)

< _
=P ( SN [ Donin (K )]~

The first equality relies on (19) and on the definition of . The first in-
equality in the second line hinges on (20), while the second inequality is the
first matrix Chernoff bound (9), where the uniform estimate (21) has been
employed. The final inequality follows from (20).

The thesis is finally proved on estimating that

< mps,, (1 — o)’
sexp | —

T R T) <2 = 1 Co s st

with Cg := (05, (1 — 621) 0 Amnin (Ks)] 71

3.3 Uniform restricted inf-sup property

We extend the results in the previous Section to the uniform case, i.e., we
aim at proving the RISP over U, instead of UL, for a fixed subset S C [N]
with |S| = s. For this purpose, we use the non-uniform Theorem 3.8 and a
union bound.

First, we introduce the set XY of s-sparse vectors of RY, namely

sV o={xeRV:xlo<st=  |J RS
SCINJ; |S|=s

The following theorem provides a sufficient condition for the uniform

RISP to hold.

Theorem 3.9 (Uniform RISP). Given dpr € [0,1), choose M € N such that
the following truncation condition is fulfilled

s Z ,uév < a’kgdur, (23)
q>M
where
s = i >\min Ks). 24
5 ey min ) (24

16



Then, for every 0 < e <1 and 6,, € [0,1), provided
m > C sl[v™M |1 [slog(eN/s) +log(s/e)], (25)
with B
Cy :=[ps, (1 — 6pr)a’rg] ! (26)
and ps,. as in (10), the following uniform s-sparse RISP holds with probability

greater than or equal to 1 — ¢

viDAu -

inf sup —5—— > a >0,
uery verm | Kzull2||v||2

where a = (1 — 5M)%(1 — (5m)%a.

Proof. First, we define the event where the RISP holds non-uniformly over
a single subset S C [N] with |S| = s:

TD(w)A
Qs:=<weN: inf sup M (1w) S<w)u>& ,

U veR™ K Zullo||v ]

where the dependence of Ag and D on w has been highlighted. Analogously,
we define the event where the RISP holds uniformly

TD(w)A
QS::{wEQ: inf sup V(w)(w)u>&}.

( (27)
weZy veitn [|K3ulllv]s

In particular, the following relation holds
Qs = ﬂ QSa
SC[N]; |S|=s
and, thanks to the subadditivity of P and De Morgan’s laws, we have
p) =P((N0s))=P(U%s)< > PO, 8
SC[N];|S|=s

where the superindex ¢ denotes the complement of a set. Now, the non-
uniform inequality (22) and the definition (24) of kg, yield the following
uniform upper bound

_ 2 o 2
mps,, (1 — o) ) < sexp <_mp5m(1 o) >

P(Q%) < sexp (—
(25) ST | Do (K 5)] T ST [y d

(29)
Moreover, Stirling’s formula furnishes the following upper bound
N N! N* eN\°®
S C[N]:|S| = = =——— < —<|—) . 30
semlisi=a=()) =g s = () - 80

17



Combining (28), (29) and (30), we finally obtain the uniform estimate

POS) < <eiv>ssexp (-mpém(l - ‘5M)0‘2> . (31)

sl M 13!

Simple algebraic manipulations show that the right hand-side of (31) is less
than or equal to ¢ if and only if relation (25) holds. O]

We note that the sufficient condition (25) is, in general, too pessimistic.
Indeed, in the classical literature on compressed sensing, e.g., [16, 7], the
optimal asymptotically dependence of m on s is linear. Likely, this lack of
optimality is due to the union bound, that is a very rough estimate. We
expect that it is possible to achieve the optimal behavior by using more
advanced techniques, such as those described in [18, Chapter 12| and [27] in
the case of Bounded Orthonormal Systems. This will be investigated in the
future.

3.4 Recovery error analysis

In this section, we deal with the analysis of the recovery error associated with
the CORSING procedure, computed with respect to the trial norm || - ||, i.e.,
the quantity ||u—ul|¢. Notice that this error is a random variable, depending
on the extracted indices 71, . .., 7y, Our aim is to compare the recovery error
with the best s-term approximation error of the exact solution u in UV i.e.,
the quantity ||u® — ul|y, where

u® = arg min |lw — ul|v. (32)

Due to the s-sparsity constraint in the recovery procedure (7), u® is the best
result that CORSING can ideally provide.?

For this purpose, we show that the uniform 2s-sparse RISP implies a
recovery result, depending on a random preconditioned residual (Lemma
3.10), whose second moment is controlled by the square of the best s-term
approximation error (Lemma 3.11). Afterwards, in Theorem 3.13, we prove
that the best s-term approximation error dominates the first moment of
the error associated with a truncated version of the CORSING solution and,
finally, we provide a recovery error estimate that holds with high probability
in Theorem 3.14.

In the following, a key quantity is the preconditioned random residual

R i= |23 lalvpn) = Flen)?| . Vel (3)
i=1 7

Now, we prove the two lemmas.

2The quantity in (32) is actually a minimum and not an infimum, since the function
w i ||w — ul|y is convex and UY is a finite union of linear subspaces.
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Lemma 3.10. If the uniform 2s-sparse RISP

viIDAu -
>

inf a>0, (34)

sup ——————
ueny; veR™ [[Kzullz[lvl
holds, then the CORSING procedure computes a solution u such that
- S 2 S
U — v’ < =R(u’).
o
Proof. Define u := ¥*u and u® := U*u®. Then, casting (27) in Qag, since

u — u® is at most 2s-sparse and thanks to the RISP property (34), and the
definition of operator norm, we have

~ 1 1 vIDA(u—u®) 1 .
lu —u®|ly = || K2 (u—u’)l2 < = Sel%Rp v = EHDA(u —u®)|s.
v m

Moreover, the last norm can be bounded as
~ s\ 12 1 < 1 -~ s 2
IDAG - w)B =3 —a(@ - o)
11, s 2
- E Z f[a(uv@ﬁ') - ]:(907'1') - a(u 790T¢) + f(@ﬂ)]

< 25" L {la(@,0n) ~ Flon )P + 0w, o) — Florm )

where the last inequality exploits the optimality of w. O
Lemma 3.11. The following upper bound holds

E[R(u*)?] < 8%[lu® — ullf;, (35)
where 3 is the continuity constant of a(-,-) defined in (3).
Proof. Thanks to (1), the residual (33) becomes

1 e— _
R(u®)? = — anla(us —u, 05,)%,
i=1

Thus, in expectation, we obtain

EIR(w') = > Elpr au’ — u.pr,)) (36)



Each term in the last summation can be bounded as
M o)
E[p;ila(us - u, @Ti)2] = sz;la(us —u, ‘Pq)qu < Za(us —u, (Pq)Q‘ (37)
q=1 qg=1

Now, exploiting Hypothesis 1, we have

5 _
Ha(us o u7 ')HV* — Sup |a(u u? v)|
vev  lvllv

N

© vgalu® —u °
— sup | Zq_l q ( 780(1)’ _ Za(us —u, Q,Oq)2
e KE 2

Plugging this equality and (37) in (36), and thanks to (3), we have

E[R(u)?] < lla(u® —u, )} < B%[lu® —ullf.

O]

If an upper bound of the form ||ul|y < K is known, a near-optimal re-
covery result holds in expectation for a truncation of the CORSING solution.
This truncation is obtained through the operator 7x : U — U defined as

if <
Tew =" llwllo <X v (38)
Kw/|wlo i Jwllo > K,

Using (1) and (2), a possible choice of K is || F ||y« /.
Then, we have the following lemma whose proof is straightforward.

Lemma 3.12. Ti is 1-Lipschitz, with respect to || - ||, for every IC > 0.

Employing an argument similar to that used in [12, 10|, we show an upper
bound to the error associated with the truncated CORSING solution.

Theorem 3.13 (Error estimate in expectation). Let K > 0 be such that
|lullo < K. Given 6pr € [0,1), choose M € N such that the truncation
condition (23) is fulfilled and fix 6, € [0, 1).

Then, for every 0 < e < 1, provided

m > 2 Ch, s M 125 1og(eN/(25)) + log(2s/e)], (39)

with Cos defined analogously to (26) and & = (1 — 5M)%(1 — 5m)%a, the
truncated CORSING solution T fulfills

_ 26\ 1. s
E[[|[Tku — ullo] < |1+ = |u® — ully + 2Ke,

where [ is the continuity constant of a(-,-) defined in (3).
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Proof. First, recalling the definition (27) of the event g, and considering
the partitioning Q2 = Qg U QS, we have the splitting

E[|[75@ - ully] = /

Qos

|Tic(@ — )|y dP + /

| Tt — |y dP.
QC

2s

Then, the second term is easily bounded as

/ T — ully dP < 2Ke.
2s
Indeed, thanks to the adopted choice of m, Theorem 3.9 guarantees P(25,) <
. Moreover, ||[Txu — ul|y < 2K, since both ||Txu||y and ||ul|y are less than
or equal to K.
Now, employing Lemma 3.12 and the triangle inequality, we have

| im@-wlvar< [ fa-ulude< [ fa-aodps [ fur-l de.
QQS QQS QQs QQs

The second integral on the right hand side is less than or equal to the best
s-term approximation error ||u® — ul|y. In order to bound the first integral,
we apply Lemmas 3.10 and 3.11, obtaining

2 2 2
/ lu— vl dP < = R(u®)dP < —E[R(u®)] < %BHUS — ul|u,
Qa2 @ J Qs @ «

where the last relation follows on applying Jensen’s inequality to (35). Notice
that Lemma 3.10 can be employed since the 2s-sparse RISP holds on the
restricted domain s,. Combining all the inequalities yields the thesis. [

Finally, we provide a recovery estimate in probability. This is asymptot-
ically optimal, but the constant grows like the inverse of the square root of
the probability of failure.

Theorem 3.14 (Error estimate in probability). Given dps € [0,1), choose
M € N such that the truncation condition (23) is fulfilled. Then, for every
0<e<1anddy, €0,1), provided

m > 2Cs; s|lv™M||1[2s1log(eN/(25)) + log(2s/¢)],

with Cas defined analogously to (26), with probability greater than or equal to
1 — 2¢e, the CORSING procedure computes a solution U such that

25
u— < |1 == 5 —
- ullo < (14 772 ) ba* =l

where & := (1 — 6M)%(1 - 5m)%oz and B is the continuity constant of a(-,-)
defined in (3).
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Proof. Define e := ||u® — ul|y and the random variables Z := ||t — u||y and

Zs = ||[u — u®||y. Moreover, consider the quantity
26
bs = <1 + a\/g> €s. (40)

The goal is to show that P{Z > b} < 2e. The triangle inequality implies
Z < Zg+ es. Thus,

P{Z > bs} <P{Z, > by — es}.

Moreover, defining the event Qg4 according to (27) and denoting by I4 the
indicator function of a generic set A, we have

]P){Zs Z bs - es} - E[I{Zszbs_es}] = /{; I{Zszbs_es} d]P + /;2 I{Zszbs_es} d]P)

2 2s

S /S; I{Zszbs_es} d]P) + P{QSS}
2s

Theorem 3.9 implies P{Q5,} < e. Moreover, employing Lemmas 3.10 and
3.11, we can bound the first integral as

/ Iz 5p—eydP - < / I{2/ayR(u)>bs—es} AP
QQS Q25

4R (u®)? 4322
g [a2(bs - 68)2] = &Q(bs - 68)2

257

where the last equality follows from (40).
O

We conclude this section with a useful corollary dealing with a particular
truncation condition. In practice, this corollary provides sufficient conditions
for Theorem 3.13 to hold. We will apply this result to some examples in
Section 4.

Corollary 3.15. Suppose that there exist two positive constants Cy, and vy

such that
N N 1/vm
> ul<cy (M> , VMeN. (41)
q>M

Then, for every ¢ € (0,27Y3] and for s < 2N/e there exist two positive
constants Cyr and Cy, such that, for

M > Cys™N and m > Cpsllv™M | [slog(N/s) +log(s/e)],  (42)
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the CORSING solution u fulfills

~ 4
BT~ ulo] < (1+ %2 ) Ju? = ull + 262,

for every K > 0 such that ||u|ly < KC, with Tk defined as in (38) and where
a and B are defined by (2) and (3), respectively. In particular, two possible
upper bounds for the constants Cypr and C,, are

20, 105

™M
2> and Cm S ?,

CMS(

KsQ
respectively, with ks defined in (24).

Proof. The idea is to choose d,, = dpr = 1/2 and, as anticipated, to apply
Theorem 3.13. First, notice that assumption (41) is consistent with Hypoth-
esis 2, on passing to the limit for M — +oco. In view of Theorem 3.13, we
show that the second inequality in (42) implies (39) with a suitable choice of
Cyn. Moreover, the truncation condition (23), on which Theorem 3.13 relies

on, is implied by y
N ™M 012 K
Cul— <
S“(M) =g

that, in turn, is equivalent to

”
M > 20\ ™ ST N,
~ \ Ksa?

Moreover, thanks to the assumptions on € and s, we have

e <273 — log(2s/e) < 4log(s/e),
s <2N/e = log(eN/(2s)) < 2log(N/s).

Thus, recalling the right-hand side of (39), we have

2 Cys sl M]|1 25 log(eN/ (25))+ log(2s /<))
< 8Chy 5[ M||1 [slog(N/s) +log(s/e)],

where Cy, is defined analogously to (26). In particular, if Cp, in (42) is
chosen such that
32 < 105

Cm =802 = [ Tlog2)a? = a2

then (39) holds. Moreover, relation a = (1 — 6M)% (1- 5m)%oz yields & = 3a,
so that the quantity 253 /a in Theorem 3.13 can be replaced by 45/a. O
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Remark 3.16. The assumptions ¢ < 2713 ~ 0.79 and s < 2N/e ~ 0.74AN
made in Corollary 3.15 are quite weak and they are chosen in such a way
that the upper bounds to C; and C), are easy to derive. Of course, more
restrictive hypotheses on € and s would give sharper upper bounds for the
asymptotic constants. Moreover, the parameters d,; and d,,, could be chosen
differently from d,, = dpr = 1/2 and this would lead to different values for
the constant in the recovery error estimate.

Remark 3.17. If ¢ > s5T1/N* then slog(N/s) + log(s/e) < 2slog(N/s)
and the term log(s/e) disappears from the inequality on m by doubling the
constant C,,, giving the trend

m > C’,,AL||1/N’J‘/[||1S2 log(N/s),

claimed in Algorithm 2.1. This assumption on ¢ is not restrictive, since
s < N guarantees s°t1/N* < 1.

Remark 3.18. A result analogous to Corollary 3.15 holds in probability by
resorting to Theorem 3.14 instead of Theorem 3.13 in the proof.

4 Application to a 1D advection-diffusion-reaction
equation

In this section, we apply the general theory presented in Section 3 to elliptic
one-dimensional problems, such as the Poisson equation and an advection-
diffusion-reaction (ADR) equation.

We adopt Corollary 3.15 as the main tool. In particular, we provide
estimates for o, B, ks, Cp, yar, vV and |[p™M]|;, and then deduce suitable
hypotheses on m and M such that the CORSING method recovers the best
s-term approximation u® to u. All the recovery results of the section are
given in expectation, but they can be easily converted in probability (see
Remark 3.18).

Let us first fix the notation. Consider Q = (0,1), U =V = H}(Q) and

(u,v)y = (u,v)y = /Qu’(x)v’(x) de,

resulting in || - [ = || - llv = |- |41 (), the H'()-seminorm. Moreover,
we introduce two Hilbert bases of HE(€2). The first one is the hierarchical
multiscale basis [33, 13], defined as

Hop(x) =27 212 — k), Yz e[0,1],
for every £ € Ng, k =0,...,2¢ — 1 and with #(z) := max(0, 3 — |z — 3|), for
any x € [0,1], ordered according to the lexicographic mapping

J e (00), k() = (loga()], j — 2U02200),
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The second one is the rescaled sine function basis

Sp(x) := Q sin(rrz), Vx €0,1], ¥r € N.

rm

For further details concerning these bases, see |6, Section 5|. It is easy to
check that both bases are orthonormal with respect to (-, ).

With reference to [6], when the following combination of trial and test
functions is employed

Vi =HoG ki) Pa= Sa

we denote the approach by CORSING HS. On the contrary, when the roles
of the trial and test functions are switched, we denote it by CORSING SH.
In both cases, HS and SH, we observe that Hypothesis 1 is fulfilled and that
K =1I. Thus, in particular, from (24), ks = 1.

As the reference problem, we consider the one-dimensional ADR equation
over (), with Dirichlet boundary conditions

{—u” +bu'+nu=f inQ (43)

u(0) =u(1) =0,
with b,n € R and f: (0,1) — R, corresponding to the weak problem
find u € Hy(Q):  (u/,0) + b, v) + n(u,v) = (f,v), Vv e H(Q), (44)

where (-, -) denotes the standard inner product in L?().

4.1 The Poisson equation (HS).

First, we deal with the Poisson equation, corresponding to (43) with b =n =
0, whose weak formulation is

findu € HY}(Q):  aa(u,v) = (f,v), Yoe HIQ). (45)

where aa(u,v) := (u/,v"). In such a case, we denote the local a-coherence
by p,g. The inf-sup and continuity constants of aa(-,-) are « = § = 1.

We can prove the following result for the CORSING HS procedure applied
to (45).

Proposition 4.1. Fiz a mazimum hierarchical level L € N, corresponding
to N = 2L+1 1. Then, for every e € (0,27/3] and s < 2N/e, provided that

M > CysN, m > Cyslog M[slog(N/s) + log(s/e)],

for suitable constants Cy, and Cay, and chosen the upper bound vV as

v\ = ﬁ, Vq € N,
™q
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Figure 1: Sharpness of the upper bound (47) with N = 127 and M = 2047.

the CORSING HS solution to (45) fulfills
E[| Tkt — ul g )] < 5lu® — ulgiq) + 2K,

for every K > 0 such that |u|giq) < K, with T defined as in (38). In
particular, two possible upper bounds for Cyr and Cy, are

80 840 1
Cy < —=270 and C, < — |1+ ~ 511.
32 T log 3

Proof. An explicit computation yields the exact stiffness matrix entries (the
dependence of ¢ and k on j is omitted)

an(Ho S,) = 4*7(2(1 in<2£ (kz+;)>sln2(z2qz> (46)

Using Definition 2.3, employing the inequalities sin?(z) < 1 on the first sine
and sin?(z) < min{1, ||} on the second sine, for every = € R, we have

32 2¢ T q 3220 8
2 . 4 :
|G/A(Hf7k,8q)‘ S ﬁ? Sin (Z?) Smln{ﬁqz,ﬂq
and, thus, we obtain the upper bound
. [322F 8
qu<m1n{ﬂ_2qQ,ﬂ_q} (47)

Figure 1 shows that this bound is sharp. Considering the first argument of
the minimum in (47), on noticing that 2 = (N + 1)/2, we obtain

32N +1 1 1 > 1
N
pN, <2t s<N+1)[+/ dq}
qg: Aq 7T2 2 qg: q2 7T2 (ZM + 1)2 41 q2

_16N+1[ 1 ]<20N+1 80 N

i = <
mM+1|M+1 mM4+1" 32 M



The fourth and fifth relations hinges on the assumption L > 1, that implies
N > 3. Consequently, assuming M > N we have also M > 3. This implies
1/(M +1) < 1/4 (fourth relation) and (N +1)/(M + 1) < 4N/(3M) (fifth
relation). Thus, in view of Corollary 3.15, we can pick

80
CN = ﬁ and YM = 1.
Now, to bound ||[v™:™||;, which is required by Corollary 3.15, we deal with

the second argument of the minimum in (47) and set

P
q Tq
This choice leads to the estimate
M M
8 1 8 1 8 8 1
= 2550 < 2 e [T Sae] = Saionnn < £ (14 g Y roe
i B 1 q s s log 3
(48)
since M > 3. Thus, combining the lower bound for m and M in Corollary
3.15 with (48), we conclude the proof. O

Remark 4.2. The upper bound sin*(z) < min{1,|z|} can be improved as
sin?(z) < min{1,0.68 |z|}. This change leads to rescale the value of C,, by
a factor 0.68, i.e., C), = 347.

Remark 4.3. The choice l/év = 8/(mq) is suboptimal. If we choose the sharper
upper bound
N . [322F 8
v, =ming ——5,— ¢,
q 2 2 7q
the term log M in the lower bound to m can be replaced by log N. Indeed,
in this case

M

1 1 1 1
Z — Slog N+N (—) Slog N+1—— < log N.
q N s

N
1
N,M 1
MM < q+N U
=1 g=N+1

4.2 ADR equation (HS)
We consider problem (43) and state the following result.

Proposition 4.4. Fiz a mazimum hierarchical level L € N, corresponding
to N =281 — 1. Then, for every e € (0,273 and s < 2N/e, provided that

|| Ll
MZSN7 MSL WSL
m 2 s(log M + |b]* + [n]?)[slog(N/s) + log(s/<)],
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and chosen the upper bound v such that

L b* nf
N
Vg ~—+—5+—, VqgeN,
T Ty T A TP q
the CORSING HS solution to (44), with n > —2, fulfills

44 2v/2]b| 4 2|n|
1 + min(0,7n/2)

EHR’TI — u|H1(Q)] < (1 + ) ]us — U|H1(Q) + 2Ke,

for every K >0 such that |u|g1 (o) < K, with Tk defined as in (38).

Proof. The argument is the same as in Proposition 4.1, thus we will just
highlight the different parts. The precise values of the asymptotic constants
will not be tracked during the proof.

First, a straightforward computation gives

5y = 5 0 (1) (14 o) 5+ )

T q

Hence, using the same upper bounds as in Proposistion 4.1, we obtain

2 1 b, [nl?
a(Hek, S 2§min{ ,} <1—|— + ,
’ ( q)| q2 q q2 q4

and, consequently,

. [N 1 |b]? n|2>
N < 2 L I AT
My, S min ) 1+ + . 49

! {q2 q}< q q* (49)

Considering the first argument of the minimum in (49), yields

1 1 1
N 2 2
S AN E Gt Sl Y ]
>M >M qg>M g>M
L2 P o N
<Nl 20 LN b2
~ [M + M3 + M5 |~ M
The second inequality hinges on estimates of the sums by suitable integrals,
whereas the third one is implied by the hypotheses |[b|/M < 1 and |n|/M? <
1.
Now, considering the second argument of the minimum in (49), we have

the upper bound
L | |nl?
N
v, ~—+4+—+-—1, VgeN,
q g @ PE
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and, consequently, the £!-norm of its truncation fulfills

M M M
[ NM| ~21+ZW+Zw<b M + [b]? + |n)?
' q ¢ g~ s

q=1 q=1 q=1

Finally, we notice that (2) and (3) hold with

b
azl—i—min((),g), 5:1+\’/’§+’2’7’,

thanks to the Poincaré inequality
V2|vlle) < [olmie), Vv € Hy(Q).

The thesis is now a direct consequence of Corollary 3.15. ]

4.3 The Poisson equation (SH)

We prove a recovery result for the CORSING SH method applied to the
Poisson problem (45).

Proposition 4.5. For every ¢ € (0,273 and s < 2N/e, there exist two
positive constants Cy, and Cpy such that, provided

M > Cyv/sN,  m > Cpslog(M)[slog(N/s) +log(s/e)],

with M of the form M = 2LTY — 1 for some L € N, and chosen the upper
bound v as

1
N _
v, = ST Vg € N,

the CORSING SH solution to (45) fulfills
EHR@ - U‘Hl(Q)] < 5|u3 - U,’Hl(Q) + 2]C€,

for every KK > 0 such that |u| g1 (o) < K, with T defined as in (38) and where

a and B are defined by (2) and (3), respectively. In particular, two possible

upper bounds for Cyr and Cy, are

2101ogy(e) log(4)
log(3)

Proof. The proof is analogous to that of Proposition 4.1. We highlight only

the main differences. First, notice that

Cy < ~1.81 and C, < ~ 382.

=

aa(Sj He)hta)) = a8 Htg) k(@) Si)-
Moving from (46) and employing the inequality sin(z) < min{|z|*, |z|?},

for every z € R, we obtain

2 N2 1 } ' (50)

N : e
NS mm{ 8 936(q)? 2l(g)—1
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Figure 2: Sharpness of the upper bound (50) with N = 127 and M = 2047.

Figure 2 shows the sharpness of this bound.
Considering the first argument of the minimum in (50), and since M =

2L+1 _ 1, we have that
21 2 1 2 72 (N2
2 2
SN = TV - S S < s (i)
>M 0>L k=0 >L >0

where the change of variable ¢ — (¢, k) has been used. Thus, if follows that
1
CM:% and ™=

Now, by considering the second argument of the minimum in (50), we select

A
and conclude the proof by computing
. L 2¢-1 1
™% = ; Z:: go=1 = 2(L +1) = 2logy(e) log(M +1)
<9] log(M +1) log(M) < 21logy(e) log(4) log(M),

< 21o82(€) 7 o 1) ST log®)

since M > 3, thanks to L > 1. O

Remark 4.6. The choice of p prompted by Proposition 4.5 (i.e., py ~ 2~ 4a)
coincides with that in [6], in the R-CORSING SH case, for the corresponding
parameter w, tuned via a trial-and-error procedure.
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4.4 ADR equation (SH)

Considerations analogous to those made in the HS case hold in the advec-
tive/reactive case. It suffices to notice that

(', 0") + b, v) + n(u,v) = (V' u") = bV, u) + n(v,u), Yu,v e H&(Q)

Remark 4.7 (Application to more general cases). The main difficulty of the
analysis of CORSING is the derivation of the upper bound vV to the local
a-coherence. For instance, in dealing with the ADR equation with non-
constant coefficients, a highly oscillatory diffusion coefficient can consider-
ably deteriorate V. One possibility to tackle this issue is to expand the
non-constant coefficient with respect to a suitable basis and then to exploit
Propositions 4.1 and 4.5.

Considering the extension to higher-dimensional problems, first results
are provided in [6, Section 6] where CORSING is applied to the ADR equation
with constant coefficients, with hierarchical pyramids and tensor product of
sine functions. Nevertheless, since the hierarchical pyramids are not or-
thonormal, they can only be used as trial functions in view of the theoretical
setting of this work (Hypothesis 1 does not hold). In such a case, ;! grows
at most logarithmically with respect to N [33]. A less trivial task is to pro-
vide a sharp upper bound vV due to the involved expression of the stiffness
matrix entries.

5 Numerical experiments

We validate the above theoretical results by both a qualitative and a quanti-
tative analysis. For a more complete numerical assessment of CORSING, we
refer to [6].

All the computations have been performed using MATLAB® R2013a 64-
bit (version 8.1.0.604) on a MacBook Pro equipped with a 3GHz Intel Core
i7 processor and 8 GB of RAM.

5.1 Sensitivity analysis of the RISP constant

We investigate the sensitivity of & to the constant C,, on the Poisson prob-
lem (45), in the setting HS. We fix the hierarchical level to L = 14, corre-
sponding to N = 32767. We consider the values s = 1,2,3,4,5 and choose
M = sN, while selecting m according to one of the following rules

Rule 1: m = [C,,5%log M log(N/s)],
Rule 2: m = [Cy,slog M log(N/s)], (51)
Rule 3: m = [Cp,slog(N/s)].
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Rule 1 is the one derived in this paper, corresponding to 7,, = 2. Rule 2
is associated with v, = 1, and Rule 3 is the asymptotically optimal lower
bound that a general sparse recovery procedure requires to be stable (see
[18, Proposition 10.7]). For each choice of M and m, we repeat the following
experiment 50 times: first, extract mp,..., 7, € [M] i.i.d. with probability
pg ~ 1/q and build the corresponding matrices D and A; then, generate
1000 random subsets Si,...,S1000 C [IV] of cardinality s and compute the
non-uniform RISP constant as, for every k € [1000], corresponding to the
minimum singular value of DA, using the svd command; finally, approximate
the uniform RISP constant as
G min G

We consider the three trends in (51) and C,, = 2 or 5. The corresponding
six boxplots relative to the 50 different values of &, computed for each s, are
shown in Figure 3, where the crosses represent the outliers.

For Rule 1 and 2, & shows a similar behavior since both trends are ap-
proaching the value of the inf-sup constant, &« = 1, when s grows. We notice
that the values computed for Rule 1 are more concentrated around the mean,
implying that v, = 2 is a too conservative choice. For Rule 3, & exhibits
the lowest values, though the corresponding boxplots are quite aligned and
have similar size, especially for C), = 5, where & seems to stabilize around
the value a/2. For C,, = 2, a approaches the value /4, even though the
presence of too many outliers suggests that the RISP is not being satisfied
for a reasonable value of €. However, since Rule 3 is quite satisfactory, espe-
cially for C,,, = 5, the quantity log M does not seem to be really necessary
in Rule 2. Moreover, Rule 1 is penalized by both the log M term and the
extra s factor.

5.2 CORSING validation

We test CORSING HS on the one-dimensional Poisson equation (45), choos-
ing the forcing term so that the exact solution be

u(z) = U0.2,0.7,1000(x) + 0.3 - ©0.4,0.4005,2000(z), VYV € [0,1] (52)
with
ﬂm,m,t(x) = ﬂu’clwzi(x) - 63317332,15(55)7

6x17ﬂ?2,t(x) = xﬂm,l’z,t(l) + (1 - *73) ﬂﬂc17$27t(0)7

Ug, zo,t(x) 1= arctan(t(x — x1)) — arctan(t(z — x2)),

for every x € [0,1], 0 < 21 < 29 < 1 and t € R. This particular solution
is designed so as to exhibit two boundary layers at x = 0.2 and = = 0.7,
and a small spike-shaped detail at z = 0.4 (see Figure 4). The hierarchical
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Figure 3: Sensitivity analysis of the RISP constant, with M = sN and m
defined according to (51).

multiscale basis is particularly suited to capture these sharp features. We
fix L = 12, corresponding to N = 8191, s = 50, M = sN and m = 1200.

In Figure 4, we compare u (dashed line) and @ (solid line). The exact
solution is well recovered. Both boundary layers are correctly captured and
also the spike-shaped feature is successfully detected. More quantitatively,
the best 50-term relative error is |u — usg|g1/|ulgr = 0.092 and the rela-
tive error of the CORSING solution is |u — @|g1/|ulg1 =~ 0.111. Thus, via
CORSING, we loose only the 21% of the best possible accuracy.

Figures 5 and 6, highlight that CORSING is able to find the most impor-
tant coefficients of u. In particular, in Figure 5, the coefficients of u and u
are plotted according to the lexicographic ordering, whereas in Figure 6 they
are shown in two dimensions: level £ is the vertical axis, and each level is
divided horizontally into 2¢ parts, corresponding to k = 0, ...,2¢ — 1, (left to
right). The color plots refer to |ug | (left) and |ty | (right), in logarithmic
scale. It is remarkable the capability of CORSING in detecting the localized
features of the solution (see the isolated vertical line in Figure 6 (right)).

5.3 Convergence analysis

We now perform a convergence analysis of CORSING HS applied to (45),
showing that the mean error shares the same trend as the best s-term ap-
proximation error, as predicted by the theoretical results. In particular, the
forcing term f is chosen such that the exact solution be

u(z) := Cy(1 — x)(exp(100z) — 1),
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Figure 4: Left: comparison between u defined in (52) (dashed line) and
u (solid line). Right: a zoom in on the spike-shaped detail of u. Crosses
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Figure 6: 2D color plot of |ug | and |t | in logarithmic scale.
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Figure 7: Convergence analysis: mean error + standard deviation and best
s-term approximation error. Case v, = 2 (right) and ~,, = 1 (left).

where C,, is chosen such that |u|gn = 1. We take L = 11, correspond-
ing to N = 4095. For s = 4,8,16,32, we define M = sN and m =
[CpnsTm log M log(N/s)] for v, = 1,2, and for different values of C,,. For
every combination of ~,, and C,,, we run 100 CORSING experiments and
show the mean error obtained + the standard deviation, computed using
the unbiased estimator. In the case v,, = 1, we select C},, = 0.25,0.5,0.75,
whereas for v, = 2, we consider C,,, = 0.01,0.03,0.05. The values of C), are
smaller for v, = 2, in order to ensure that m < NN for every s.

The results are shown in Figure 7. The mean error reaches the best
s-term approximation rate, that is proportional to 1/s.

6 Conclusions

We presented a rigorous formalization and provided a theoretical analysis of
the CORSING (COmpRessed SolvING) method [6]. Our analysis essentially
relies on the concepts of local a-coherence and restricted inf-sup property
(RISP). In particular, we showed how suitable hypotheses on the local a-
coherence are sufficient to guarantee the RISP. As a consequence, we pro-
vided estimates of the CORSING solution with respect to the best s-term
approximation error in expectation (Theorem 3.13) and in probability (The-
orem 3.14). This general theory has been applied to the case of the one-
dimensional ADR equation with constant coefficients, and numerical exper-
iments confirm the theoretical results.

Important issues are still open. For instance, the application of our theo-
retical results to more general cases, such as one-dimensional ADR equation
with non-constant coefficients and the two- or three-dimensional case, is not
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a trivial extension of the results presented here (see Remark 4.7). Also the
case of non-orthonormal test functions is an interesting open problem and
the arguments employed here probably need to be substantially modified.

However, this first theoretical analysis of the method highlights the im-
portance of the local a-coherence and the RISP as powerful picklocks, capable
to cast the compressed sensing philosophy into the PDEs setting.
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