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Abstract. We consider the problem of reconstructing an unknown bounded function u defined on a domain
X c R? from noiseless or noisy samples of v at n points (wi)izl ,,,,, n. We measure the reconstruction error in a
norm L?(X,dp) for some given probability measure dp. Given a linear space V;,, with dim(Vy,) = m < n, we
study in general terms the weighted least-squares approximations from the spaces V,,, based on independent
random samples. It is well known that least-squares approximations can be inaccurate and unstable when
m is too close to n, even in the noiseless case. Recent results from [6, 7] have shown the interest of using
weighted least squares for reducing the number n of samples that is needed to achieve an accuracy comparable
to that of best approximation in V;,, compared to standard least squares as studied in [4]. The contribution
of the present paper is twofold. From the theoretical perspective, we establish results in expectation and in
probability for weighted least squares in general approximation spaces V,,. These results show that for an
optimal choice of sampling measure dp and weight w, which depends on the space V;, and on the measure
dp, stability and optimal accuracy are achieved under the mild condition that n scales linearly with m up
to an additional logarithmic factor. In contrast to [4], the present analysis covers cases where the function
u and its approximants from V;,, are unbounded, which might occur for instance in the relevant case where
X = R% and dp is the Gaussian measure. From the numerical perspective, we propose a sampling method
which allows one to generate independent and identically distributed samples from the optimal measure du.
This method becomes of interest in the multivariate setting where du is generally not of tensor product type.
We illustrate this for particular examples of approximation spaces V,,, of polynomial type, where the domain
X is allowed to be unbounded and high or even infinite dimensional, motivated by certain applications to
parametric and stochastic PDEs.

Math. classification. 41A10, 41A25, 41A65, 62E17, 93E24.

Keywords. multivariate approximation, weighted least squares, error analysis, convergence rates, random
matrices, conditional sampling, polynomial approximation.

1. Introduction

1.1. Reconstruction from pointwise data

Let X be a Borel set of R%. We consider the problem of estimating an unknown function u : X — R
from pointwise data (y');—1_.._, which are either noiseless or noisy observations of u at points (z%);=1__»
from X. In numerous applications of interest, some prior information is either established or assumed
on the function w. Such information may take various forms such as:

(i) regularity properties of u, in the sense that it belongs to a given smoothness class;
(ii) decay or sparsity of the expansion of u in some given basis;

(iii) approximability of u with some prescribed error by given finite-dimensional spaces.

This research is supported by Institut Universitaire de France and the ERC AdV project BREAD.
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Note that the above are often related to one another and sometimes equivalent, since many smoothness
classes can be characterized by prescribed approximation rates when using certain finite-dimensional
spaces or truncated expansions in certain bases.

This paper uses the third type of prior information, taking therefore the view that u can be “well
approximated” in some space V,,, of functions defined everywhere on X, such that dim(V,,) = m. We
work under the following mild assumption:

for any x € X, there exists v € V},, such that v(x) # 0. (1.1)

This assumption holds, for example, when V,,, contains the constant functions. Typically, the space
Vi comes from a family (V});>1 of nested spaces with increasing dimension, such as algebraic or
trigonometric polynomials, or piecewise polynomial functions on a hierarchy of meshes.

We are interested in measuring the error in the L?(X,dp) norm

N
Joll = ([, 1oi%de) "
X

where dp is a given probability measure on X. We denote by (-,-) the associated inner product. One
typical strategy is to pick the estimate from a finite-dimensional space V;,, such that dim(V,,) = m.
The ideal estimator is given by the L?(X,dp) orthogonal projection of u onto V;,, namely

Py u = argmin ||Ju — v||.
”UEVm

In general, this estimator is not computable from a finite number of observations. The best approxi-
mation error

em(u) := min flu —vf| = flu = Prull,
m

thus serves as a benchmark for a numerical method based on a finite sample.

One objective of such numerical methods is therefore to approach the accuracy e,,(u) by using a
sample of minimal possible size. One of the main results of this paper shows that by using a well-
chosen random sample of size n linearly proportional to m, up to a logarithmic factor, one can construct
an estimator 4 € Vj, such that |ju — @|| is comparable to e, (u) in expectation, or to another best
approximation error with high probability. The construction of this estimator is based on properly
weighted least-squares methods.

1.2. Discrete least-squares methods

In the subsequent analysis, we make significant use of an arbitrary L?(X,dp) orthonormal basis
{L1,..., Ly} of the space V,,. We also introduce the notation

em (U)o := Unel‘i/n |lu — v|| o,
m

where L is meant with respect to dp, and observe that e, (u) < e,,(u)s for any probability measure
dp.
The weighted least-squares method consists in defining the estimator as
1M . . )
uy = argmin—Zwl\v(:cl) — )%, (1.2)
'UGVm n i=1
where the weights w’ > 0 are given. In the noiseless case 3 = u(x%), this also writes
argmin ||[u — v||p, (1.3)

VEVm
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where the discrete seminorm is defined by

13 . . 1/2
o]l = (nZw’!v(w’)\2> | (1.4)
i=1

This seminorm is associated with the semi-inner product (-, -),. If we expand the solution to (1.3)
as 2?21 vjL;, the vector v = (vj)=1,...m is the solution to the normal equations

Gv =d, (1.5)

where the m x m Gramian matrix G has entries
Gjr:=(Lj,Li)n, Jk=1,...,m, (1.6)
and where the data vector d = (d;);=1,..m is given by d; := + 377" | w'y’L;(z"). This system always

has at least one solution, which is unique when G is nonsingular. When G is singular, we may define
uw as the unique minimal #2 norm solution to (1.5).

Note that G is nonsingular if and only if || - ||,, is a proper norm on the space V;,. Then, if the data
are noisefree that is, when y* = u(z*), we may also write

uw = P"u,

where P’ is the orthogonal projection onto V;, for the norm || - ||,,.

In practice, for the estimator (1.2) to be easily computable, it is important that the functions
Ly,..., Ly have explicit expressions that can be evaluated at any point in X so that the system (1.5)
can be assembled. Let us note that computing this estimator by solving (1.5) only requires that
{L1,..., Ly} be a basis of the space Vj,, not necessarily orthonormal in L?(X,dp). Yet, since our
subsequent analysis of this estimator makes use of an L?(X, dp) orthonormal basis, we simply assume
that {L1,..., Ly} is of such type. In addition, this analysis shows that when using such an orthonormal
basis, the condition number of the Gramian matrix G can be controlled, which warrants the stability
of numerical computations.

In our subsequent analysis, we sometimes work under the assumption of a known uniform bound

[ullLe <. (1.7)
We introduce the truncation operator
z +— Tr(z) := sign(z) min{|z|, 7},
and we study the truncated weighted least-squares approxrimation defined by
ur = T; oupwy.
Note that, in view of (1.7), we have |u — ur| < |u — up| in the pointwise sense and therefore
lu = ur|l < flu—uwl.

The truncation operator aims at avoiding instabilities which may occur when the matrix G is ill-
conditioned. In this paper, we use randomly chosen points z?, and corresponding weights w’ = w(z?),
distributed in such a way that the resulting random matrix G concentrates towards the identity I as
n increases. Therefore, if no L* bound is known, an alternative strategy consists in setting to zero
the estimator when G deviates from the identity by more than a given value in the spectral norm. We
recall that for m x m matrices X, this norm is defined as | X||2 := supjy|,=1 [|Xv||2. More precisely,
we introduce the conditioned least-squares approximation, defined by

_Juw, GG T2 < %a
ue = )
0, otherwise.
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The choice of % as a threshold for the distance between G and I in the spectral norm is related to
our subsequent analysis. However, the value % could be be replaced by any real number in ]0, 1[ up to
some minor changes in the formulation of our results. Note that

1
|G ~1J: < 5 = cond(G) <3. (1.8)

In this paper, we consider least-squares approximations @ of the above types uyw, ur and uc.

It is well known that if n > m is too much close to m, weighted least-squares methods may become
unstable and inaccurate for most sampling distributions. For example, if X = [—1,1] and V,, = P,,,—1
is the space of algebraic polynomials of degree m — 1, then with m = n the estimator coincides with
the Lagrange polynomial interpolation which can be highly unstable and inaccurate, in particular for
equispaced points. The question that we want to address here in general terms is therefore:

Given a space Vi, and a measure dp, how to best choose the samples y° and weights w' in order to
ensure that the L?(X,dp) error ||u — || is comparable to ey, (u), with n being as close as possible to
m, for u € {uWauTqu} ?

We address this question in the case where the x' are randomly chosen. More precisely, we draw the
independent z* according to a certain probability measure dyu defined on X. A natural prescription
for the success of the method is that ||v||,, approaches ||v|| as n tends to +oc.

1.3. Previous results on unweighted least squares

One first obvious choice is to use
dp=dp and w'=1, i=1,...,n, (1.9)

that is, sample according to the measure in which we plan to evaluate the L? error and use equal
weights. When using equal weights w’ = 1, the weighted least-squares estimator (1.2) becomes the
standard least-squares estimator, as a particular case. The strategy (1.9) was analyzed in [4], through
the introduction of the function

x> kn(2) =Y | L),
j=1

which is the diagonal of the integral kernel of the projector P,,. This function only depends on V,,

and dp. It is strictly positive in X due to Assumption 1.1. Its reciprocal function is characterized by
1 . 2

= min vl|%,
k‘m(fL‘) UEVm,v(x):lH H
and is called Christoffel function in the particular case where V,, is the space of algebraic polynomials
of total degree m — 1, see [12]. Obviously, the function k,, satisfies

/ kmdp = m. (1.10)
X

We define

Ky = Km(vadP) = ”kaLC’o;
and recall the following results from [4, 11] for the standard least-squares method with the weights
and the sampling measure chosen as in (1.9).

Theorem 1.1. For any r > 0, if m and n are such that the condition
1—In2

n
K,, < k—, with x:= = , 1.11
- Rlnn Wt R () 2+ 2r ( )

1s satisfied, then the following holds:
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(i) The matriz G satisfies the tail bound

1
Pr {HG DTS 2} <onT. (1.12)

(i) If u € L*(X,dp) satisfies a uniform bound (1.7), then the truncated least-squares estimator
satisfies, in the noiseless case,

E(|Ju —ur|?) < (14 &e(n))em(u)?* +87°n", (1.13)
4k

where e(n) := f(m — 0 asn— 400, and £ as in (1.11).

(iii) With probability larger than 1 —2n~", the truncated and nontruncated least-squares estimators
satisfy, in the noiseless case,

lu —urll < flu—wwll < (1+ V2)em(u)oo, (1.14)
for allu € L>®(X,dp).

The second item in the above result shows that the optimal accuracy ey, (u) is met in expectation,
up to an additional term of order n=". When e, (u) has polynomial decay O(m™*), we are ensured
that this additional term can be made negligible by taking r strictly larger than s/2, which amounts to
taking k(r) small enough. Condition (1.11) imposes a minimal number of samples to ensure stability
and accuracy of standard least squares. Since (1.10) implies that K,, > m, the fulfillment of this
condition requires that n is at least of the order mIn(m). However simple examples show that the
restriction can be more severe, for example if V,,, = P,,_1 on X = [-1,1] and with dp being the
uniform probability measure. In this case, one choice for the L; are the Legendre polynomials with
proper normalization || L;||Le = |L;(1)] = /T + 2j so that K,,, = m?, and therefore condition (1.11)
imposes that n is at least of order m?In(m). Other examples in the multivariate setting are discussed
in [2, 3] which show that for many relevant approximation spaces V;,, and probability measures dp, the
behaviour of K, is superlinear in m, leading to a very demanding regime in terms of the needed number
n of samples. In the case of multivariate downward closed polynomial spaces, precise upper bounds
for K, have been proven in [3, 9] for measures associated to Jacobi polynomials. In addition, note
that the above theory does not cover simple situations such as algebraic polynomials over unbounded
domains, for example X = R equipped with the Gaussian measure, since the orthonormal polynomials
L; are unbounded for j > 2 and thus K, = oo if m > 2.

The rest of our paper is organized as follows. In the next section §2, we present our main result which
allows us to circumvent all the above limitations by using a proper weighted least-squares method and
an optimal sampling measure dji,,. The proof of the main result is given in §3 in a concise form since
it follows the same lines as the original results on standard least squares from [4, 11, 3]. We devote
§4 to analogous results in the case of sample evaluations affected by additive noise, proving that the
estimates are robust. The proposed method for sampling the optimal measure dpu,, is discussed in §5,
and we illustrate its effectiveness in §6 by numerical examples.

2. Main results

2.1. Weighted least-squares approximation

In the present paper, we show that the above limitations can be overcome, by using a proper weighted
least-squares method. We thus return to the general form of the discrete norm (1.4) used in the
definition of the weighted least-squares estimator. We now use a sampling measure du which generally
differs from dp and is such that

wdp = dp,
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where w is a positive function defined everywhere on X and such that [y w™ldp = 1, and we then
consider the weighted least-square method with weights given by

w' = w(z?).
With such a choice, the norm ||v||,, again approaches ||v|| as n increases. The particular case du = dp
and w = 1 corresponds to the standard least-squares method analyzed by Theorem 1.1. Note that
changing the sampling measure is a commonly used strategy for reducing the variance in Monte Carlo

methods, where it is referred to as importance sampling.
With L; again denoting the L?(X,dp) orthonormal basis of V,,, we now introduce the function

T km,w(x) = Zw(zﬂLJ(m)\Q,

m
J=1

which only depends on V,,,, dp and w, as well as

Km,w = m,w(Vmadpvw) = ||km,w”L°°-

Note that, since the \/wL; are an L?(X, du) orthonormal basis of \/wV,,, that is, the space consisting
of the functions \/wg with g € V,,, we find that [y ky, wdp = m and thus K, ,, > m. We prove in
this paper the following generalization of Theorem 1.1.

Theorem 2.1. For any r > 0, if m and n are such that the condition

n 1—1In2
< K— i = .
Kpw < R with & ST (2.1)
is satisfied, then the following holds:
(i) The matriz G satisfies the tail bound
1
Pr {HG —TIj2 > 2} <2n~". (2.2)

(i) If w € L*(X,dp) satisfies a uniform bound (1.7), then the truncated weighted least-squares
estimator satisfies, in the noiseless case,
E(|lu — ur||?) < (1 +e(n))en(u)? + 872077, (2.3)
4K

where £(n) := @y — 0 asn — 400, and k as in (1.11).

(iii) With probability larger than 1 —2n~", the nontruncated weighted least-squares estimator satis-
fies, in the noiseless case,

lu = uw [l < (1 + vV2)em (), (2.4)
for allu € L>®(X,dp).

(iv) Ifu € L*(X,dp), then the conditioned weighted least-squares estimator satisfies, in the noiseless
case,
E(|lu—ucl?) < (1 +&(n))em(u)? + 2[ul*n ", (2.5)
where £(n) := ln%) — 0 asn — 400, and K as in (1.11).

Notice that the probability and expectation are now taken with respect to the sampling measure
du, whereas in Theorem 1.1 they are taken in dp.

Let us mention that the quantity K,,, has been considered in [6], where similar stability and
approximation results have been formulated in a slightly different form (see in particular Theorem 2.1
therein), in the specific framework of total degree polynomial spaces.
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2.2. Optimal sampling

The interest of Theorem 2.1 is that it leads us in a natural way to an optimal sampling strategy for
the weighted least-square method. We simply take

m m
T — (2.6)
km ;’nzl ‘Lj|2

and with such a choice for w one readily checks that
km,
dp == —dp, (2.7)
m
is a probability measure on X since [y kn,dp = m.
In addition, we have for this particular choice that
kmw = wky, = m,

and therefore
Ko = m.
We thus obtain the following result as a consequence of Theorem 2, which shows that the above

choice of w and du allows us to obtain near-optimal estimates for the truncated weighted least-squares
estimator, under the minimal condition that n is at least of the order mIn(m).

Corollary 2.2. For any r > 0, if m and n are such that the condition

(2.8)

is satisfied, then the conclusions (i), (ii), (iii) and (iv) of Theorem 2.1 hold for weighted least squares
with the choice of w and dp given by (2.6) and (2.7).

One of the interests of the above optimal sampling strategy is that it applies to polynomial ap-
proximation on unbounded domains that were not covered by Theorem 1.1, in particular X = R
equipped with the Gaussian measure. In this case, the relevant target functions u are often nonuni-
formly bounded and therefore the results in items (ii) and (iii) of Theorem 2.1 do not apply. The
result in item (iv) for the conditioned estimator uc remains valid, since it does not require uniform
boundedness of u.

Let us remark that all the above results are independent of the dimension d of the domain X.
However, raising d has the unavoidable effect of restricting the classes of functions for which the best
approximation error e, (u) or e, (u)s have some prescribed decay, due to the well-known curse of
dimensionality.

Note that the optimal pair (du,w) described by (2.6) and (2.7) depends on V,,,, that is

w=wy, and du = dup.

This raises a difficulty for properly choosing the samples in settings where the choice of V,, is not
fixed a-priori, such as in adaptive methods. In certain particular cases, it is known that w,, and dp,,
admit limits w* and dp* as m — oo and are globally equivalent to these limits. One typical example
is given by the univariate polynomial spaces V,,, = P,,,_1, when X = [—1, 1] and dp = pdz where p is a
Jacobi weight and dz is the Lebesgue measure on X. In this case dp* is the pluripotential equilibrium
measure

du — dzx
w= 27T\/1—:U27

*

see e.g. [8, 13], and one has
cdp” < dpy, < Cdp™, m>1,
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for some fixed constants 0 < ¢ < C' < oo. Thus, in such a case, the above corollary also holds for
the choice w = w* and dp = dp* under the condition m < Gk, The development of sampling
strategies in cases of varying values of m without such asymptotic equivalences is the object of current
investigation.

A closely related weighted least-squares strategy was recently proposed and analyzed in [7], in the
polynomial framework. There, the authors propose to use the renormalized Christoffel function (2.6)
in the definition of the weights, however sampling from the fixed pluripotential equilibrium measure
du*. Due to the fact that du,, differs from dp*, the main estimate obtained in [7] (see p 3 therein)
does not have the same simple form of a direct comparison between |u — ur|| and e, (u) as in (ii) of
Theorem 2.1. In particular, it involves an extra term d(f) which does not vanish even as n — co.

One intrinsic difficulty when using the optimal pair (du, w) = (dpim, wy,) described by (2.6) and (2.7)
is the effective sample generation, in particular in the multivariate framework since the measure dg,,
is generally not of tensor product type. One possible approach is to use Markov Chain Monte Carlo
methods such as the Metropolis-Hastings algorithm, as explored in [6]. In such methods the samples are
mutually correlated, and only asymptotically distributed according to the desired sampling measure.
One contribution of the present paper is to propose a straightforward and effective sampling strategy
for generating an arbitrary finite number n of independent samples identically distributed according to
dpm,. This strategy requires that dp has tensor product structure and that the spaces V,,, are spanned
by tensor product bases, such as for multivariate polynomial spaces, in which case du,, is generally
not of tensor product type.

Another type of reconstruction in finite-dimensional spaces with arbitrary bases and using samples
has been analysed in [1], known as “generalized sampling”.

3. Proof of Theorem 2.1

The proof is structurally similar to that of Theorem 1.1 given in [4] for items (i) and (ii) and in [3]
for item (iii),' therefore we only sketch it. We observe that the matrix G in (1.6) can be written as
G =" | X" where the X" are i.i.d. copies of the rank 1 random matrix

X =X(z):= % (w(x)Lj(l‘)Lk(x))j,k:l,.‘.,m

with = a random variable distributed over X according to p. One obviously has E(X) = I. We then
invoke the Chernov bound from [14] to obtain that if | X||2 < R almost surely, then, for any 0 < § < 1,

e /R cs
with ¢s := 904+ (1 — ) In(1 —¢) > 0. Takmg § = 3, and observing that
m Kopw(x)
(@)l = ) Y[ = 2t

we may thus take R = KZ’” which yields (2.2) in item (i).
For the proof of (2.3) in item (ii), we first consider the event where |G —I||2 < 3. In this case we
write

lu = ur|? = T (u) = Tr (uw)|I” < llu = uw|? = u— Ppul® = [lg)* + |1Prgll*,  g:=u— Pnu,
where we have used that P! P,,u = P,u and that g is orthogonal to V;,,, and thus

m
lu—ur|?® < em(u)* +)_ la; %,

188



OPTIMAL WEIGHTED LEAST-SQUARES METHODS

where a = (aj)j:L...,m is solution of the system
Ga = Db,
and b := ((g, L)n)k=1,..m- Since |G|z < 2, it follows that

m
[ — upl® < em(u)®+4Y " [{g, Li)nl*.
k=1

In the event where |G —I||2 > 1, we simply write ||u — up|| < 27. It follows that

m
E(llu = ur|®) < em(u)® +4 Y E(|(g, L)nl?) + 87207
k=1
For the second term, we have
1 n n

E([(g, Li)al®) = —3 > > E(w(a")w(a)g(x")g(2?) Li(x") Li(2))

i=1j=1
= ni (n(n — D[Ew(@)g(@)Ly(2) + nE(jw(z)g(z) Li(2)[?))
— (13 ) 1oL+ [ (e Ploo) P|e() P
= [ w@lg@P L) Pdp,

where we have used the fact that g is L?(X, p)-orthogonal to V;,, and thus to Lj. Summing over k, we
obtain

n Kow K
2 E((g: Libal”) < =1 lgll” < o em(w)®
k=1

and we therefore obtain (2.3).
For the proof of (2.4) in item (iii) we place ourselves in the event where |G —I||; < 5. This property
also means that

VI3 < GV < DIME veRn,
which can be expressed as a norm equivalence over V,,,
Sl < o2 < Sl v e Vi, (32)
We then write that for any v € V,,,
lu = Prull < lu—of + |lv— Prul
< Jlu—vll +V2[v = Prull,
< lu =l + v2[lu — vl
< (1+V2)llu vl =,

where we have used (3.2), the Pythagorean identity ||u — v|? = ||u — P?u|? + |[v — P?u||?, and the
fact that both || - || and || - ||, are dominated by || - || e. Since v is arbitrary, we obtain (2.4).

Finally, (2.5) in item (iv) is proven in a very similar way as (2.3) in item (ii), by writing that in the
event |G —I||z > %, we have |lu — uc|| = ||u], so that

E(llu = ucl®) < em(uw)® +4 ) E({g, Li)nl*) + 2[ul*n ",
k=1
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and we conclude in the same way. |

Remark 3.1. Let us stress that the probabilistic estimate (2.4) of item (iii) is stated in a uniform
1

sense: once the draw falls in the event ||G —If|; < 5 which has high probability, the estimate (2.4)
is valid for all functions u in L. In this estimate, the L? error ||u — P2ul| is controlled by the best
approximation error e,,(u)s in L. One way to recover a control of the error by the more natural
quantity e,,(u) is to search for an estimate in a nonuniform sense: returning to the proof, in the
estimate
lu = Praull < flu— v + v2[lu = v,

we take v := T, (Pnu) as the truncated best L? approximation of u, where 7 := |jul/z~, so that
|lu —v|| < em(u). Then, for the given function u — v € L, one may apply a concentration inequality
in order to bound ||u — v||, by ||lu — v|| + €(n) with high probability where e(n) decreases rapidly to 0
as m increases.

4. The noisy case

In a similar way as in [4, 10], we can analyze the case where the observations of u are affected
by an additive noise. In practical situations the noise may come from different sources, such as a
discretization error when u is evaluated by some numerical code, or a measurement error. The first
one may be viewed as a perturbation of u by a deterministic funtion A, that is, we observe

y' = u(z?) + h(z?).

The second one is typically modelled as a stochastic fluctuation, that is, we observe
y'=u(a) +'.
where n° are independent realizations of the centered random variable 7 = y — u(x). Here, we do not
necessarily assume 7 and = to be independent, however we typically assume that the noise is centered,
that is,
E(nl) = 0,

and we also assume uniformly bounded conditional variance

o? := sup E(|n|*|z) < oc. (4.1)
rzeX

Note that we may also consider a noncentered noise, which amounts in adding the two contributions,
that is,

y'=u(z") + B, B = h(z') + 7', (4.2)
with h(z) = E(S|z). The following result shows that the estimates in Theorem 2.1 are robust under
the presence of such an additive noise.

Theorem 4.1. For anyr > 0, if m and n are such that condition (2.1) is satisfied, then the following
holds for the noise model (4.2):

(i) if u € L*(X,dp) satisfies a uniform bound (1.7), then the truncated weighted least-squares
estimator satisfies

Km

E(llu = ur|?) < (1 + 2e(n))em(u)® + (8 + 2¢(n)) | Al|* + nwa? +8rn7", (4.3)

(ii) if u € L*(X,dp), then the conditioned weighted least-squares estimator satisfies

E(llu—ucl?) < (1+2¢(n))em(u)® + (8 + 2¢(n)) [ A]* + W +2[lul*n 7", (4.4)
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where in both cases e(n) = 1114(’;) — 0 as n — +o0, with k as in (1.11), and Kpw = [x kmwdp-

Proof. We again first consider the event where |G — I||2 < 3. In this case we write

||u —ur| < flu—uwl,
and use the decomposition u —uy = g — Pg — f where g = u — Ppu as in the proof of Theorem 2.1
and f stands for the solution to the least-squares problem for the noise data (8%);= 1,..,n- Therefore

m
lu —uw” = llglI” + 1 Prg + I < llgll* + 21 Prgll® + 2[1 £1* = llgl* + 2||P¥Zg|!2 +2 Z In [,
where n = (n;)=1,...m is solution to
1 .
Gn=b, b:= <n Zﬂ’IU(wZ)Lk(l‘ZO = (bk)k=1,...,m-
k=1,....m

Since [|G™1||2 < 2, it follows that

m m

lu —ur|?* < em(u)® +8 " [{g, Li)nl” + 8 [bx]*.
k=1 k=1

Compared to the proof of Theorem 2.1, we need to estimate the expectation of the third term on the
right side. For this we simply write that

E(|bx|?) ZZ (2") Bl w(a?) Ly (27)).
For i # j, we have T
. . . . . . 2 2
E(B'w(a’) Ly(2") Blw (@) Li(a7)) = (E(Buw(2)Li(2))) = (E(h(z)w(z) Li(2)))

= ‘ / hwLydu
X

Note that the first and second expectations are with respect to the joint density of (x, 5) and the third
one with respect to the density of x, that is, u. For ¢ = j, we have

E(|5w(a)) L)) = E(|u(e)L(x) )
= [ E(Bu(@) L) Pla)dy

= | B8P )w(e)Li(z) Fdn
— [ E(BPle)w(@)| Lu(x) Pdp
X
= [ (@) + E(nl?le))w(@) L) Pdp

< [ (h@)® + %)) L) Fdp.
Summing up on 4, j and k, and using condition (2.1), we obtain that
U 1 K K K K 2
SE(BI) < (1= o5 ) IBIE + 22 AR + 07 < (1 o I S (45)
= n n n logn n

For the rest we proceed as for item (ii) and (iv) in the proof of Theorem 2.1, using that in the event
|G —I||z > § we have ||u — up|| <27 and [|u — uc|| = |Ju|. |

2
= |(h, L&) .
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Remark 4.2. Note that for the standard least-squares method, corresponding to the case where

w = 1, we know that Fm,w = m. The noise term thus takes the stardard form mT"Q, as seen for

example in Theorem 3 of [4] or in Theorem 1 of [10]. Note that, in any case, condition (2.1) implies
that this term is bounded by ro”

logn*

The conclusions of Theorem 4.1 do not include the estimate in probability similar to item (iii) in
Theorem 2.1. We can obtain such an estimate in the case of a bounded noise, where we assume that
h € L*°(X) and 7 is a bounded random variable, or equivalently, assuming that /3 is a bounded random
variable, that is we use the noise model (4.2) with

8| <D, as. (4.6)
For this bounded noise model we have the following result.

Theorem 4.3. For anyr > 0, if m and n are such that condition (2.1) is satisfied, then the following
holds with probability larger than 1 —2n"", for the the noise model (4.2) under (4.6): the nontruncated
weighted least-squares estimator satisfies
lu—uw | < (1+ V2)em(u)oe + V2D, (4.7)

for all uw € L>®(X,dp).
Proof. Similar to the proof of (iii) in Theorem 2.1, we place ourselves in the event where |G —1I||2 < 1
and use the norm equivalence (3.2). We then write that for any v € V,,,

Ju —uw || < llu—ol + v = Prull + | PRAll.
The first two terms already appeared in the noiseless case and can be treated in the same way. The

new term P [ corresponds to the weighted least-squares approximation from the noise vector, and
satisfies

1P BIL < V2P Blln < V2| Blln < V2D.
This leads to (4.7). [ |

5. Random sampling from g,

The analysis in the previous sections prescribes the use of the optimal sampling measure du,, defined
in (2.7) for drawing the samples z',... 2" in the weighted least-squares method. In this section we
discuss numerical methods for generating independent random samples according to this measure, in
a specific relevant multivariate setting.

Here, we make the assumption that X = xglle,- is a Cartesian product of univariate real domains
X, and that dp is a product measure, that is,

d
i=1
where each dp; is a measure defined on X;. We assume that each dp; is of the form

dpi(t) = pi(t)dt,

for some nonnegative continuous function p;, and therefore

d
dp(x) = p(z)dzx, p(z)= Hpi(ﬂ%’), r=(x1,...,2q) € X.
i=1

In particular dp is absolutely continuous with respect to the Lebesgue measure.
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We consider the following general setting: for each i = 1, ..., d, we choose a univariate basis ((bz) §>0
orthonormal in L?(X;, dp;). We then define the tensorized basis

d
= H ¢lyb(x2)a Ve Ng?
=1

which is orthonormal in L?(X, dp). We consider general subspaces of the form
Vi :=span{L, : v € A},

for some multi-index set A C N& such that #(A) = m. Thus we may rename the (L, ), as (L;)j=1....m
after a proper ordering has been chosen, for example in the lexicographical sense.
The measure dy, is thus given by du,(x) = ,um(a:)dx, where

= ;i |Li(z)*p(x) Z |L, x e X. (5.1)
i=1

VEA

We now discuss our sampling methods for generating n independent random samples z', ..., z"

identically distributed according to the multivariate density (5.1). Note that this density does not
have a product structure, despite p is a product density. There exist many methods for sampling
from multivariate densities. In contrast to Markov Chain Monte Carlo methods mentioned in the
introduction, the methods that we next propose exploit the particular structure of the multivariate
density (5.1), in order to generate independent samples in a straightforward manner, and sampling
only from univariate densities. The first method is sequential conditional sampling, discussed in §5.1,
and the second method is mizture sampling, discussed in §5.3.

Given the vector x = (x1,...,24) of all the coordinates, for any A C {1,...,d}, we introduce the
notation

za = (Ti)iea, A={l...,d}\ A, x5:= ()i

and
dra =) dwi, dpa=QQ)dpi, palwa) =[] pi(:), Xa=x X
i€A icA icA i€l
In the following, we mainly use the particular sets
AT:={1,....q¢} and A7:={q+1,...,d},

so that any € X may be written as ¢ = (44,2 44)-

Using such a notation, for any ¢ = 1, ..., d, we associate to the joint density pu,, its marginal density
14 of the first g variables, namely

Yalwan)i= [ ponlan,oz) do g (5.2)
X 4q

Since (¢§~)j20 is an orthonormal basis of L?(X;,dp;), for any ¢ = 1,...,d and any v € N&, we obtain
that

q
/ Ly (20,2 10) I p(2 0, T g0 )d g0 = paa(zaa) [[ 160, (x)]?, 240 € Xaa.

X 4q i=1

Therefore, the marginal density (5.2) can be written in simple form as

1
g a0) = 700 PAq T Aq ZHW - (5.3)

veAi=1
In the next sections, for the given set A of interest, we use the notation

Ai:=maxv; and Ay := max \;.
=y j=1,d 7
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5.1. Sequential conditional sampling

Based on the previous notation and remarks, we propose an algorithm which generates n samples
zk = (:c’f, . ,x’d“) € X with £k =1,...,n, that are independent and identically distributed realizations
from the density g, in (5.1).

The general principle of sequential conditional sampling is that any multivariate probability density
p(z1,...,xq) can be written as

p(x1,...,xq) = p1(z1)p2(z2|21) - - pa(Tg|T1, . . o 24-1), (5.4)
using the conditional densities py(zg|z1,...,z5—1) of ) given x1,...,x_1, that are defined as
pe(@al51, s Tor) = p1,. k(P15 Tg)
D1, k—1(T1, -, Th—1)
using the marginal densities py, . x(1,...,2x) and py . g—1(x1,...,2,5—1) of p with respect to the
first k£ and k — 1 coordinates, respectively. Therefore, a random sample z = (z1,...,24) of p can
be generated by first drawing x; according to pi(-), and then xj according to pg(:|x1,...,zk_1) for

any k = 2,...,d. The method requires the explicit knowledge of all the marginals p; _x(-|z1,...,x%)
for any k = 1,...,d — 1. This happens to be the case for the density p,, in (5.1), whose marginals
have been explicitly calculated in (5.3). We next discuss this method in more detail for our particular
setting.

In the multivariate case the coordinates can be arbitrarily reordered. Start with the first coordinate

r1 and sample n points z1,..., 27 € X from the univariate density
p1(t
o1 X1 SRt erlt) = () = A0 Tl 0 (5.5
#( ) veA

which coincides with the marginal ¢; of z; calculated in (5.3). In the univariate case d = 1 the
algorithm terminates. In the multivariate case d > 2, by iterating ¢ from 2 to d, consider the ¢th

coordinate x4, and sample n points xé, ..., oy € Xy in the following way: for any k = 1,...,n, given
the values m’j‘q_l = (x’f, . ,mg_l) € X q-1 that have been calculated at the previous ¢ — 1 steps,

sample the point x’q“ € X, from the univariate density

Svea o, (OP T, 6], («5)]?
— .

2ovel H?’:1 |¢>f,]. (55?)‘2
The expression on the right-hand side of (5.6) is continuous at any ¢t € X, and at any :U]Zq,l € X gq-1.

Assumption 1.1 ensures that the denominator of (5.6) is strictly positive for any possible choice of
x’j‘q,l = (zb, ... ,3:’;_1) € X4q¢-1, and also ensures that the marginal 1,1 is strictly positive at any

0q: Xg = Rt pg(t|afe1) := py(t) (5.6)

point :z:]j‘q,l € X gq-1 such that pAqfl(x]qul) # 0. For any t € X, and any xﬁq,l € X 4¢-1 such that
Paa—1 (:c’j‘q_l) # 0, the density ¢, satisfies

k
k ¢Q(qu—1>t)

Pq(tThe-1) = ——F—,

! A wQ*l(xlqu—l)

where the densities ), and t,—1 are the marginals defined in (5.2) and evaluated at the points
(z%,-1,t) € Xaa and 2%, , € X q4-1, respectively. From (5.7), using (5.3) and simplifying the term

pas—1(zF, 1) = H?;} pj(:L‘;?) # 0, one obtains the right-hand side of (5.6). The right-hand side of

(5.7)

equation (5.7) is well defined for any ¢ € X, and any z¥, 1 € X 4-1 such that pae—1(z¥,_.) # 0,
and it is not defined at the points 2%, , € X 41 such that pe-1(z%,_,) = 0 where g1 (2%, 1)
vanishes. Nonetheless, (5.7) has finite limits at any point (2%, ,,t) € X 44, and these limits equal
expression (5.6).
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According to technical terminology, the right-hand side of equation (5.7) is the conditional density
of x4 given x1,...,x4—1 with respect to the density v, and ¢, is the continuous extension to X 4q of
this conditional density.

The densities ¢1,. .., pq defined in (5.5)—(5.6) can be concisely rewritten for any ¢ = 1,...,d as

q(tlelion) = pg(t) D aw(aie-)lef, (), (5.8)
veEA

where the nonnegative weights (a,),cp are defined as

! if 1
AN ng=1,
N LN
ay = ay(zga-1) = T2 10 (2
]—1q|_1uj(j])| -, 1f2§q§d,
>venlljz M’;j (25)]
for any zxe-1 = (21,...,24-1) € X4q¢-1. Since Y, cp @, = 1, each density ¢, in (5.8) is a convex
combination of the densities p,|¢?[%,..., pq|¢§\ql2. Note that if the orthonormal basis (¢});>0 have

explicit expressions and can be evaluated at any point in X, then the same holds for the univariate
densities (5.8). In particular, in the polynomial case, for standards univariate densities p; such as
uniform, Chebyshev or Gaussian, the orthonormal polynomials (¢§‘)j21 have expressions which are
explicitly computable, for example by recursion formulas.

In Algorithm 1 we summarize our sampling method, that sequentially samples the univariate densi-
ties (5.8) to generate independent samples from the multivariate density (5.1). In the univariate case
d = 1 the algorithm does not run the innermost loop, and only samples from ;. In the multivariate
case d > 2 the algorithm runs also the innermost loop, and conditionally samples also from o, ..., 4.
Our algorithm therefore relies on accurate sampling methods for the relevant univariate densities (5.8).

Algorithm 1 Sequential conditional sampling for fi,.
INPUT: n, d, A, p;, (qﬁ;)jzo fori=1,...,d.

OUTPUT: z',...,a" "Xy,
for k=1tondo
ay, + (#(A))71, for any v € A.

Sample 2f from t — ¢1(t) = p1(t) X aw|oL, (8)]%
veA
for ¢ =2 to d do

g—1
I1 [6), («5)?
7j=1

Qy — p , for any v € A.
> I [ (25)]2
vea J=1
Sample m’; from t — q(t) = pg(t) 3 aw |9f, (t)]?.
veA
end for
ak  (af,... k).
end for
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5.2. Sampling the univariate densities

We next discuss two possible methods for sampling from such densities: rejection sampling and inver-
sion transform sampling, see e.g. [5]. Both methods equally apply to any univariate density ¢, and
therefore we present them for any ¢ arbitrarily chosen from 1 to d.

Rejection sampling (RS). For applying this method, one needs to find a suitable univariate density
©4, whose support contains the support of ¢,, and a suitable real M, > 1 such that

Pq(t) < MyOqy(t), t € supp(pq).

The density ©, should be easier to sample than ¢, i.e. efficient pseudorandom number generators for
sampling from ©, are available. The value of M, should be the smallest possible. For sampling one
point from ¢, using RS: sample a point z from ©,, and sample v from the standard uniform (0, 1).
Then check if u < ¢q(2)/M;04(2): if this is the case then accept z as a realization from ¢,, otherwise
reject z and restart sampling z and « from beginning. On average, acceptance occurs once every M,
trials. Therefore, for a given ¢, sampling one point from ¢, by RS requires on average M, evaluations
of the function

@q(t) - Pq(t) q
Y ML0,() T M,0,(1) %%‘%(t)‘%

This amounts to evaluating M, times a subset of the terms ¢, ... ,qbg\q. The coefficients «,, depend

on the terms ¢}, .., gb&j for j = 1,...,q — 1, which have been already evaluated when sampling the
previous coordinates 1,...,q — 1. Thus, if we use RS for sampling the univariate densities, the overall
computational cost of Algorithm 1 for sampling n points z!, ..., 2" € X is on average proportional to
nyd ) My(Ag +1).

When the basis functions (qbg-) j>0 form a bounded orthonormal system, an immediate and simple
choice of the parameters in the algorithm is

M, = max ||<z5‘,§qH%oc, and  O4(t) = py(t). (5.9)

With such a choice, we can quantify more precisely the average computational cost of sampling n points
in dimension d. When (¢7) ;>0 are the Chebyshev polynomials, whose L norms satisfy [|¢7]|r~ < v/2,
we obtain the bound 2n Zgzl()\q +1) < 2nd(Ap + 1) < 2ndm. When (d)?)jzo are the Legendre
polynomials, whose L> norms satisfy [|¢7||~ < v/2j + I, we have the crude estimate 2n Zgzl()\q +
1)2 < 2nd(Ap +1)% < 2ndm?. In general, when (¢?);>0 are Jacobi polynomials, similar upper bounds

J
can be derived, and the dependence of these bounds on n and d is linear.

Inversion transform sampling (ITS). Let ®,: X, — [0, 1] be the cumulative distribution func-
tion associated to the univariate density ¢,. In the following, only when using the ITS method, we
make the further assumption that p, vanishes at most a finite number of times in X,. Such an as-
sumption is fulfilled in many relevant situations, e.g. when p, is the density associated to Jacobi or
Hermite polynomials orthonormal in L?(X,, dp,). Together with Assumption 1.1, this ensures that
the function ¢ — ®,(t) is continuous and strictly increasing on X,. Hence ®, is a bijection between
X, and [0, 1], and it has a unique inverse <I>(;1 : [0, 1] — X, which is continuous and strictly increasing

n [0, 1]. Sampling from ¢, using ITS can therefore be performed as follows: sample n independent
realizations u!, ..., u" identically distributed according to the standard uniform /(0,1), and obtain
the n independent samples from ¢, as (le(ul), @ ().

q
For any u € [0,1], computing z = <I)q_1(u) € X, is equivalent to find the unique solution z €
X, to ®4(2) = w. This can be executed by elementary root-finding numerical methods, e.g. the
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bisection method or Newton’s method. As an alternative to using root-finding methods, one can build
an interpolant operator Z, of ®, !, and then approximate ®,'(u) ~ Z,(u) for any u € [0,1]. Such
an interpolant Z, can be constructed for example by piecewise linear interpolation, from the data
(Pg(t9),t7), - .-, (Pq(t, ), 2 ) at sq suitable points ¢ < ... <t in X,

Both root-finding methods and the interpolation method require evaluating the function ®, point-
wise in X,. In general these evaluations can be computed using standard univariate quadrature for-
mulas. When (qﬁg) j>o0 are orthogonal polynomials, the explicit expression of the primitive of ¢, can be
used for directly evaluating the function ®,.

Finally we discuss the overall computational cost of Algorithm 1 for sampling n points z!,...,z" €
X when using ITS for sampling the univariate densities. With the bisection method, this overall cost
amounts to n 2321 Y¢Wy, where v, is the maximum number of iterations for locating the zero in X, up
to some desired tolerance, and W, is the computational cost of each iteration. With the interpolation
of <I>q_1, the overall cost amounts to n evaluations of each interpolant Z,, in addition to the cost of
building the interpolants which does not depend on n.

5.3. Mixture sampling

An alternative to sequential conditional sampling in Algorithm 1 can be developed by exploiting again
the structure of p,, in (5.1). The density u,, is a convex combination with equal weights % = ﬁ of

the #(A) densities p|L,|? = 2:1 pq|¢l‘1,q\2 for v € A. The following Algorithm 2 exploits this additive

mixture structure. It starts by drawing n independent random indices v!,..., " -y (A), that is, we

randomly choose each 1/ among the elements of A with equal probability % These random variables

select the densities p|L,1]?, ..., p|L,=|? in the mixture, and each of these densities has product form

p|Lx|? = 3:1 pq|®%,|?. For any ¢, sampling from the univariate density py|¢?,|* can be done for
q

example with the rejection sampling method described in section §5.2, by choosing a density ©, for

which an efficient pseudorandom generator is available and a suitable M, > 1 such that

pq(t)WZ(;;(t)’Q < My©y(t), te X,

2 might not be an easy task: for example,
’2

In general, sampling from the univariate densities pq|¢?
when (qﬁ?)jzo are orthogonal polynomials, the density pq|¢? vanishes (at least) at 2j points giving
rise to large oscillations. This is the main drawback of Algorithm 2, in contrast to Algorithm 1 that
prevents this effect by sampling from the density ¢, where the densities py|¢?|?, ..., pq\é‘f\q |2 are piled
up. The zeros of ¢, are drastically reduced in number (or even completely removed), thanks to the
interlacing property of the zeros of orthogonal polynomials. An immediate consequence of reducing
the number of zeros of ¢, is that the oscillations are also reduced in number and amplitude.

Remark 5.1. The computational cost of the various algorithms that we have proposed in this sec-
tion for sampling ., is generally higher than the cost of sampling the product density p. However,
this difference in the cost is negligible in frequently encountered situations where the computational
cost of the pointwise evaluations of the function is several orders of magnitude larger than the com-
putational cost of sampling the densities. For example, in the context of numerical approximation
of parametric PDEs, each pointwise evaluation amounts to running a potentially costly finite ele-
ment /difference/volume solver. In such cases, weighted least squares provide a substantial saving on
the overall number of samples, at the price of a negligibly more costly generation of the samples.
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Algorithm 2 Mixture sampling from pi,,.
INPUT: n, d, A, p;, (¢%)j0 fori=1,...,d.
OUTPUT: z',... 2" i Lo, -

for k=1tondo

Sample v* from U(A)
for g =1 to d do

Sample :U’; from ¢ — pq(t)\cbzl,; ()%

end for
k k k
¥ — (2f,...,2h).
end for

6. Examples and numerical illustrations

This section presents the numerical performances of the weighted least-squares method compared to
the standard least-squares method, in three relevant situations where dp can be either the uniform
measure, the Chebyshev measure, or the Gaussian measure. In each of these three cases, we choose
w and dp in the weighted least-squares method from (2.6) and (2.7), as prescribed by our analysis
in Corollary 2.2. For standard least squares we choose w and du as in (1.9). Our tests focus on the
condition number of the Gramian matrix, that quantifies the stability of the linear system (1.5) and
the stability of the weighted and standard least-squares estimators. A meaningful quantity is therefore
the probability

Pr{cond(G) < 3}, (6.1)

where, through (1.8), the value three of the threshold is related to the parameter § = 1/2 in the
previous analysis. For any n and m, from (1.8) the probability (6.1) is larger than Pr{||G —I|» < 1}.
From Corollary 2.2, under condition (2.8) between n, m and r, the Gramian matrix of weighted least
squares satisfies (2.2) and therefore the probability (6.1) is larger than 1 — 2n~". For standard least
squares, from Theorem 1.1 the Gramian matrix satisfies (6.1) with probability larger than 1 — 2n™",
but under condition (1.11).

In all the presented numerical tests the probability (6.1) is numerically approximated by its empirical
counterpart, obtained by counting how many times the event cond(G) < 3 occurs when repeating the
random sampling one hundred times.

All the examples presented in this section are confined to multivariate approximation spaces of
polynomial type. One natural assumption in this case is to require that the set A is downward closed,

that is, satisfies
veA and v<v — DEA,

where 7 < v means that 7; <wvj; for all ¢ = 1,...,d. Then V}, is the polynomial space spanned by the
monomials
d
z 2Y = H z;-/j,
j=1

and the orthonormal basis L, is provided by taking each (qﬁé)jzo to be a sequence of univariate
orthonormal polynomials of L?(X;,dp;).

In both the univariate and multivariate forthcoming examples, the random samples from the mea-
sure du,, are generated using Algorithm 1. The univariate densities @1, ..., @4 are sampled using the
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inversion transform sampling method. The inverse of the cumulative distribution function is approxi-
mated using the interpolation technique.

6.1. Univariate examples

In the univariate case d = 1, let the index set be A = {0,...,m — 1} and V;, = P, = span{z* :
k=0,...,m—1}. We report in Fig. 6.1 the probability (6.1), when G is the Gramian matrix of the
weighted least-squares method. Different combinations of values for m and n are tested, with three
choices of the measure dp: uniform, Gaussian and Chebyshev. As in further figures, the empirically
approximated probability is represented by the color level from black (0) to white (1). The results
do not show perceivable differences among the performances of weighted least squares with the three
different measures. In any of the three cases, n/In(n) > 4m is enough to obtain a probability equal
to one that cond(G) < 3. This confirms that condition (2.8) with any choice of r > 0 ensures (6.1),
since it demands for a larger number of samples.

dp uniform measure dp Gaussian measure dp Chebyshev measure

0 0
50 100 150 200 250 300 350 400 450 500 550 50 100 150 200 250 300 350 400 450 500 550 50 100 150 200 250 300 350 400 450 500 550

n/In(n) n/In(n) n/In(n)

FIGURE 6.1. Weighted least squares, Pr{cond(G) < 3}, d = 1. Left: dp uniform
measure. Center: dp Gaussian measure. Right: dp Chebyshev measure.

dp uniform measure dp Gaussian measure dp Chebyshev measure

0 0
50 100 150 200 250 300 350 400 450 500 550 50 100 150 200 250 300 350 400 450 500 550 50 100 150 200 250 300 350 400 450 500 550

n/In(n) n/In(n) n/In(n)

FIGURE 6.2. Standard least squares, Pr{cond(G) < 3}, d = 1. Left: dp uniform
measure. Center: dp Gaussian measure. Right: dp Chebyshev measure.

Fig. 6.2 shows the probability (6.1) when G is the Gramian matrix of standard least squares.

With the uniform measure, the condition n/In(n) > m? is enough to have (6.1) with empirical
probability larger than 0.95. When dp is the Gaussian measure, stability requires a very large number
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of evaluations, roughly n/In(n) linearly proportional to exp(m/3). For the univariate Chebyshev
measure, it is proven that standard least squares are stable under the same minimal condition (2.8) as
for weighted least squares. In accordance with the theory, the numerical results obtained in this case
with weighted and standard least squares are indistinguishable, see Fig. 6.1-right and Fig. 6.2-right.

6.2. Multivariate examples

Afterwards we present some numerical tests in the multivariate setting. In dimension d larger than one
there are many possible ways to enrich the polynomial space P,. The number of different downward
closed sets whose cardinality equals m gets very large already for moderate values of m and d. There-
fore, in our numerical results, for a given dimension d, we first randomly generate a particular sequence
Ay C -+ C Ay, where each A; € N¢ is downward closed, #(A;) = dim(P,;) = j and the starting
set A1 contains only the null multi-index. More specifically, given Ay, we take Apy1 = A U {VF},
where ¥ is randomly selected among the finitely many elements v ¢ A such that Ay U {v'} remains
downward closed. Once such a sequence is fixed, the tests in Fig. 6.3 and Fig. 6.4 are performed using
the embedded polynomial spaces Py, C ... C Py, , for both weighted and standard least squares and
for the three choices of the measures dp. Such a choice allows us to establish a fair comparison be-
tween the two methods and among different measures, without the additional variability arising from
modifications to the polynomial space. We comment further on the influence of the chosen sequence
A C--- CAy.

dp uniform measure dp Gaussian measure dp Chebyshev measure

0 0
50 100 150 200 250 300 350 400 450 500 550 50 100 150 200 250 300 350 400 450 500 550 50 100 150 200 250 300 350 400 450 500 550

n/In(n) n/In(n) n/In(n)

FIGURE 6.3. Weighted least squares, Pr{cond(G) < 3}, d = 10. Left: dp uniform
measure. Center: dp Gaussian measure. Right: dp Chebyshev measure.

We first report the results obtained for the tests in dimension d = 10. The results in Fig. 6.3 confirm
that weighted least squares always yield an empirical probability equal to one that cond(G) < 3,
provided that n/log(n) > 2m. This condition ensures that (2.8) with any choice of r > 0 implies (6.1),
thus verifying Corollary 2.2. Again, the results do not show significant differences among the three
choices of the measure dp: a straight line, with the same slope for all the three cases uniform, Chebyshev
and Gaussian, separates the two regimes corresponding to empirical probabilities equal to zero and
one. Compared to the univariate case in Fig. 6.1, the results in Fig. 6.3 exhibit a sharper transition
between the two extreme regimes, and an overall lower variability in the transition regime.

The results for standard least squares with d = 10 are shown in Fig. 6.4. In the case of the uniform
measure, in Fig. 6.4-right, stability is ensured if n/In(n) > 3.5m, which is more demanding than the
condition n/In(n) > 2m needed for the stability of weighted least squares in Fig. 6.3-right, but much
less strict than the condition required with standard least squares in the univariate case, where n/In(n)
scales like m?. These phenomena have already been observed and described in [11]. Similar results
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dp uniform measure dp Gaussian measure dp Chebyshev measure
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FIGURE 6.4. Standard least squares, Pr{cond(G) < 3}, d = 10. Left: dp uniform
measure. Center: dp Gaussian measure. Right: dp Chebyshev measure.

as those with the uniform measure are obtained with the Chebyshev measure in Fig. 6.4-left, where
again standard least squares achieve stability using more evaluations than weighted least squares in
Fig. 6.3-left. The case of the Gaussian measure drastically differs from the uniform and Chebyshev
cases: the results in Fig. 6.4-center clearly indicate that a very large number of evaluations n compared
to m is required to achieve stability of standard least squares.

Analogous results as those presented in Figs. 6.1 and 6.3 for weighted least squares have been
obtained also in other dimensions, and with many other sequences of increasingly embedded polynomial
spaces. In the next tables we report some of these results for selected values of d = 1, 2,5, 10, 50, 100.
We choose n = 26599 and m = 200 that satisfy condition (2.8) with » = 1, and report in Table 6.1
the empirical probabilities that approximate (6.1), again calculated over one hundred repetitions. This
table provides multiple comparisons: weighted least squares versus standard least squares, for the three
choices of the measure dp (uniform, Gaussian and Chebyshev) and with d varying between 1 and 100.

] method \ dp \dzl\d:2\d:5\d:10\d:50\d:100\
weighted LS | uniform 1 1 1 1 1 1
weighted LS | Gaussian 1 1 1 1 1 1
weighted LS | Chebyshev 1 1 1 1 1 1
standard LS | uniform 0 0 0.54 1 1 1
standard LS | Gaussian 0 0 0 0 0 0
standard LS | Chebyshev 1 1 1 1 1 1

TABLE 6.1. Pr{cond(G) < 3}, with n = 26559 and m = 200: weighted least squares
versus standard least squares, dp uniform versus dp Gaussian versus dp Chebyshev,
d=1,2,5,10, 50, 100.

In Table 6.1, all the empirical probabilities related to results for weighted least squares are equal to
one, and confirm the theory since, for the chosen values of n, m and r, the probability (6.1) is larger
than 1 — 5.67 x 1077, This value is computed using estimate (3.1) from the proof of Theorem 2.1.
In contrast to weighted least squares, whose empirical probability equal one independently of dp and
d, the empirical probability of standard least squares does depend on the chosen measure, and to
some extent on the dimension d as well. With the uniform measure, the empirical probability that
approximates (6.1) equals zero when d = 1 or d = 2, equals 0.54 when d = 5, and equals one when
d =10, d = 50 or d = 100. In the Gaussian case, standard least squares always feature null empirical
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| method | dp [ d=1]d=2]d=5]d=10[d=50]|d=100 |

weighted LS | uniform 1.5593 | 1.4989 | 1.4407 | 1.4320 | 1.4535 | 1.4179
weighted LS | Gaussian | 1.5994 | 1.5698 | 1.4743 | 1.4643 | 1.4676 | 1.4237
weighted LS | Chebyshev | 1.5364 | 1.4894 | 1.4694 | 1.4105 | 1.4143 | 1.4216

standard LS | uniform | 19.9584 | 29.8920 | 3.0847 | 1.9555 | 1.7228 | 1.5862
standard LS | Gaussian | ~ 102 | ~ 10 [ ~ 109 | ~ 1016 | ~ 107 ~ 103
standard LS | Chebyshev | 1.5574 | 1.5367 | 1.5357 | 1.4752 | 1.4499 | 1.4625

TABLE 6.2. Average of cond(G), with n = 26559 and m = 200: weighted least squares
versus standard least squares, dp uniform versus dp Gaussian versus dp Chebyshev,
d=1,2,5,10, 50, 100.

probabilities. With the Chebyshev measure, the condition number of G for standard least squares is
always lower than three for any tested value of d.

In addition to the results in Table 6.1, further information is needed for assessing how severe is the
lack of stability when obtaining null empirical probabilities. To this aim, in Table 6.2 we also report
the average value of cond(G), obtained when averaging the condition number of G over the same
repetitions used to estimate the empirical probabilities in Table 6.1. The information in Table 6.2 is
complementary to that in Table 6.1. On the one hand they point out the stability and robustness of
weighted least squares, showing a tamed condition number with any measure dp and any dimension
d. On the other hand they provide further insights on stability issues of standard least squares and
their dependence on dp and d.

For standard least squares with the uniform measure, the average condition number reduces as
the dimension d increases, in agreement with the conclusion drawn from Table 6.1. One possible
explaination of this phenomenon is the following: while K,,(Py,dp) is known to satisfy the bound

K (Py,dp) < m?, (6.2)

for all downward closed sets A of cardinality m and in any dimension d, equality in this bound is only
attained for certain sets A. In particular, it is attained for the sets A of rectangular shape, that is

A:={v : v<u}, (6.3)

for some pu = (u1,...,uq) € N& such that H?Zl(l + 1) = m. However, as d gets larger, the typical
value of K,,(Py,dp) may be significantly smaller for a general downward closed set, which is the case
for our randomly generated sequence A; C --- C A;,. The Gramian matrix of standard least squares
with the Gaussian measure is very ill-conditioned for all tested values of d, with again a reduction as
d gets large. For standard least squares with the Chebyshev measure, the averaged condition number
of G is only slightly larger than the one for weighted least squares.

As explained above, the results for standard least squares in Fig. 6.4, Table 6.1 and Table 6.2 are
sensitive to the chosen sequence of polynomial spaces. Testing different sequences might produce dif-
ferent results, that however necessarily obey to the estimates proven in Theorem 1.1 with uniform and
Chebyshev measures, when n, m and r satisfy condition (1.11). Many other examples with standard
least squares have been extensively discussed in previous works e.g. [11, 3], also in situations where n,
m and r do not satisfy condition (1.11) and therefore Theorem 1.1 does not apply. In general, when
n, m and r do not satisfy (1.11), there exist multivariate polynomial spaces of dimension m such
that the Gramian matrix of standard least squares with the uniform and Chebyshev measures does
not satisfy (1.12). Examples of such spaces are discussed in [11, 3]. Using these spaces would yield
null empirical probabilities in Table 6.1 for standard least squares with the uniform and Chebyshev
measures.
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For weighted least squares, when n, m and r satisfy condition (2.8), any sequence of polynomial
spaces yields empirical probabilities close to one, according to Corollary 2.2. Indeed such a robustness
with respect to the choices of dp, of the polynomial space and of the dimension d represents one of
the main advantages of the weighted approach.
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