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POLYNOMIAL APPROXIMATION VIA COMPRESSED SENSING
OF HIGH-DIMENSIONAL FUNCTIONS ON LOWER SETS

ABDELLAH CHKIFA, NICK DEXTER, HOANG TRAN, AND CLAYTON G. WEBSTER

ABSTRACT. This work proposes and analyzes a compressed sensing approach
to polynomial approximation of complex-valued functions in high dimensions.
Of particular interest is the setting where the target function is smooth, char-
acterized by a rapidly decaying orthonormal expansion, whose most important
terms are captured by a lower (or downward closed) set. By exploiting this fact,
we present an innovative weighted ¢; minimization procedure with a precise
choice of weights, and a new iterative hard thresholding method, for imposing
the downward closed preference. Theoretical results reveal that our computa-
tional approaches possess a provably reduced sample complexity compared to
existing compressed sensing techniques presented in the literature. In addition,
the recovery of the corresponding best approximation using these methods is
established through an improved bound for the restricted isometry property.
Our analysis represents an extension of the approach for Hadamard matrices in
[5] to the general case of continuous bounded orthonormal systems, quantifies
the dependence of sample complexity on the successful recovery probability,
and provides an estimate on the number of measurements with explicit con-
stants. Numerical examples are provided to support the theoretical results
and demonstrate the computational efficiency of the novel weighted £; mini-
mization strategy.

1. INTRODUCTION

Compressed sensing (CS) is an appealing approach for reconstructing signals
from underdetermined systems, with far smaller number of measurements compared
to the signal length [0, [16]. Under the sparsity or compressibility assumption of
the signals, this approach enjoys a significant improvement in sample complexity
in contrast to traditional methods such as discrete least squares, projection, and
interpolation. As the solutions of many parameterized partial differential equations
(PDEs) are known to be compressible in the sense that they are well approximated
by a sparse expansion in an orthonormal system (see, e.g., [I3] and the references
therein), it is no surprise that the interest in applying compressed sensing techniques
to the approximation of high-dimensional functions and parameterized systems has

been growing rapidly in recent years [17), B2], 24], BT, 39] 37 25] 36} [33].
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In these works, the target function is a quantity of interest (Qol) associated with
the solution of a parameterized PDE of the form

(1.1) D(u,y) =0,
where D is a differential operator and y := (y1,...,yq) iS a parameter vector in
a compact tensor product domain U = szl U, C RY eg, U = [-1,1]% The

solution u to such PDEs is therefore a map y € U — u(y) € V where V is the
solution space, typically a Sobolev space, e.g., V = Hi. The algorithms proposed
in the previously cited works are designed to approximate a Qol consisting of a
function g : y € U — G(u(y)) which, e.g., is either the evaluation of u at a fixed
point of the space/time domain or a linear functional in u. Introducing F := Ng =
{v= ()i, : vp € No}, and a measure ¢ : U — Ry with o(y) = szl 0k (Yk)s
the resulting functions are smooth, complex-valued, and can be expanded in an
L?(U, dp)-orthonormal basis {¥, },c7 according to

(1.2) 9(y) =Y aVu(y),

veF

where U, = HZZI U, are tensor products of L?(Uy,doy)-orthonormal polynomi-
als, and the coeflicients ¢, belong to C. The series is generally referred to as
the polynomial chaos (PC) expansion of g (see, e.g., [22] [30]), whose convergence
rates are well understood [39]. The orthonormal systems of particular interest in
this work consist of Legendre and Chebyshev expansions. The polynomial approx-
imation of the function g in the CS setting is fairly straightforward. First, one
truncates the expansion in the multivariate polynomial space

(1.3) Py :=span{y—y” : veJ}

with J := {v1,...,vn} a finite set of indices whose cardinality N := #(J) is large

enough to yield g ~ Zuej ¢, V,,. Then, for some m < N, generate m samples

Y1,-..,Ym in the parametric domain I/ independently from the orthogonalization
measure o associated with {¥, },c 7, and find an approximation g* of g of the form
(1.4) g7 = Z G,

veJ

where ¢ := (c}f), e is the sparsest signal with an inherent interpolatory aspect,
i.e., among solutions z of underdetermined system Wz = g. Here, the matrix
¥ € R™*N contains the samples of the PC basis and the vector g is the observation
of the target function, i.e.,

(15) Wim (V,00) cicyr a0d g i= (9w 9(m)).
1<j<N
respectively. In practice, noisy formulations of this problem are also considered by
investigating the expansion tail Zy¢ VEALT
To date, the sparse recovery of the polynomial expansion via CS has shown
to be very promising. However, this approach requires a low uniform bound of the
underlying basis, given by

O = sup [|Wu | Lo @)
veJ
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as the sample complexity m required to recover the best s-term approximation (up
to a multiplicative constant) scales with the following bound (see, e.g., [20])

(1.6) m > 02%s x log factors.

This poses a challenge for many multivariate polynomial approximation strategies
as O is prohibitively large in high dimensions. In particular, for d-dimensional
problems, © = 2%/2 for Chebyshev systems and 34?2 for preconditioned Legendre
systems [40]. Moreover, when using the standard Legendre expansion, the num-
ber of samples can exceed the cardinality of the polynomial subspace, unless the
subspace a priori excludes all terms of high total order (see, e.g., [24], 25]). There-
fore, the advantages of sparse polynomial recovery methods, coming from reduced
query complexity, are eventually overcome by the curse of dimensionality, in that
such techniques require at least as many samples as traditional sparse interpolation
techniques in high dimensions [35] [34] 23].

Nevertheless, in many engineering and science applications, the target functions,
despite being high-dimensional, are smooth and often characterized by a rapidly
decaying polynomial expansion, whose most important coefficients are of low order
[14, 27, 11, M3]. In such situations, the quest for finding the approximation con-
taining the largest s terms can be restricted to polynomial spaces associated with
lower (or downward closed) sets.

Definition 1.1 (Lower set). An index set A C F is called a lower set (also called
downward closed set) if and only if

(1.7) veA and p<v= pecA,
where p < v if and only if up < v forall 1 < k < d.

The practicality of downward closed sets is mainly computational, and has been
demonstrated in different approaches such as quasi-optimal strategies [3], Taylor
expansion [], interpolation methods [I0], and discrete least squares [9]. For in-
stance, in the context of parametric PDEs such as (LI]), it was shown in [11] that
for a large class of operators D with a certain type of anisotropic dependence on
y, the solution map y — u(y) can be approximated by best s-term PC expansions
associated with index sets of cardinality s, resulting in algebraic rates s™%, a > 0 in
the uniform and/or mean average sense. The same rates are preserved with index

sets that are lower. In addition, for 4 = [~1,1]%, such lower sets of cardinality
s also enable the equivalence property || - ||z2@rd0) < || - |z < 87 - [[z2@,d0) in
arbitrary dimensions d with, e.g., v = 2 for the uniform measure and v = }ggg for

Chebyshev measure.

This paper is focused on developing and analyzing CS approximations confined
to downward closed sets, used to overcome the curse of dimensionality in the sam-
pling complexity bound (L.6). As such, our work also provides a fair comparison
with existing numerical polynomial approaches in high dimensions [8, 10, [@, [3] [43].
To achieve our goal, we study two sparse recovery approaches for imposing the
downward closed structure, namely a weighted ¢;-minimization with the specific
choice of weights w,, = [|¥, || ~(q), and an iterative hard thresholding method con-
strained to lower sets. In addition, we also develop a rigorous theoretical framework
that provides the analytic evidence for the improved performance of our proposed
methods in reconstructing smooth functions.
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In the context of CS, it is a well-established fact that sparse recovery is strongly
tied to the concept of the restricted isometry property (RIP) of the (normalized)
sampling matrix ¥. However, motivated by the fact that the best s-term approx-
imation is typically associated with a lower set, herein we adapt a weaker version
of the RIP in which we call the lower RIP. Unlike the standard RIP which requires
all sub-matrices formed by s columns of ¥ to be well conditioned, the lower RIP
involves only s-tuples of columns whose indices form a lower set. Given the lower
RIP assumption, we establish stable and robust reconstruction guarantees for the
best lower s-term approximation of g, which is the best among all approximations
of g supported on lower index sets of cardinality s. It is reasonable to expect that
this approximation, while weaker, is close to best s-term approximation for smooth
functions g considered throughout this effort.

More importantly, the improved sample complexity for high-dimensional function
recovery, using our methods, can be deduced directly from the sufficient condition
for lower RIP. For clarification, a complete technical description of is given
by the condition

(1.8) m > CO%slog®(s)log(N),

which was developed in [42] 38| [7], and is often cited in the case of the standard
RIP, used to guarantee uniform recovery with probability exceeding 1 — N~ log®(s)

In this work, we develop three critical components that enable us to systematically
reduce the number of samples given by (L.8):

1. The lower RIP is associated with downward closed sets which allows us to
employ efficient bounds of basis functions defined on those sets, derived in
[12, 9] for discrete least squares, and replace ©%s by

1.9 K(s) = sup ‘ v, 2H ,
( ) ( ) ACT, Alower ,;\| | Le=(U)
#(A)=s

which is significantly smaller.
2. We can reasonably choose J as the Hyperbolic Cross index set

(1.10) Hs = {l/ e F: ﬁ(vk +1) < s},

k=1

which is the smallest set that surely contains the best lower s indices (i.e.,
the union of all lower sets of cardinality s). The cardinality of H, grows
mildly in s and d, compared to other common choices such as tensor product
and total degree. Indeed, from [I8], we have N := #(H,) < 2534, which
facilitates both linear growth of m with respect to the dimension d, and
accelerates matrix-vector multiplication.

3. We extend the chaining arguments, recently developed in [5], 26] for uni-
tary matrices, to general bounded orthonormal systems, so as to decrease
the logarithm factor in by one unit. Following the approach in [5],
we modify the covering argument for this task. In addition, we provide
the technical details necessary to quantify the universal constants, and the
constraint of the number of samples m on the success probability. It is
worth noting that our analysis shows a success probability slightly weaker
than that associated with .
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By combining all the above ingredients, the analysis herein (see Theorem [2.2
and details the improvements to , by showing that the sufficient condi-
tion required to reconstruct the best lower s-term approximation, with probability
exceeding 1 — N—1°8(%) is given by

(1.11) m > CK(s)log?(s)(log(s) + d).

As shown in Lemma for J = H, in high dimensions, i.e., 2% > s,

(1.12) 0% > 51/33’ : if (¥,) is Chebyshev basis,
stz /3 if (U,)) is Legendre basis,

while as indicated in Lemma

log 3 . . .
(1.13) K(s) < {s;g?, it (¥,,) is Chebyshev basis,

5%, if (¥,) is Legendre basis.

Therefore, the advantage of our sample complexity, given by , compared to the
well-known condition , is that our sufficient requirements for recovery possess:
lower order of s; lower order in the logarithmic factor; and an efficient and explicit
definition of log(N) given by log(s) + d.

1.1. Related works. Our lower RIP is a specific case of the weighted RIP intro-
duced in [41], several results on which carry over into our context. However, while
the analysis therein applies for general weights, it only leads to the best weighted s-
term error, which is incomparable to and, in case of large weights, much weaker than
the best s-term error, in regards to the number of terms to be recovered. There-
fore, the numerical benefit of weights in reducing the computational complexity is
inconclusive. The idea of using the weights to boost the recovery performance of
/1 minimization has appeared elsewhere, e.g., in the context of regularization or
removing aliasing [2, [41], as well incorporating a priori information related to the
support set or the decay of the polynomial coefficients [211, [46] 3] [37]. On the con-
trary, our approach does not require any such a priori knowledge; for an improved
recovery performance, the generic requirement on the target functions is that the
multi-indices of best (largest) polynomial coefficients are captured in a lower set.

The RIP estimate herein extends the strategy in [5], introduced to improve the
standard RIP for Hadamard matrices, to the general case of continuous bounded
orthonormal systems. Upon completion of this work, we became aware of the work
[26], in which a different strategy of net constructions was introduced, leading to
a reduction in sample complexity by one logarithmic factor, as well as an
improved dependence on restricted isometry constant. While [26] is only concerned
with asymptotic estimates for Fourier matrices, we believe that one might extend
such arguments to the setting presented in this effort. Finally, the compressed
sensing approaches presented in this work as well as any RIP-based polynomial ap-
proximation framework require an a priori estimate of the expansion tail, whereas,
the RIPless approach presented in [I] refrains from this requirement.

1.2. Notation and preliminaries. Throughout this paper, we use C' to denote
a generic positive constant whose value may be different from place to place but
which is independent of any parameters. For A C F, A€ denotes the complement of
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A, 2z, is the restriction of 2 = (2,,),ex to A. For convenience, || - ||ze := || - || oo 4y -
Given the multi-index notation v = (v1,...,14) € F, we define
supp(v) := {k : v # 0}, lvllo := #(supp(v)).

For g = > crc¥, and A a set of indices, we denote gn = >, ¥, We

normalize the sampling matrix and observation in (1.5) as

(1.14) A.- ¥ _ (‘I’uj(yz-)> | G= 9 _ (g(yi)
i\ e TR

Also, the normalized expansion tail is referred as

(1.15) §:= (Mg)mm'

Under the newly introduced notation, the exact coefficients ¢ = (cy),ey satisty
Ac + & = g. Assuming that € is small (whose a priori upper bound is assumed
if £, minimization is used), we approximate g via g% = Zuej eV, where ¢ =
(c¥),es is among the solutions z of Az ~ g.

\/ﬁ ) lgig'm.

1.3. Organization. Our paper is organized as follows. First, using the recently
developed chaining technique, in Section [2]a new RIP estimate for general bounded
orthonormal systems is provided. To avoid unimportant technicalities, the discus-
sion in this section will focus on standard RIP, however, the analysis is general and
does not depend on whether standard RIP or lower RIP is considered. In Section
we describe the new mathematical tools necessary to establish the concept of
the lower RIP and the sparse recovery on lower sets. Section [4]is devoted to pre-
senting the innovative theoretical results and analysis for polynomial approximation
using our versions of weighted £; minimization and iterative hard thresholding algo-
rithms. Several high-dimensional computational experiments supporting the theory
are given in Section [5] Finally, several critical lemmas and the complete technical
details of the rigorous proofs of our RIP estimates can be found in the Appendix.

2. IMPROVED RIP ESTIMATE FOR BOUNDED ORTHONORMAL SYSTEM

The restricted isometry property (RIP) is an important ingredient for sparse
recovery guarantees, which is given by the following definition.

Definition 2.1 (RIP). For A € C™*¥ | the restricted isometry constant §, asso-
ciated to A is the smallest number for which

(2.1) (1= d9)llzll3 < [ Az]3 < (1 +6,)]=]3,

for all z € CV satisfying #(supp(2z)) < s. We say that A satisfies the restricted
isometry property if d5 is small for reasonably large s.

In this paper, we prove the following RIP estimate for bounded orthonormal
system, inspired by the approach in [5].

Theorem 2.2. Let §,v be fized parameters with 0 < § < 1/13, 0 < v < 1 and
{U,}ves be an orthonormal system of finite size N = #(J). Assume that
2

(2.2) m > 2% %228 log(%zs) max{?i 10g(40% log(%—zs)) log(4N),
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and Y1,Ya, . .., Ym are drawn independently from the orthogonalization measure o
associated to {U,}. Then with probability exceeding 1 —~y, the normalized sampling
matriz A € C™*N satisfies

(2.3) (1-130)| 2[5 < |Az[l5 < (1 +138)]|=]3,
for all z € CN, #(supp(2)) < s.

The complete detailed proof of Theorem [2.2]is given in the Appendix[A-2] How-
ever, to assist the reader in better understanding the logic of our proof we next
provide a sketch that explains the essential features on how we achieved the im-
proved RIP estimate.

Sketch of proof. To begin, let us denote

) = Z 2,9,(y), YyelU, zcCV,
veJ

and & := {z € CV :||z||]2 = 1, #(supp(z)) < s}.

Our goal is to derive conditions on m such that for a set of m random samples
{y:}™, C U, drawn according to g, then with high probability, there holds Vz € &;:

LN i 22~ 212
(2.4 W = [ w2

We construct a “discrete” approximation @Z of ¢ such that (see Appendix Step
1):
1. for any z € &, ¥(-, 2) = ¥ (-, 2);
2. (-, z) can be represented as a piecewise constant function on U: (-, z) =
ier wl (+), where each 1[11 is a constant function, supported on a subset of
U, representing a scale of w( ,z) and L is a finite set of scale; and
3. for each | € L, {z/;f : z € &} belongs to a finite class whose cardinality is
optimized.
With the use of 1. and 2. one can establish the bound (see Appendz'x Step 2):

im N ,
m; (yi, 2 /W Y,z |sz gW(yl,zﬂ /u|¢(y’z)| do

(2.5) <Xl Z )2 - /M |07 () [2d]

eL
Using the basic tail estimate given by Lemma[A-gyields for any [ and z, with high
probability

(26) > U~ [ dEwde

We can then obtain by employing and applying the union bound for
over all I,z (see Appfndix Step 3). For this argument to yield small m,
it is critical to construct (-, z) in such a way that the total number of functions
dNJf (over [ € L,z € &) is finite and optimized, justifying the requirement given by
3. above.
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As an example, for each [ € £, we can define lez according to a covering of &
under the pseudo-metric

d(zvz/) = Sup |w(yvz - Z/)|,
yeu
so that #{ilz : z € &} is roughly a covering number of £. However, one can check
that in our high-dimensional setting, this covering number grows exponentially in
the dimension of Y. Fortunately, an inspection of |¢(-, 2 — 2’)| reveals that these
functions often have tall spikes in a small subregion of U, while are relatively small
for the rest of the domain. This motivates us to consider a new “distance” between
z and z’, which is significantly smaller than d(z, z’), given by an upper bound of
|(y,z — 2")| for most y € U. More rigorously, we define

d.(z,2"):= inf sup [¢(y,z —2')|.
UCU  yey
oU)=1-¢

Although d. is not a proper pseudo-metric, an adaptation of the covering number
result can still be derived in this case (see Lemma[A.5). This argument is similar
in spirit to [26, Lemma 3.5]. The approximation 1, constructed with d., may not
agree with ¢ in a small subdomain of U/, but one can tune ¢ so as to not affect the
estimate ([2.5)).

This completes the sketch of the main proof. l

Remark 2.3. In brief, the RIP (and subsequently, best s-term reconstruction) occurs
with probability exceeding 1 — v under the condition

(2.7) m > C02%s max{log®(©%s)log(N),log(02s) log(log(©2s) /7)}.

The first constraint in therefore reduces the order of log(s) in by one unit.
The second constraint, on the other hand, has an additional log factor compared
to the well-known one, i.e., m > CO2%slog(1/7), see [38], after balancing leading to
a weaker success probability, as discussed in Section

3. SPARSE RECOVERY ON LOWER SETS

In this section we focus on a smooth g, given by (1.2), and exploit the fast
decay of its polynomial expansion to further improve Central to this task is
the concept of lower or downward closed sets, given Definition [1.1} With this in
mind, instead of best s-term approximations, we are interested in best lower s-term
approximation of g, which is the best among all approximations of g supported on
lower sets of cardinality s. More rigorously, let A* be a lower subset of F which
realizes the infimum

(3.1) A" = argmin g — ga])
lower
#(A)<s
where the norm to be specified later. Here ||g — ga+|| is the best lower s-term error,
and our goal is to find approximations of g with error scaling linearly in ||g — ga~|.
We expect the best lower s-term error, while generally larger, is close to best s-term
error in our setting. These quantities are particularly identical provided that g is
s-sparse, supp(g) lower, represented by finite Legendre and Chebyshev expansions.
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To achieve our goal, it is reasonable to consider a relaxed version of RIP that
specifically involves s-tuples of columns associated with lower sets. Given a multi-
index set A C F, we introduce the quantity

(3.2) KA = 1w .
vEA
and, with an abuse of notation, denote
(3.3) K(s) := sup K(A),
ACT, Alower
#(N)=s

which has already been mentioned in (1.9). We define next the lower restricted
isometry property (lower RIP). This property is exclusive to the present setting
and defined here for submatrices whose columns are associated with indices v € F.

Definition 3.1 (Lower RIP). For A € C™*¥ as in , the lower restricted
isometry constant d; s associated to A is the smallest number for which

(3-4) (1= de)l12]3 < |1 AZ]3 < (1 + 6¢.)l|213

for all z € C satisfying K (supp(z)) < K(s). We say that A satisfies the lower
restricted isometry property if d; s is small for reasonably large s.

Remark 3.2. The lower RIP is a specific case of the weighted RIP, introduced in
[41] for general weights, here with the weights w, = ||¥,||p~. By introducing the
notation [|zlow = -, csupp() w2 for z € CV, the weighted RIP constant &, s was
defined as the smallest number 6,, s for which

(3.5) (1=duo)llzls < 1 Az]3 < 1 +du)l=l3,  lzllow < s

By (3.2), observe that K(supp(z)) < [|z|/ow, hence given z such that ||z|o. <
K (s), then K (supp(z)) < K(s) so that (3.4)) is satisfied showing that d,, x(s) < dr,s-
For the Chebyshev and Legendre systems, the polynomials W, all attain their

supremums at (1,. .., 1), hence for any z € CV, then K (supp(z)) = ||z]|0.w, showing
that
(3.6) 06,5 = Ou, K (s)-

Note the change of order in this relation: loosely speaking, the lower RIP of order
s corresponds to the weighted RIP of order K(s).

An important subclass of z satisfying is z € CN with #(supp(z)) < s and
supp(z) lower. One may want to consider a more natural isometry property which
requires for only vectors z in the above class. We can see from the following
analysis that this property is weaker but requires the same sampling cost as (3.4)).
The sample complexity for lower RIP is established in the following theorem.

Theorem 3.3. Let §,v be fixed parameters with 0 < § < 1/13, 0 < v < 1 and
{U,}ves be an orthonormal system of finite size N = #(J). Assume that

(3.7)

m > 2% K(s) log(K(s(;)) max{?ilog(llo Ké(;) log<%)) log(4N),

ilog(f:(slog(l(;)))}
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and Y1,Ya, - .., Ym are drawn independently from the orthogonalization measure o
associated to {U,}. Then with probability exceeding 1 —~y, the normalized sampling
matriz A € C™*N satisfies

(3-8) (1—138)]|2[I3 < [[A=[3 < (1 +130)|| 213,
for all z € CV, K(supp(z)) < K(s).

The proof of Theorem [3.3]is discussed in the Appendix[A.3] This proof essentially
follows the same path as the proof of Theorem with few minor changes.

Remark 3.4. In brief, the random matrix A satisfies the lower RIP of order s and,
subsequently, guarantees lower reconstruction with probability exceeding 1 — « if
the sample size m satisfies

(3.9) m > CK (s) max{log®(K (s))log(NV), log(K (s)) log(log(K (s))/7)}.

Next, we present a theoretical comparison between the complexity bounds re-
quired by standard RIP and lower RIP (3.9), showing the computational cost
saving with our best lower approximations. Assuming that no information about
the support set or the decay of the polynomial coefficients is a priori known, we
reasonably make the choice J = H,, which is the smallest set that surely contains
the best lower s indices. For the sake of notational clearness, we denote (L, )per
and (T, ),cr the Legendre and Chebyshev basis of L?(U, dp) with ¢ being the uni-
form or Chebyshev measure respectively. For such polynomials, we have for any
veF

d
(3.10) Ty | =20, and  ||Ly |~ = [] V20 + 1.
k=1

First, we have the following sharp estimates.
Lemma 3.5. Let H, be defined as in (1.10) with s < 2%+1. There holds

(3.11) 5/2< sup |Tu|2« <s, and s%/i’; < sup || Lu|2e < s1087
vEH vEHS

Proof. For v € H,, it is easy to see that ||T,[2. = 2I¥lo < Hizl(uk +1) <s.

Also, since b — % is decreasing over [1,400), (2b4 1) < (b+ 1)°83/1082 for
1

og log
any b > 1 which implies || L,||2. = HZ:1(2uk +1)< ngl(uk + l)ﬁ < sto83,
On the other hand, since s < 2¢+1 then 2% < s < 29+ for some d' < d, so

that the index v = e; +- - - + e belongs to H, and yields | T, |2 = 2¢ > s/2 and
ILul3e =3¢ = (27)553 2 (s/2) 082 = 552 /3. m

For the polynomial systems such as Chebyshev or Legendre (or more generally
Jacobi systems), log(©) < log(s) over the hyperbolic cross H, regardless of the
dimension d. An immediate consequence of the previous lemma and condition

(2.7) is that the RIP can be obtained for J = H, with the bound

(3.12) m > C s'7P max {logQ(s) log(NN), log(s)log(log(s)/7)},
where § = 1 for Chebyshev systems and g = {ggg ~ 1.58 for Legendre systems

respectively. Following from the estimate (see [I8])

(3.13) #(H,) <etsMHVeE(1—e)7E 0<e<,
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it is easy to see that N = #(H,) < 25°49, and if we set € = 1/2 we obtain

(3.14) m > C s max {logQ(s)(log(s) +d), log(s) log(log(s)/7)} -
Although we have eliminated the exponential growth on d, the condition (1.6) has
not been broken up to this step. Rather, the bound (3.14)) is merely acquired from
(1.6) with an estimate of ©® on the Hyperbolic Cross subspace.

We proceed to detail the complexity bound of lower RIP. As the Chebyshev and
Legendre polynomials attain their supremum at the point 1 = (1,...,1) with the

supremums given in (3.10)), the value of K defined in (3.2))-(3.3) is then known and
one can derive estimates for it. For these two systems, we use the notations Kr(A),

Kr(s), Kr(A) and K, (s) respectively, where

d
(3.15) Kp(A)=> "2l and  Kp(A) =" J]@w+1).

veEA veA k=1
The following estimates of K7 (A) and K7 (A) can be found in [9].

Lemma 3.6. Let A C F be a lower set with #(A) > 2. There holds
(3.16) 24(A) =1 < Kr(A) < (#(A))F2,
(3.17) 3#(A) — 1 < K (A) < (#(A))%.

We note that the left sides in (3.16)) and (3.17)) follow from ]_[Z:1(21/;C +1)>3
and 2I¥lo > 2 for any index v # 0. We also note that the right side inequalities
are sharp, equalities hold for lower sets of the form {p < e; + -+ +ex}. An

1o,
immediate implication of the Lemma are the bounds 2s — 1 < Krp(s) < sﬁ

and 3s — 1 < K,(s) < s2. The upper bounds are actually sharp in high dimension.
We indeed have

Lemma 3.7. Let s < 291 There holds

log 3
Slog2 log 3 S

3 < Krp(s) < stosz,

™)

(3.18) < Kp(s) < 8%

Z =

Proof. For v € H,, the rectangular block R, := {u < v} C H, is lower and has a
tensor format, so that from identities 1 + Zz/:l 2=1+42band ZZ,:O(%’ +1) =
(1+ b)?, one infers

Kr(Ry) =T¢_1(1+2w), and Kp(R,)=TI{_,(1+v)>

Since s < 24%1 then 24 < s < 24+ for some ' < d. Forv=e1 + -+ eq € Hs,
log 3

one obtains Kp(R,) = 3% = (2%)12 and K1 (R,) = (2¢)2, which implies
Kr(Ry) > (s/2) 5% = s62 /3, KL (R,) > (s/2)° = s*/4,
which completes the proof. B

Combining the complexity bound (3.9) with the estimate (3.18]), we arrive at the
following condition for uniform recovery of best lower s-term approximations, with
probability exceeding 1 — v,

(3.19) m > CsitF max{logZ(s)(log(s) + d), log(s) log(log(s)/v)},
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where 8/ = }gég — 1 ~ 0.58 for Chebyshev system and 3’ = 1 for Legendre system.
These conditions eliminate the dependence on ©2s at the cost of a super-linear
growth on s, yet are clearly weaker than those required by standard RIP, see .

We close this section by pointing out that still depends linearly on d. This
dependence can be fully eliminated if instead of J = H,, we work with 7 = Ag, the
union of all anchored sets A of cardinality smaller than s. Such sets are described
in [I5] and are characterized by A lower and e € A if and only if ey € A for any
k' =1,...,k—1. Indeed, it is easy to see that A, is included in the projection of H
into an s-dimensional space, hence d in can be replaced by s. Such subclass
of lower sets is also relevant in polynomial approximation of parametric PDEs (see,
e.g., [13]). It should also be emphasized that other types of polynomial spaces, e.g.,
Total Degree, have been attempted to overcome the fast growth of query complexity
in high-dimensional problems (see, e.g., [24]). However, these approaches impose an
a priori choice of the polynomial subspace and, additionally, employ the standard
RIP, given by . On the contrary, in our work 7 is determined optimally, based
on the number of terms to be reconstructed, and our lower RIP requires less samples
than standard RIP, as discussed throughout.

4. BASIS PURSUIT AND THRESHOLDING ALGORITHMS FOR POLYNOMIAL
APPROXIMATION ON LOWER SETS

In this section, we study two different approaches that enable us to realize sparse
reconstruction under the lower RIP. The algorithms considered herein include a
weighted ¢;-minimization, with a precise choice of weights, and a new iterative
hard thresholding method. To begin, let w = (w,)uer € (0,00)7 be a sequence
of weights. Given a vector z = (2, )u,er of complex components or a function
9= er ¥y, we define the weighted ¢;-norm of z and g by

lglloa = l2llwn = wolal,

veF

and the best lower s-term error in weighted ¢, norm by
o{(g)w1 = inf |[lg— gallw1-
A lower

#(A)<s
Recall that we are working with J = H;, unless otherwise stated.

4.1. Weighted /; minimization. Assuming that an estimate 1 of the tail gy is
available (specified later), our weighted ¢;-minimization procedure for recovering
an approximation g# of g, defined by

(41) g# = Z cf\llu’
vEH,
is given in the following:  Given w, = ||[¥,||L~. Find g* from (A1), where
c” = (cf)uen. solves the following constrained optimization problem
. . - Ui

(4.2) c® =argmin||z||,1 subject to ||g— Azl < —=.

zeCN ¢ vim
The recovery guarantees using weighted ¢; minimization have been analyzed in [41]
for general choice of (wy,)pc7. As discussed in Section the benefit of weighting in
terms of query complexity is inconclusive therein. In this work, we specifically de-
fine the weights w, = ||¥, ||~ for use with ¢;-minimization, and how that smooth
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functions can be reconstructed with a significantly reduced number of samples com-
pared to the unweighted method (thanks to lower RIP). Such choice of weight has
not been previously discussed in the literature although the condition w,, > ||V, || 1
has been imposed elsewhere [41], [2].

In what follows we consider and analyze two scenarios using our weighted ¢,
minimization procedure (4.1)-(4.2). First, we assume only an upper estimate of the
tail gy, is available, and second, exact knowledge of the tail is assumed.

4.1.1. Given an upper estimate of the tail. In this case, the proof of the recovery
guarantee of g% in , using the optimization procedure , follows the ar-
guments of general weighted ¢;-minimization analysis (see [41l, Theorem 6.1]), and
will not be repeated here. However, we remove the condition of large s required in
the work [41], based on an improvement of the null space property specific to our
setting (see Proposition . We first need some intermediate estimates.

Lemma 4.1. For anyd > 1 and any s > 2

(4.3) Kr(2s) > 2Kr(s), and K (2s) > 4K(s).
In addition,

3
2

4
(4.4)  Kp(s)> max || Ly|| 7o

T,? d K >
max 1Tl 70 an L(s) > 3 D

Proof. For v = (v)1<k<d, We use the notation & = (vg)2<k<q. Let A be a lower
set of cardinality s. We introduce

N ={2v,D),(2v1 +1,0) : v = (1n,0) € A}

It is easily checked that A’ C F is lower and #(A’) = 2#(A) = 2s. Therefore
A C Has. Moreover, for the tensorized Chebyshev and Legendre systems, w, =
szl wy, where w,, denote the sup norm in one dimension. Hence

(4.5) K(2s) > K(\') = Z wi = Z(w%ul + w3, 4q)wp > Z 2w2, wi = 2K (A),
peN veA veA

where we have used the increase of the weights which yields wa,,,wap, +1 > Wy, -

For Legendre system, we have

(4.6) (W3, + Wiy 41) = (A1 + 1+ 401 +3) =420 + 1) = 4w, .

Since A is an arbitrary lower set included in H,, (4.5) and (4.6]) imply (4.3)).
Now let v € H; be the index that maximizes ||T, |~ over Hs. We have R, C

H,, so that Kp(s) > Kr(R,) = [1i, (1 + 2u0) > 3o = (3/2)I¥llo|T,|2...

Similarly, for v € H, maximizing ||L,||r~, Kr(s) > KL(R,) = HZ=1(1 + )2 >

(4/3)lllo HZ:1(1 + 2uy,), where we have used (14 ¢)> > 3(1 + 2t) for any ¢t > 1.
Since for s > 2, we get that v # 0 and ||v|o > 1. The proof is complete. B

Remark 4.2. In the previous proof, if we define A’ by copying A using 3vq, 311 + 1,
31 + 2, we get Kp(3s) > 3Kr(s). For convenience, in the next proposition, we
will employ the estimates: for any d > 1 and any s > 2,

(4.7 Kr(3s) > 3Kr(s), and K (2s) > 3K(s),
where the second one is slightly weaker than (4.3)).



14 ABDELLAH CHKIFA, NICK DEXTER, HOANG TRAN, AND CLAYTON G. WEBSTER

We now are able to provide the null space property associated with Chebyshev
and Legendre systems, defined on the Hyperbolic Cross index set.

Proposition 4.3. Let s > 2, J = H, and A € C™*V be a normalized sampling
matriz satisfying the lower RIP (3.4) with

(4.8) s < 1/3,

where o = 2 for Legendre system and o = 3 for Chebyshev system. Then, for any
A C Hq with K(A) < K(s) and any z € CV,

(4.9) [zall2 < lzac w1 + 7] Az]|2

p
K(s)

with p = 55, T= 11_'25 and 0 = 0g,qs-

Proof. We have K(s) > K(A) = >, ., w2, therefore proving is equivalent
to showing that A satisfies the weighted robust null space property of order K(s)
with constants p and 7, see [4I], Definition 4.1]. In view of [4I, Theorem 4.5] and
by an inspection of its proof, this can follow with p and 7 as in our proposition
if A satisfies weighted RIP with 8, 35(s) < 1/3 for K(s) > (4/3)sup,cy, w2. In
view of .7 3K(s) < K(as) for both Legendre and Chebyshev systems. Since
0yt is increasing in t 0w 3K(s) < bu,K(as) = Ot,as < 1/3, see Remark . 2| for the
equality. We also have from ) that K(s) > (4/3) sup,cy, wz for any s > 2 for
both systems, which completes the proof. B

Combining (3.19)) and Proposition yields the uniform recovery of g up to the
best lower s-term error and the tail bound.

Theorem 4.4. Let s > 2, J = Hs and N = #(Hs). Consider a number of samples

(4.10) m > Cs't7" max{log?(s)(log(s) + d), log(s) log(log(s)/7)},

where 3’ = igi; —14f{¥,} is a Chebyshev system and ' =1 if {¥,} is a Legendre
system. Let y1,Ya,...,Ym be drawn independently from the orthogonalization mea-
sure o associated to {¥,} and A € C™*N be the associated normalized sampling
matriz as in . Then, with probability exceeding 1 — 7y, the following holds
for all functions g =3, rc, Wy Given g, § as in — and n satisfying
I€]l2 < #, the function g% = D oven. B, with c# = (cff)yen, solving [1.2),

satisfies

K(s
=0 1=l S+ o
1
—g*la<e (gw1+d
lg — g7 ll2 < 2 () 27

Above, c1,ca,dy and ds are universal constants.

Remark 4.5. In Theorem £ is actually a random variable varying with the
sampling points (y;)1<i<m. It can be shown however that [[£|l2 < [[g3c|lw,1 for
every set of samples, thus 1 can be set deterministically as /m/||gs.
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4.1.2. Given an exact estimate of the tail. In this section, we seek to prove a
stronger error rate which is independent of tail bound. It should be mentioned
that a result of this type has been derived in [4I], where the index set is condi-
tioned by the weight as

(4.11) J={veN¢: w2 <COK(s)},

and is used to the best weighted K (s)-term reconstruction. Note that this is com-
parable to best lower s-term in our setting, as a lower set of cardinality s has a
weighted cardinality approximately equal to K (s) (see Remark . In our work,
however, J is specified instead to be the smallest set that contains the supports of
all downward closed sets of cardinality s, i.e., J = Hs. As shown in Lemma
wZ < 2 K(s) for all v € H,. The converse, i.e., w2 > CK(s) for all v ¢ H,, how-
ever, does not hold. Indeed, for our Chebyshev weights, definition would lead
to a J with infinite cardinality. Therefore, H represents a significantly smaller in-
dex set than those considered in [41]. Nonetheless, the recovery of g up to the best
lower s-term error is still available without condition , provided that ¢, /w,
is small in HS. To clarify this assumption, for g = Y c, V¥, we introduce a
parameter A > 0 such that

veF

(4.12) max lev| < (14 A) min lev]
vEHS Wy ved Wy

for some set J C H, with K(J) > 2K (s), or equivalently,

max |cy|/wy

(4.13) A= min (X5 )1
JCHs min |c,,|/w,,
K(J)>2K(s) \ V€T

Many subsets J of H, with cardinality 2s satisfy K(J) > 2K(s), see . Thus,
the minimum in the right hand side of can be taken over only 2s multl indices
in Hs. On the other hand, for function g whose expansion coefficients decay fast,
it is reasonable to assume small rré%{x levl , due to small ¢, and possibly big w, for

v € HE. As aresult, A is expected to be small in this effort.
We first need an estimate of |cye.||2. The choice J = H, is not essential in this
development, for which reason we state the result for general ||cz¢||2.

Lemma 4.6. Let ¢ = (¢y)pcr and J be a subset of F. For all s > 1, there holds

(114) legellz < "7£1+¢ s 2.
veJe

Proof. We introduce J' = {v € J¢: w2 > K(s)} and J" = J¢\ J'. By definition
of J', we have

w22 c
||Q7’H2 < Z v < H J ||W,1.

veJ’ K(S) v K(S)

Since [ezel2 < [legll2 + leg |2 and |leze|lw,r = lleg/|lw1 + [leg]lw,1, one only
needs to show that

egrla < 12" ||w1+ VR g ]
/ Uej//
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We order J" according to a non-increasing order of (|¢,|/wy)ve7» and then parti-
tion J" as J" = Uleljl where we inductively choose the sets J; according to: Jy =
0; for I > 1 and Jo, ..., Ji—1 having been built, we set M; = T"\{JoU---UT_1},
and let J; = M, if K(M,;) < K(s), or be a subset containing largest elements of
M such that K(s) < K(J;) < 4K (s). If the induction does not terminate, L = oo
in which case

K(s) < K(J)) <4K(s), Vi>1.

If the induction terminates, L < oo and we have only K(J) < K(s).
Now, we denote by r;" and 7, the largest and smallest entries in (|cy|/wy)veg, -
An easy extension of [20, Lemma 6.14] yields for all 1 < < L:

lealls < et YER it - < 10+ VRGI6 )

In the case L < oo, we have |lcz, |l2 < 7] +/K(JL) < rf+/K(s). There follows in
both cases L < oo and L = oo:

L
C 71
legrlle <3 Nleals < 1ozl o /BT
=1

VE(s)
Since rf < max levl the proof is complete. W
veJ" (27
We are now ready to state and prove the recovery guarantee, assuming an exact
estimate of gz exists.

Theorem 4.7. Let s > 2, J = Hs, N = #(Hs), and m as in (4.10). Consider
a function g = Y ,crc, ¥y, with ||gluy < 0o, and X defined as in (4.13)). We

introduce Eg = max{\/ngHg 2, %} and let n be such that
(4.15) E, < —L <(1+e)E,.

vm
for some ¢ > 0. Then, with probability exceeding 1 — v, the function g% =
D oven. e W, with the vector ¢ = (cff )uen, solving [4.2), satisfies

lg = 9%lloo < llg = 9% llwn < (1 + A+ )e30((9)w 1,

(4.16) U(e)( )
— e < A+ A+ e)eg 2Tl
lo =gl < (1 3+ €)es 22
Here, c3 and c4 are universal constants.
Proof. We introduce & = (gi)lgz‘gm = (91:(¥i))1<i<m. Since y; are i.i.d. random
variables with respect to g, by Lemma 4.6}
2llepel|?, 0
K(s)

jeu]
el =
. e llw, . ) i . .

e Case 1: [[eycll2 > ok Since [&;| < |lewe(lw,1 < A/ K(8)|lene |2, it holds

E|(& - E[gﬂ)ﬂ < E[E]] < K(s)llens |3 EIE] < K(s)llencl-

(4.17) E[E?] = [lew: |3 <

We consider two cases:

where we have defined My := max, ey

3
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Applying Bernstein’s inequality with the mean-zero random variable 5? —E[¢7]
P(i g mr2/2 )
— m K(s)llewgllz + 5K (s)lencli3/

i=1

les 3 = ) < exp(—
Choose k = ||y |3, there follows

(32 5 2 2enst) <o)

llergllo.n

e Case 2: [[eyc|lz < \/F Similarly to [41], by Bernstein’s inequality,

T e llee lI2 m
(Zg i) (Zg ~llensl3 > ") < exp(— ),

In both cases, given that m > (8/3)s't# log(1/v) > (8/3)K(s)log(1/7), then
with probability exceeding 1 — ~,

L+ AK (s) M3,

*Hin < max {2||07_[C K(s) } < K(s‘s)w,

where the second inequality follows from (4.17). Under the condition (4.15), an
application of Theorem yields

(4.18) g — g% |lw1 < 108 () + (1 + €)di | ene

w,1 + (1 + E)dlK(S)MH§
Let A* denote the support of best lower s-term approximation of g in £, ;-norm, J
be determined by (4.12)-(4.13). For every v € J := J \ A*, there holds w? My <
(14 Nw? ‘c"l = (1+ Nwy|c,|. Summing these over J gives

(4.19) K(s)My: < K(J)Muz < (14 Mgl

the first inequality coming from K(J) > 2K(s). We finally combine (4.18) and
(4.19) to obtain (4.16|), which completes the proof. B

4.2. Tterative hard thresholding. Thresholding algorithms for finding best s-
term approximations consist of solving problems of the form:

(4.20) min [[Az — gl|2 subject to supp(z) < s.

In this section, we study a specific thresholding approach for lower sparse recovery,
which is guaranteed with the reduced query complexity (3.19)). The method solves
the following constrained minimization problem:

(4.21) min [|Az — gl|2 subject to supp(z) < s, supp(z) lower.

To achieve the minimum in (4.21)) we first define the hard lower thresholding oper-
ator
(4.22) HY(z) = argmin ||z — Z|,.

supp(Z) lower

lsupp(2)|=s

Our goal is to approximate a smooth function of the form g = 3 ¢, V¥, by a
sparse expansion supported in a predefined polynomial subspace P ;. We let s be
the sparsity level, J = H, defined as in (1.10), with A € C™*N and g € C™
be the normalized sampling matrix and vector of observations respectively. In
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what follows, we consider the following lower version of iterative hard thresholding
algorithm [4].

Algorithm 4.8. (Iterative hard thresholding on lower sets)

O as an s-sparse lower vector,

(1) Initialization: set the initial approzimation ¢
e.g., ¥ =0.

(2) Iteration: repeat until a stopping criterion is met at n = n:
"t = HYc" + AT (g — Ach)).
(3) Output: c# =c", and g#* =Y ,c,, EV,.

We remark that a related thresholding approach entitled ¢terative hard weighted
thresholding has been proposed in [29]. Similarly to that work, our method is de-
signed for function reconstruction with preference to low-indexed terms. However,
we focus on high-dimensional polynomial approximations and use the lower instead
of weighted sparsity constraint for the thresholding operator. A surrogate of H!
can exploit the lower set structure and is independent of weights, whose optimal
choice is an important problem for iterative hard weighted thresholding. Below we
provide the convergence result for Algorithm

Theorem 4.9. Let J = Hs. For s > 2, consider a number of samples as in
(4.10). Let y1,...,Ym be drawn independently from the orthogonalization measure
o associated to {¥,} and A € C™*N the normalized sampling matriz. Then:

(i) with probability exceeding 1 —ry, the following holds for allg =" . r c, ¥y:

the function g" =3 4 cpWy, with " = (¢}))ven, solving @), satisfies

(4.23) 9" = ga~ll2 < p™[lg° — ga~

+—— |
2 \/m 25

where € = (&)1<i<m = (g(aye (Yi))1<i<m.-
(ii) for a fized function g = Y, crcoWy with gl < oo, with probability
exceeding 1 — vy, for all n € N, the function g" = ZV€H5 gV, with " =

(c2)ven, solving ([2), satisfies

in I
\/m g(A )ellw,1-

Here, p and T are universal constants with p < 1, A* is the support of best lower
i . , ) i 0) . ,
s-term approzimation of g in La-norm, and o5’ (g)2 = ||ga=)-|l2 is the best lower

s-term error in fo-norm.

(4.24)  lg" —gll2 < p"lg° — ga-ll2 + (V2 + 1)a{?(g)2 +

Proof. We will prove that the assertion (i) holds provided that d¢ s < 1/2 (where
«a = 2 for Legendre system and « = 3 for Chebyshev system), following the tech-
nique in [I9] for standard iterative hard thresholding. First, let v = ¢" + A*(g —
Ac™). On one hand, by definition of ¢"*! in Algorithm and since A* is
lower of cardinality smaller than s

32" =G = (0" —eas) = (€T — el

[[v™ — eax

= [[v" = ea-[l3 + leas — "3 = 2R(v" — ear, " —eas).
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This yields that ||ca« — " ™1||3 < 2R(v™ — cp+, "™ — ep+). On the other hand,
(V" —cps, " —cep) = (Id — A*A)c™ + A*G — cp-, ™ — cp-)

—((Id— A A)(c" — cp-), & —enr) + —=(€, A — erv)).

1
vm
It is easy to see that A™* := supp(c")Usupp(c" 1) Usupp(ca-) is a lower set which
satisfies K(A™*) < 3K (s) < K(as) (see (4.7) for the second inequality), thus from
Theorem [3.3]

(Td= A" A)(e" — ex) e —exe) afle™t — exell,
(€A™ = ea))| < VIT aal€llalle™ — ex-

n+1

S 6l,o¢s||cn — CA*

2.

‘We have then

2,/1+ 5g’as

N

||CA* — Cn+1||2 < 25Z,as||cn — CAx ”2 +

The inequality (4.23) follows given dp o5 < 1/2.
For (i), note that we have E(¢2) = [lca«)<||3 and [&] < |lea+)e|lw,1 implying
that

~ ~ 2
E(& - EE2)) <EIEN < lewoel alleey I3

llecaelld,
R  and
prove using Bernstein’s inequality, similarly to Theorem that with probability

exceeding 1 — v, we always have

€13
m

2
We can consider two cases [lc(a«ye||3 > % and [le(a)< |3 <

2lleanyellZ
K(s)

Substituting the previous inequality to (4.23]), we obtain

< 2|leanyell +

9" — ga-ll2 < p"[1g° — gasll2 + 7V2[le(ayell2 +

77‘/5”0
VE(s) et

The inequality (4.24) then can be concluded by virtue of the triangle inequality. B

In general, it may not be feasible to find the optimal vector H!(z) exactly.
Greedy procedures can be used to explore a near optimal lower, s-sparse truncation
of z and provide a surrogate H’(z) of H!(z) (see [8]). A significant advantage in
our context is that we do not have to compute the components of z inductively
but have them all at hand. The exploration cost is therefore a fraction of that of
matrix multiplication. We can also consider new additional algorithms that take
advantage of full knowledge of z. The numerical realization of Algorithm .8 and
comparison with standard iterative hard thresholding and iterative hard weighted
thresholding will be conducted in future work.

5. NUMERICAL ILLUSTRATIONS

In this section, we provide several numerical examples to demonstrate the effi-
ciency of our weighted ¢; minimization with w, = ||¥, | L~ for smooth multivariate
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FiGure 1. Comparison of the averaged LZ error in approxi-

[d/2] k
mating g(y) = Hdkzl COS((llﬁyZ:Zi) using weighted ¢! minimiza-
k=[d/2]+1\*

tion with various choices of weights. (Top) d = 8, N = 1843,
and ||gyc|l2 = 1.7487¢ — 06. (Bottom) d = 16, N = 4129, and
lgac |2 = 1.3482e — 06.

function recovery. We focus here on the approximation of g in terms of orthonormal
Legendre expansions by solving

(5.1) min |z]o.  subject to [§— Az|s < ——
zeCN

\/ﬁ)

where 7 = /m/||gyc||2 for various choices of weights. As we test with simple func-
tions, the expansion of g can be computed numerically with the use of a quadra-
ture approximation yielding an estimate of the tail  a priori. The software code
SPGL1 [45] [44] is employed to solve (5.I). In each example, we choose the poly-
nomial subspace Py = Py, and increase the number of samples m up to some
Mmax < N = #(Hs). For each ratio m/N, the set of random samples is fixed over
various choices of weights for a performance comparison. We then run 50 trials for
the averaged Lz error, setting the maximum number of iterations in SPGL1 per trial
to 10,000. Our results are shown in Figures [[}j4] for several multivariate functions.
The left panels represent the magnitudes of polynomial coefficients (computed with
MATLAB via a sparse-grid algorithm) indexed in H, and sorted lexicographically.
The center panels depict the decay of the coefficients once sorted by magnitude.
The right panels show the corresponding convergence results.

Our experiments indicate that for functions with very fast decaying polynomial
expansions, w, = |V, ||p~ is virtually the optimal weight. Indeed, for the function
concerned in Figure[I] consisting of trigonometric and rational univariate functions,
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we see in both d = 8 and d = 16 that the weight w, = ||V, ||L~ significantly out-
performs the unweighted ¢, approach. We also note that in d = 16, higher weights
begin to have decreasing benefit, performing worse than our proposed weight.

The results in Figure [2] are related to a function that involves the exponent of
a sum of univariate trigonometric functions. We note that only a small fraction
of coefficients exceed 10716 in both d = 8 and d = 16. In this case, we see that
the weighted ¢' with the weight w, = ||¥, [z~ performs the best out of all of
the weights supplied. We also observe that increasing the weights beyond ||, ||
leads to a corresponding increase in the averaged Lg error.

In Figure [3] we test with a root of a rational function. Here again, the weight
wy = ||¥,|| L~ performs the best, and the approximation errors grow as the weights
increase beyond this weight. The two highest weights even perform worse than un-
weighted ¢! for higher values of m/N. Comparing Figures and the similar center
panels suggest similar decay rates for both functions inside Hs. The performance
of the weights between the two examples however drastically differs, possibly due
to the different support of the large coefficients. For this function, we were unable
to test with d = 16 and N = 4129 due to the high expansion tail.

On the other hand, if the polynomial expansion is less sparse, our weight may
be not optimal. Figure [d] shows the results for an exponential function of a linear
combination of the 1-d variables. For this function, over half of the coefficients in H.,
exceed 1078, and w, = || ¥, ||~ performs worse than the larger weights. Still, we
observe here, as in all tests for smooth functions in higher dimensions, i.e., d = 8
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and d = 16, that our weight consistently provides improved accuracy compared
with the unweighted ¢, thus confirming the theory presented throughout.
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6. CONCLUDING REMARKS

In this work we present several novel compressed sensing approaches for sparse
Legendre and Chebyshev approximations of real and complex functions in high
dimensions. Motivated by the fact that the target function in many applications
is smooth and characterized by a rapidly decaying orthonormal expansion, whose
most important terms are captured by a lower set, we develop new ¢; minimization
and hard thresholding procedures to impose the lower preference. Through rigor-
ous analysis and numerical illustrations we demonstrate that the proposed methods
possess a significantly reduced sample complexity compared to existing techniques.
This advantage is established through the introduction of lower RIP, a weaker ver-
sion of RIP that is associated with lower sets, and an optimal choice of polynomial
subspace. In addition, we prove a generalized version of the result in [5] for bounded
orthonormal systems and improve the RIP estimate by one logarithm factor.

Extending the theory and the procedures developed herein for approximating
high-dimensional parameterized PDE systems is the next logical step, as it has
been known that for a large class of such systems, the polynomial chaos expan-
sions of parameterized solutions decay exponentially. A significant challenge as-
sociated with this problem is that the “signal” ¢ = (¢, ),es to be recovered has
Hilbert-valued, rather than real or complex, components, i.e., ¢, € V. As shown in
[1°7, [32), 311 37, [39] 25], standard compressed sensing techniques only approximate a
functional of PDE solutions, for instance, u(x*,y) (via ¢, (z*)) at a single location
x* in physical space. Although wu(-,y) can be constructed from these pointwise
evaluations using piecewise polynomial interpolation, least square regression, etc.,
this practice faces two limitations. First, a priori information concerning the decay
of (J|ev|lv), available in many applications, cannot be exploited for improving the
convergence of recovery algorithms. Second, each u(z*, y) is only successfully recon-
structed, with a certain probability, and there may be a fraction of selected nodes
2* in which u(z*,y) is ill-approximated (i.e., with low probability). To address
these difficulties, we aim to investigate new convex optimization and thresholding
frameworks for Hilbert-valued functions, so that ¢, € V can be directly computed.
The mathematical analysis and computational aspect of this approach will be doc-
umented in future work.

APPENDIX A. PROOFS OF THE RIPs
We recall the following notations, which will be used throughout this section:
Bl,N = {Z S (CN : HZ||1 = 1},
& ={zcCV:|z]2 =1, #(supp(z)) < s},
gl i={z € CV i ||zll, = 1, K(supp(2)) < K(s)}, and

U(y, z) = Z 2,U,(y), with yel, zeCV.
veJ

A.1l. Supporting lemmas. First, we derive a Chernoff-Hoeffding bound for com-
plex random variables, as well as a tail bound for Bernoulli random variables.

Lemma A.1. Let X;,..., X5 be M independent identically distributed complez-
valued random variables satisfying | Xi| < a and E[Xy] = X for all k. We denote
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X = ﬁ Zli\;il Xy.. For every u > 0,

2

(A1) P(‘Y—X‘ 2u> §4exp(—]\4{g )

Proof. We have
- - p - p
P(IX-X|>2p)<P[(RX-X)|>—=)|+P| XX -X)|>—=].
(X-x| 2w <2 (|0 -0 2 ) B (jsx -0/ > &)
Applying Hoeffding’s inequality [28] for two sequences of bounded real random
variables {f(X})} and {&(Xk)}, there holds
2

(’mX X)| \/§><2€XP< ]4\/‘[&/5), ]P<|%(X—X)|>5§><Qexp(—ﬂif; )

The proof is then complete. B

Lemma A.2. Let Xy,..., Xy be M independent identically distributed Bernoulli
random variables with E[X}] = X for all k. Denote X = 1 22/[:1 Xk. Then, for
every 0 < 1 < 1, o >0 and M > 28 there holds

pipe’
_ M
(A.2) [P’(|X - X|>mX+ ug) < exp(— 1121“2).
e
Proof. Let €1, ..., €ep be a Rademacher sequence. Using symmetrization and Khint-

chine inequality [20, Section 8], we have for any ¢ > 1

M q

Zeka

k=1

q/2 3 q
20t e q/2QQ/2 21+‘Tq\/a ~-4/2
<2 -~ 1T K § X2 = X1 ) ExyxXV7.
= X k VeM X

Denote C' = 27/%¢~1/2 there follows

(EX]X—X’q);g%/a<EXXg ;<C\/7\/>—|—C\/7(IEX|X Xy)

the last inequality implies

(Bx [X-x|")" <c?L + 20, [ LVX,

Applying Markov’s inequality gives

P(|X-X|>e?L 420,/ LVx)<e.
(’ ’_60M+ eC M\/>>_e

Finally, it is easy to see that

Ex |X - Xy < VEXJE

C?%qe?V/2
eC2q+2C ( +1></¢1X+w.
My
Defining ¢ = M so that ps = Cﬂ’fm\/ﬁ, we conclude the proof. B

Next, we state and prove an extended covering number result.

Lemma A.3. For 0 << <1, u> 0, there exists a set D C CV such that
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(i) For all z € &, y1,...,Ym €U, there exists 2’ € D satisfying:

(A.3) [(y,z —2')| < p with probability exceeding 1 — < in (U, 0), and
(A.4) [Y(yi,z —2')| < p  for at least (1 —s)m indices i € {1,...,m}.

(i) The cardinality of D satisfies
(A.5) log(#(D)) < (8/4%)67s log(4N) log(12/s).

Proof. We will find D using the empirical method of Maurey. First, we observe
that £ C /sBi n, hence if we denote P = {+e;1/2s, Tie;v/2s}1<j<n, where (e;)
are canonical unit vectors in CV, we have & C conv(P). Every z € & can be
represented as z = Z;‘fﬁl A0y, for some A, > 0, ngl Ar = 1 and v, listing 4N
elements of P. There exists a probability measure A on P that takes the values
v, € P with probability A,.

Let z1,...,z) be i.i.d random variables with law A. Note that Ez; = z, for all
k=1,...,M. For each y € U, ¥(y, zx) is also a complex-valued random variable
on probability space ((y,P), \) with

[(y,z1)| <OV2s, and  E(y, z) = ¢(y, 2).

Denote z = ﬁ 22/121 21, let D be the set of all possible outcomes of Z and A be
the probability measure on D according to z. We define a characteristic function
x on (U x D,p® A) such that

=\ 1a if |¢(y72_ Z)| > W,
x(y, %) = : ~
Oa if |w(y7z7z)| < W
Applying Lemma [AT] yields for all y € U,

[ 3w = B (0.7 - )] > ) < 40~ 325,

There follows

/ ( / x(y,Z)dQ) a- [ ( / x(y,zw) do < dexp(~ 20,

which by Markov’s inequality yields that with probability exceeding 2/3, Z satisfies

_ _ My
(A6 Py ([0 z-2) 2 n) = [ Xy Rde < 12exp(~ 1y ).
u S
Now, repeating the above arguments to the set {y1, ..., ym, } with discrete uniform

distribution, one can also derive that with probability of Z exceeding 2/3, there
holds

Muy?
802s
Hence, there exists a realization z’ of Z in D fulfilling both (A.6) and . Note
that #(D) < (4N)M. By defining a new variable ¢ = 12 ex?%{i) and elimi-
nating M, we conclude the proof. B

(A7) |Y(yi,Z — 2)| > u, for at most 126Xp(— )m indices 7 € {1,...,m}.
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We observe that a sharper estimate of log(#(D)) is possible. Indeed, one can
bound #(D) by (4N;}M ) instead of (4N)™, under which the assertion (ii) is replaced
by

8 eN 2

A log(#(D)) < —©%slog (e + gyt ) log(12/5).
(A.8) og(#(D)) < u2® slog(e + %5 loa(12/0)) %8 /s
Consequently, the RIP estimate can be improved with a slightly weaker logarithm
factor. We will detail this point later in Remark
A.2. Proof of Theorem [2.2]
Proof. We define the set of integers

log(d) log(©+/s)
A9 L=17nN ( ; 1),
(A.9) log(1 4+ 0) log(1 +9)

and denote by [, the minimum and maximum of £ respectively, where £ has been
chosen so that the integers [ and [ satisfy

(A.10) (1+6)2<6§ and (1+0) > 0.

Let @ := {y1,...,Ym} be the sample set containted in U and denote by oo the
discrete uniform measure associated with Q.

Step 1: For 0 < ¢ < 1 (exact value will be set later), we seek to construct v
approximating 1 such that:

(i) For all z € &, the following holds with probability exceeding 1—¢ in (U, p),
as well as probability exceeding 1 —¢ in (Q, 0¢)

(1-36/2)1(y, 2) <|v(y, 2)| < (1+36/2)¥(y, 2), if ¥(y,2) >0,
[v(y, z)| < 66/5, if Py, z) = 0.

(ii) For all z € &, there exists a pairwise disjoint family of subsets (Il(z))lel; of
U depending on z such that

(A.12) P(nz) =) (1+ 5)1X1l<z>-

leL

(A.11)

(iii) For every I € L, (Il(z))zegs belongs to a finite class Fj of subsets of U
satisfying

39 12log(6—1O©
(A13)  log(#F) < gy prars s log (4N) log (M) .

First, for [ € £, let D; be a finite subset of CV determined as in Lemma

with pu = % and 0 < ¢’ < 1 (to be set accordingly to meet our needs). We
have
32 ,

For a fixed z € &;, there exists z; € D; and a measurable set U; C U with o(lf;) >
1 — ¢’ such that

iy, z - =) < LI

and y;’s are contained in U for at least (1 — ¢’)m indices i € {1,...,m}.

,VyEUl,
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We construct a pairwise disjoint family of subsets (Il(z))l and mapping 1[1(, z):
U — R which depend on z and @, inductively for the integers [ > - -- > [ according
to:

0% ={yet: (1+0)" < |w(y.z)| < (1+06)F1),
I =\ | J1#), and

r>1

(A.15)

w(', Z) = Z(l + 5)ZXIZ(Z)'

leL

In the following, we prove that ¢ satisfies (A.11)-(A.13). First, consider y €
iU Iy € Il(z) for some [ € L, then

1/;(y7z) =(1+ J)l >0and (1+ 5)l_1 < |y, z)| < 1+ 6)“‘1.

Since |[¢(y, 2)| — [¥(y, z0)|| < [¥(y, 2) — ¥(y, z1)| < 6(1 +6)"71/2, we have
(140)1 < (1 + ‘;’5> Dy, 2),
R (R !

Wy, 2)| < (1+8)" +

and [¢(y, z)| > (1 +6)"

N\Oﬂ 1\3\07

Ify¢ Uleﬁ , then ¢ (y, z) = 0 and for every | € L,

[y, z0)] ¢ (L+0)"71, (1+48)"H).
We notice that ||¢(y, z)| — |¢(y,zl)|| < 8(1+6)'71/2, there follows

U(y, z |¢U< A+6h A+ 325+52)(1+5)l—1).

el

Observe that (1+ 322 +62)(146)"~! > (1+£)(1+6)!, the previous intervals intersect
for any two consecutive values of . We infer
g -1 30 2 -1
V(.2 < (L DA+, or [wly.2)] = (L+ B +8)(1+d)

In view of the identities in (A.10) and ||¢|| L=~ < ©4/s, the second inequality can-
not occur. As for the first, it implies by (A.10) and assumption § < 1/13 that
[(y,z)| <6(14+6/2)(1+9) <65/5.

Next, consider y ¢ (), U;. Condition (A.11]) is not guaranteed in this case.
However, these only hold with probability not exceeding

Q(U\ N Uz) <Y oU\U) < (#L) < log(d 19\[)< =,
(A 16) lel lel log(l + 6)
' - : log( “levs)
and #{Z.yi§élgul}§§m(#£) og(1+0) — Y {m=m,
log(1 4+ 6)

when setting ¢’ =

1og(6-10+/5) "
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In summary, we have proved that for all z € &, the following is satisfied

(A17)  (1-38/2)9(y, 2) < [0y, 2)| < (1+36/2)d(y,2), foryel,
(A.18) 0 <|¢(y,z)| <65/5, and (y,z) =0, fory €1,
(A.19) oU') <,

where the three sets I := (ﬂleﬁ L{l) N (UleL Il(z)) , 1= (ﬂleﬁ ul) \ (UZEL Il(z)) ,
and U :=U\ (ﬂleE Ul) define a partition of U, and depend on z and Q.

It remains to verify (A.13). For any [ € L, #{IZ/(Z) |z € &} < #D; and #F, <
[, #D;. From (A.14), we see that
32

< W@zslog (4N)log (12/¢").

log(#F)) < Zlog #D,)

r>1

Step 2: Derive essential estimates of ||z2 and || Az]|2 in terms of ¢(-, z). First,
given z € &, we observe that

(A.20)
2 WJ yla
1=z} = | 1W(y.2)de, and |Az|3 = Z |w y, 2)|*doqg.

It is easy to check that if 6 < 1/13, one has for real numbers a,b > 0, (1 —
3—25)61 <b< (1+ %J)G implies (1 — 36)a? < b? < (1 + 48)a?, which also implies
(1 —40)b < a® < (1 + 46)b?, so that [b® — a?| < 46 min(a?,b?). Therefore, from
we get that

‘W}(y, — [P(y, = ‘ < Ad|p(y, )7, for y € I,

and ’\1/1(y,z)|2 iy, 2)2 ] < 4ld(y, 2)2,  foryel.

This, combined with (A.18) and (A.19) and the fact that |¢(-, z)[> and [¢)(-, 2)|?
are uniformly bounded in U by ©%s and by (1 + §)?02%s < 20%s, implies

2l ~ [ 1itw. =)
+ [t 2P = 5w 2 e+ [ o2 - 52

< [ 1wt =) = 10w 20| de
I

3662 -
(A.21) < 46 | |W(y, z)Pdo + ?SQ(I) + 207%s6.
I
By noticing that Q(f ) <1 and setting ¢ = ﬁsgs, we infer
~ 5 6 9
(A22) 21 - | ity 2 Pde| <16+ 5+ 5 =
u

Repeating the above argument for the probability space (@, og) with notice that
ooU' N Q) < yields

- ~ é
a2 |42l = [ 15 2)Pdea| < 45 [ 16w 2)Pdeg + 5.
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From (A.22)) and (A.23), we obtain

14zl — z18] < 46 | 1y, 2)Pdo-+ 55

(A.24) " (1+46>] / 30 2)Pdoo — [ |z/3<y,z>|2dg\
<45(1+ 6)+56+ 14 49) ‘/ l(y, 2)|*dog — /|w (y, 2 |d9’

Step 3: We derive an upper bound of ‘HAzH% - ||zH%} via (A.24)), by employing

a basic tail estimate (Lemma |A.2) and the union bound. From the definition of 1),
we have that

(A.25)

‘/ [9(.2)Pdeg — [ 6(u:2) d@‘ S+ 8

leL

(%)
#(Q;Il )79(11(2)) )

Let (k1)iec be a sequence of positive numbers. Applying Lemma for any set
A in the class Fj, with probability of @) exceeding 1 — exp (f m"”‘s), there holds

16e
#QNA4)
m

(A.26) o) < 60(8) + .

By the union bound, with probability exceeding 1 — 3, - exp (—"{’gé‘;) (#F)), the
previous inequality holds uniformly for all sets A € Ujc F;. Therefore, with prob-

ability exceeding 1 — Zl £ exp ( ";gf) (#F);), we can apply (|A.26] - with A = I(Z)
(I € £) to the sum in and combine with (A.24) to infer that for all z € 557

90 ~
A= (3=1215] < 46(1+%) + 56+ 501+49) [ i(w.2)Pdo + (145) 31+ 5
el
< 45(1+9—6) +56 + 5(1+45)(1+9—6) +(14+40) 3 (1 +6)%k
- 2 2 leL
<1204 6/3 4 (1440) Y (14 6)%k,
lel

for the last inequality we have used § < 1/13.
Finally, in order to obtain Theorem [2:2] we need to assign appropriate values for
x; and derive conditions on m such that

2%;7 , an ex
3 (1 +8)% < 6/2 a3 (

el el

(#ﬂ)) <.

The two inequalities can be fulfilled if for example the numbers k; and the integer
m are chosen as follows

5/2 _mgd
(#L)(1 + 6)2” 16e
This implies that

R] =

—l—lg(#Fl)<log<#£> lel.

020 (0 D gy 1 (£2)] . rec
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Observe that since ¢ = we have in view of (A.13)) that

S
6025’

326 (#0 U tog 1)

1+4)? 0.5 72025 log(0y/5/0)
< 910 ( 2 )
=27 4% log(1 +4) ©7slog (4N) log < ) > log < ) log(1 +0)

< 2%0¢ %28 log(4N) log(@(;2 ) log<406625 log(®2s)>,

62
aze (1) E 7 1og (££)
(1+5) @(;[)10 (1_log(@¢§/5))

2
—_ 1
Flog(1+0) " ox( 7 Tlog(1+9)

< 256% log<(?; ) log(% log(%—zs)).

Here, we employed estimates (1+6)2 < (14/13)2 and log™'(1+6) < 1.1/4, obtained
from the small condition of §. Combining the two estimates and (a+b) < 2max(a, b)
shows that m as in Theorem [2.2]is suitable. B

< 32e

We conclude this subsection with two remarks detailing some slight technical
improvements of Theorem

Remark A.4. We can give a sharper approximation of ¢ by refining the map 15(, z).
For example, given an integer k > 1, we define L as

Z log(6) 1 log(©y/s) 1
(A.27) L=7n <1og(1 +6) " k' log(1+9) 7)

§(148)I1/*
2k

and construct the domains D; using p = . We replace the domains 1, l/ (=)

in (A-15) by

% = {y el : 1+ 6k < [y, z)| < (1+6) k),

Using the elementary inequalities (1+6)"/* < 1+6/k and (1+6)Y/* — W >

1+ % and assuming §/k < 1/13, we verify that (A.17)) can be improved as

30\ - 30\ -
w2) (1= 7)) <o)l < (1457 ) S fory e 1

while (A.18]) and (A.19)) are unchanged. An inspection of the proof shows that this
yields with 48/k instead of 46 and with 3652 /25 and 20%s¢ unchanged. We
mention however that the cardinality #(£) and the bound in on log(#(F}))
gets roughly multiplied by k and k® respectively.

Remark A.5. If (A.8) is applied to bound log(#D;), we can obtain
32 eN§2(1 + )22
~ 02(1+ )22 402slog(12/¢")

32 eN§?
[ — o /
- 62(1 + 5)21—2 410g(12/§/)) 10g(12/§ )7 le L,

log(#D;) < 0%s log(e + ) log(12/<")

0% log(e +
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where ¢’ = W{%, instead of (A.14). Subsequently, the term log(4N) in
N§?
sample complexity (2.2]) and (3.7)) can be replaced by log (e+ 62 . )
4log 3692510g 923
5 o
Proof. The proof of Theorem [3.3] follows closely that of Theorem [2.2] with one

critical change: Instead of &, we only approximate || Az||s on the set £ defined as

A.3. Proof of Theorem [3.3]

(A.29) E8={zecCV :|z|2 =1 and K(supp(z)) < K(s)}.

We have that £ C conv(P?), where P¢ = {:I:Z—; 2K(s),:ﬁ:i5—;\/2K(s)}1§j§N,
with w; = ||¥;]/z~ and (e;) being canonical unit vectors in C¥. On the other
hand,

(A.30) [W(y.2)] < VK(s), Vze&,yel.

We thus can derive an extended covering number result for £ (similar to Lemma

for &;), then replace the bound ©+/s by 1/ K (s) throughout the previous proofs,
resulting in Theorem |
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